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ABSTRACT 

Samuel J. Pellock: The Structure, Function, and Inhibition of Gut Bacterial β-Glucuronidases 

(Under the direction of Matthew R. Redinbo) 

 The human gut microbiome is one of the most biochemically rich ecosystems in 

nature, housing approximately 1000 bacterial species, tens of trillions of cells, and millions 

of genes. Gut microbes are intimately associated with health outcomes that range from 

diabetes to depression, yet we have only begun to understand the chemical and biological 

mechanisms the gut microbiome utilizes to impact host health. One space of this biochemical 

dark matter is gut bacterial β-glucuronidases (GUSs), glycoside hydrolases that metabolize a 

myriad of glucuronides in the human gut associated with the dose-limiting toxicities of 

essential therapeutics. Here we show our efforts to characterize and inhibit gut bacterial 

GUSs. Structure- and function-guided analysis of GUS genes from the Human Microbiome 

Project Stool Sample Database revealed three GUSs in a single gut microbe, enabled the 

discovery of a family of GH2 β-galacturonidases (GalAses) and hybrid GH2 GUS/GalAses, 

and unearthed a family of novel FMN-binding GUSs in the human gut. Structurally, gut 

bacterial GUSs demonstrate remarkable diversity for a single enzyme family, in which 

tertiary structure is conserved, but quaternary structure is highly diverse and a key predictor 

of substrate specificity. Lastly, we determined the mechanism and performed a structure-

activity-relationship of piperazine-containing GUS inhibitors. Inhibition by piperazine-

containing inhibitors proceeds via a unique substrate-dependent mechanism that appears to 

trap GUS during catalysis. We further show that piperazine-containing approved drugs act 

via the same mechanism, suggesting that approved drugs have off targets in the gut 
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microbiome. Taken together, the work outlined in this dissertation advances our 

understanding of the structure, function, and inhibition of gut bacterial GUSs and raises 

many questions about the core function of bacterial GUS in host physiology. 
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To anyone reading this, I hope it helps. 
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CHAPTER 1: GLUCURONIDES IN THE GUT: SUGAR DRIVEN SYMBIOSES 

BETWEEN MICROBE AND HOST1 

β-glucuronidase (GUS) enzymes expressed by the GI microbiota are at the interface of 

a metabolic symbiosis between microbe and host where they mediate the reactivation of 

molecules important in host health and disease. Microbial GUS enzymes regenerate toxic drugs 

and carcinogens in the mammalian GI 1, and their activities are associated with higher 

incidence of colon cancer and to diets that promote intestinal cancer 2. Endogenous molecules 

are also processed by GI GUS proteins, including glucuronides of hormones and 

neurotransmitters 3–5. These observations have led to hypotheses linking microbial GUS 

enzymes to the GI toxicity of drugs, the development of cancer, and increased incidence of 

Crohn’s disease and colitis 2,6–9. Thus, bacterial GUS enzymes appear to play an important role 

in health and disease by metabolizing glucuronides in the gut. 

GUS proteins catalyze the hydrolysis of glycosidic bonds between glucuronic acid and 

either small molecules or the terminal ends of polysaccharides. For the purposes of this review, 

we will focus on small molecule glucuronides generated by Phase II drug metabolism to mark 

compounds for excretion. Glucuronides are produced by mammalian uridine diphosphate 

(UDP)-glucuronosyl transferase (UGT) enzymes that append glucuronic acid, derived from 

UDP-glucuronate, to hydroxyl, carboxylate, and other nucleophilic functional groups of 

                                                           
1This chapter previously appeared as an article in the Journal of Biological Chemistry. The original citation is as 

follows: Pellock, S. J., Redinbo, M. R. (2017) Glucuronides in the gut: Sugar-driven symbioses between 

microbe and host. J. Biol. Chem. 292, 8569-8576. 
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aglycones 10. Glucuronidation almost exclusively inactivates and detoxifies molecules by 

increasing their water solubility, which promotes their removal from the body via the kidneys 

or GI tract 11. Once in the GI tract, these glucuronides serve as substrates for bacterial GUS 

proteins that remove the inactivating glucuronic acid moiety. Glucuronic acid then enters the 

Entner-Doudoroff pathway, a bacterial alternative to glycolysis that catabolizes sugar acids 

and shunts the resulting pyruvate into the TCA cycle 12. Mammals also express a GUS enzyme 

ortholog that is localized to lysosomes in first-pass tissues like liver and intestines, and plays 

an essential role in degrading endogenous glycosaminoglycans 13. Germ-line mutations in 

human GUS cause Sly syndrome, a fatal lysosomal storage disease 14. Human GUS has also 

been shown to hydrolyze small-molecule glucuronides, a function that has been leveraged in 

drug design by attaching drugs to glucuronic acid such that they will be activated at a site of 

interest upon hydrolysis 15. 

As a by-product of glucuronide hydrolysis, bacteria regenerate the original molecule 

that was eliminated by the host, facilitating reuptake by the GI epithelia and recirculation in 

the bloodstream 16. Glucuronidation in the liver, delivery to the GI lumen via the bile duct, 

reactivation and absorption via the intestinal epithelia, and transport back to the liver is termed 

enterohepatic circulation (Figure 1.1) 17, and it can significantly affect the pharmacokinetics 

of many drugs and also regulates the levels of endogenous compounds4,17,18. Thus, GI 

microbial GUS enzymes have the capability of directly regulating local and systemic levels of 

exogenous and endogenous compounds involved in mammalian homeostasis. 
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Figure 1.1 - Enterohepatic circulation of chemically distinct molecules (denoted as X) is 

mediated by the host and microbiota. 
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Endogenous Glucuronides in the Gut 

Endogenous glucuronides were clearly the driving force for the symbiotic evolution of 

host-associated bacterial GUS enzymes. Glucuronidated endogenous compounds include  

bilirubin, hormones, neurotransmitters, bile acids, and fatty acids, all of which influence host 

homeostasis (Table 1.1 and Figure 1.2). As such, GI microbial GUS enzymes participate in a 

nearly constant mutual symbiosis via the regulation of local and systemic levels of endogenous 

molecules. 

One of the most heavily glucuronidated endogenous molecules is bilirubin, a 

breakdown product of heme 19. While it is generally considered a waste product and toxin that 

contributes to hyperbilirubinemia and neonatal jaundice, normal levels of bilirubin have more 

recently been shown to have preventative antioxidant activities 20,21. Approximately 16% and 

80% of bilirubin exists as the monoglucuronide and diglucuronide conjugates, respectively, in 

the bile of healthy humans 19. Bilirubin glucuronides are generated in the liver by UGT1A1 

and enter the GI tract from the bile duct. In the GI, bilirubin glucuronides are heavily 

metabolized by the intestinal microbiota into stercobilin, which gives feces its brown color, 

and urobilin, which is responsible for the yellow color of urine and the yellow complexion of 

jaundiced subjects 22. The deconjugated bilirubin that manages to escape further metabolism 

by bacteria is reabsorbed through the GI epithelia and undergoes enterohepatic circulation 18. 

However, enterohepatic circulation of bilirubin in healthy humans is relatively low due to 

bilirubin’s nearly complete glucuronidation by the host and substantial subsequent metabolism 

to stercobilin and urobilin by the GI microbiota. In certain neonates or subjects with Gilbert’s 

syndrome, though, bilirubin is significantly recycled, which contributes to CNS-toxic 

hyperbilirubinemia 19,20. Thus, bacterial GUS and human UGT enzymes appear to have co- 
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Table 1.1 - Examples of molecules subject to glucuronidation in mammals. 

Aglycone Aglycone’s Effect Disease/health 

ENDOGENOUS   

Arachidonic acid Signaling molecule Inflammation 

Bilirubin Neurotoxin, antioxidant Gall stones, jaundice 

Chenodeoxycholate Digestion Cholestasis 

Chondroitin sulfate Glycosaminoglycan Cancer 

Dopamine GI motility, water absorption IBD, constipation 

Estradiol Sex hormone, development Breast cancer 

Hyaluronic acid Glycosaminoglycan Cancer 

Norepinephrine GI motility IBD 

Serotonin GI motility IBD 

Testosterone Sex hormone Prostate cancer 

Thyroxine Thyroid regulation Metabolic disorder 

EXOGENOUS   

AOM Alkylating agent Cancer 

Belinostat HDAC inhibitor GI toxicity 

Benzo[a]pyrene DNA adduct formation Cancer 

 Diclofenac NSAID GI toxicity 

Ethanol Depressant Liver toxicity 

Indomethacin NSAID GI toxicity 

Ketoprofen NSAID GI toxicity 

Nicotine Stimulant Addiction 

Panobinostat HDAC inhibitor GI toxicity 

PhIP Alkylating agent Cancer 

SN-38 Topoisomerase I inhibitor GI toxicity 
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Figure 1.2 - Examples of chemically diverse endogenous and exogenous glucuronides 

(glucuronic acid shown in green) generated by mammalian UGT enzymes and 

metabolized by GI microbial GUS enzymes.
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evolved a mutually symbiotic heme catabolism pathway to rid the host of high levels of toxic 

bilirubin and to provide the GI microbiota with a source of energy in the form of glucuronic 

acid.Unconjugated bilirubin is also capable of forming insoluble calcium salts that contribute 

to the generation of brown pigment stones in the gallbladder and the biliary ductal system, 

which reduce bile flow and can impair liver function 23. Interestingly, the generation of these 

stones is concomitant with the presence of GUS-expressing Proteobacteria like Escherichia 

coli and Klebsiella pneumoniae, suggesting that bacterial GUS activity may promote the 

formation of the unconjugated bilirubin salts found in gall stones 23,24. Bacteria of the family 

Enterobacteriaceae, which include E. coli and K. pneumoniae, are more abundant in the bile 

25. The low affinity GUS inhibitor glucaro-1,4-lactone blocked calcium bilirubinate 

precipitation in vitro 23.  

Hormones are also subject to glucuronidation. The estrogen metabolites estradiol, 

estrone, and estriol are glucuronidated by multiple UGT isoforms 26. In vitro studies have 

shown that E. coli GUS is capable of hydrolyzing a glucuronide metabolite of estriol, and does 

so with much greater activity than human GUS 27. Furthermore, estrogen metabolites exhibit 

significant enterohepatic circulation, suggesting that the regeneration of estrogen aglycones by 

the GI microbiota may play an important role in regulating plasma levels of this hormone 28. 

Radiolabeling studies reveal that enterohepatic circulation of estrone and estriol varies by host 

species, which suggests that species differences in UGT expression or microbial composition 

may impact hormone metabolism 29. While bacterial GUS has been demonstrated in vitro to 

hydrolyze estrogenic glucuronides, a definitive role for the GI microbiota in the enterohepatic 

circulation of estrogenic metabolites in vivo has not been established. However, as posited 

recently, the reactivation of estrogenic metabolites by the GI microbiota may promote the 
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enterohepatic circulation of estrogenic metabolites, which may subsequently foster the growth 

of estrogen-responsive tumors 30.  It is important to note, though, that estrogen metabolites are 

also heavily sulfated through the action of mammalian sulfotransferases, another set of Phase 

2 drug metabolizing enzymes that perform a role analogous to the glucuronidating UGTs 26. 

GI bacteria also harbor a variety of sulfatases to process highly sulfated polysaccharides and 

sulfated small molecules, including estrogen metabolites 26,31. Overall, mammalian hormone 

inactivation is likely closely mirrored, and reversed, by enzymes in the GI microbiota. 

Other glucuronidated hormones include the androgen testosterone and the thyroid 

hormone thyroxine 32,33. Both androgen and thyroxine glucuronides can be hydrolyzed by 

bacterial GUS enzymes 27,34,35. Androgens are key drivers of prostate cancer, resulting in 

therapies primarily focused on androgen deprivation in the form of surgical or chemical 

castration, although a more recent approach is the enhancement of androgen glucuronidation 

by UGTs 7. Thyroxine is a primary thyroid hormone that impacts a variety of processes 

including metabolic regulation 36. In vivo radiolabeling and ex vivo fecal assays indicate that 

bacteria play a key role in the enterohepatic circulation of thyroxine in mammals 34. As such, 

GI microbial GUS proteins could participate in the regulation of metabolism and development 

by promoting the enterohepatic circulation of thyroxine. 

The neurotransmitters dopamine, norepinephrine, and serotonin are glucuronidated in 

the body and metabolized by bacterial GUS.  Roughly 50% of all dopamine is generated in the 

GI 37, where it acts as a regulator of GI motility and water absorption 38,39. Microbes were 

recently shown to have a significant role in the processing of dopamine glucuronide in the GI 

lumen of mice 5. This study utilized germ-free mouse models and GUS knockout strains of 

bacteria to demonstrate that microbial GUS activity is primarily responsible for dopamine 
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glucuronide hydrolysis. The neurotransmitter norepinephrine, a chemical cousin of dopamine, 

is also glucuronidated and exhibited microbe-mediated glucuronide hydrolysis in the GI lumen 

5. Similarly, serotonin is subject to glucuronidation, and plasma levels of serotonin in mice 

fluctuate based on the presence or absence of the microbiota 40,41. 

Bile acids are important to gut health and are significantly processed by the microbiota. 

Bile acids are primarily considered detergents that solubilize dietary components for digestion 

42. Much like bilirubin, bile acids are heavily metabolized by the microbiota, which can 

dehydrate, oxidize, and deconjugate bile acid variants generated by the liver 43. In the liver, 

bile acids are conjugated to sulfate, taurine, and glycine moieties, all of which can be removed 

by GI microbial sulfatases and bile salt hydrolases. Bile acids are also glucuronidated in the 

liver 44, and the resulting conjugates account for between 12-36% of the bile acids excreted in 

the urine.  By contrast, sulfate, glycine, and taurine conjugates make up 50-63%, 1.8-28%, and 

4.1-8.3% of excreted bile acids in the urine, respectively 45. Thus, glucuronidated bile acids 

likely provide a significant energy source to bacteria capable of processing such compounds. 

Unraveling the connections between host and microbial bile acid metabolism pathways will 

likely reveal new insights into the co-evolution of mammals and microbes. 

Fatty acids are another class of biological detergents processed by liver UGTs. Fatty 

acids play roles in mammalian biology that range from cell signaling to membrane integrity 46. 

Ex vivo and in vitro analyses show that a variety of fatty acids can be glucuronidated, including 

arachidonic acid, retinoic acid, prostaglandins, and derivatives of linoleic acid 47–49, although 

further studies are needed to determine whether fatty acid glucuronides are processed by 

bacterial GUS enzymes. 
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Finally, endogenous polysaccharides are a critical source of glucuronides in the gut. 

Chondroitin sulfate and hyaluronic acid are glucuronic acid-containing polysaccharides 

present in the GI tract 10. Bacteria express a wealth of endo- and exo-glycosidases that work in 

concert to break down complex polysaccharides. Analogous to human GUS, which catabolizes 

extracellular matrix polysaccharides in lysosomes, bacterial GI GUS enzymes play similar 

roles with substrates like chondroitin sulfate that enter the GI from host cells sloughed from 

the epithelia 50. An excellent review of microbial polysaccharide processing enzymes in the 

mammalian GI tract has recently been provided 51. 

Exogenous Glucuronides in the Gut 

Glucuronides of drugs and other exogenous molecules have been a primary focus of 

research because of their potential importance to therapeutic efficacy and tolerance. Many 

drugs exhibit GI and liver toxicity that is mediated in part by bacterial GUS activity in the gut, 

resulting in a parasitic symbiosis in which bacteria receive sugar from drug glucuronides and 

the host retains toxic metabolites. Carcinogens and other dietary metabolites are also 

metabolized in the body via glucuronidation and processed by our microbial counterparts, 

providing a link between bacterial GUS enzymes and carcinogenesis. Exogenous glucuronides 

that reach the GI are diverse in chemical structure, suggesting that a proportional breadth of 

functional diversity may be present in the collection of microbial GUS enzymes in the GI.  

The anticancer agent SN-38 is the archetype of how metabolism by bacterial GUS can 

lead to drug toxicity. SN-38 is the active form of the prodrug irinotecan, which is commonly 

used to treat colorectal and pancreatic cancers 52,53. SN-38 is inactivated in the liver by 

conversion to SN-38-glucuronide (SN-38-G); in the GI lumen, however, microbial GUS 

enzymes recreate SN-38 and cause severe GI toxicity in the form of dose-limiting diarrhea. 

The authors’ laboratory showed that potent, selective, and non-lethal inhibition of bacterial 
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GUS enzymes reduces the GI toxicity of SN-38 in mice 54–56. This approach may improve the 

efficacy and tolerance of other anticancer drugs. Indeed, from a list of 155 anticancer agents, 

24 are known to be glucuronidated, and of those that are glucuronidated, 21 (89% of 24) cause 

GI toxicity. Two such drugs are the histone deacetylase (HDAC) inhibitors belinostat and 

panobinostat, used to treat lymphoma 57,58. Metabolites of lapatinib, a GI toxic drug used to 

treat hormone receptor positive breast cancer, are glucuronidated and their reactivation may 

damage the liver as well as the GI tract 59. GI microbial GUS enzymes contribute to 

hepatotoxicity via the enhancement of enterohepatic circulation, which leads to repeated liver 

exposure to toxic metabolites 17. Together, these examples highlight the role that bacterial GUS 

plays in cancer treatment, efficacy, and toxicity. 

Non-steroidal anti-inflammatory drugs (NSAIDs), some of the most widely used 

therapeutics in the world, are also glucuronidated. NSAIDs inhibit cyclooxygenase enzymes 

and prostaglandin synthesis and contain a carboxylic acid group that is readily glucuronidated 

60. The NSAID diclofenac is conjugated to glucuronic acid by UGT2B7 in the liver, delivered 

to the GI tract via the bile duct, and hydrolyzed by bacterial GUS enzymes in the GI 61,62. The 

regeneration of diclofenac causes ulceration of the GI epithelia via an unclear mechanism that 

may involve disruption of mitochondrial function 63. Similar to SN-38, prevention of 

diclofenac regeneration by a selective bacterial GUS inhibitor reduced GI ulceration in mice 

61. The GI damage of the NSAIDs ketoprofen and indomethacin can also be ameliorated by 

selective inhibition of bacterial GUS 62. Interestingly, the GI toxicity caused by NSAIDs is 

primarily localized in mice to the distal end of the small intestine, while the damage most often 

associated with irinotecan is located in the large intestine 64. It is possible that bacteria that 
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thrive in the distal small intestine may have a greater capability to hydrolyze NSAID 

glucuronides than microbes in the proximal small intestine and colon 64.  

Certain carcinogens are also glucuronidated. One of the most potent is the alkylating 

agent methylazoxymethanol (MAM), the active metabolite of azoxymethanol (AOM) that is 

used to model carcinogenesis in rodents 65. AOM is converted by cytochrome P450 2E1 and 

UGTs in the liver to generate MAM-glucuronide (MAM-G),  and evidence exists that bacteria 

in the GI tract reactivate MAM-G to MAM and promote colon carcinogenesis 66,67. The low-

affinity bacterial GUS inhibitor C-GAL has been shown to reduce colon carcinogenesis caused 

by AOM 68. Other carcinogens, like the polyaromatic hydrocarbons and heterocyclic aromatic 

amines, are also metabolized by the CYP-to-UGT pathway, and it has been suggested that 

microbes hydrolyze those glucuronide metabolites as well 69,70. Interestingly, colon cancer 

patients exhibit higher fecal GUS activities than controls 2. Together, these results support the 

conclusion that the release of active carcinogens in the GI tract involves microbial GUS 

enzymes. 

Two widely used lifestyle drugs metabolized by host UGTs and bacterial GUSs are 

ethanol and nicotine. While the majority of ingested ethanol is converted to acetaldehyde by 

alcohol dehydrogenase, a small fraction of ethanol is glucuronidated 71. In humans, ethanol 

glucuronide has been detected in the liver, bile and urine 72. Escherichia coli and Clostridum 

sordellii have both been shown to hydrolyze ethyl glucuronide in vitro, which may contribute 

to a greater retention of ethanol-derived metabolites in the body 73. Detection of ethyl 

glucuronide in hair has been employed as a biomarker to diagnose alcohol abuse 74. Nicotine 

and its metabolites are primarily processed in humans by oxidation, but they are also 

glucuronidated 75. Nicotine is unique among the aglycones discussed here in that it is 
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conjugated to glucuronic acid through a nitrogen-linkage, and microbial GUS enzymes have 

been shown to cleave nicotine glucuronide 76. The glucuronides of ethanol and nicotine 

highlight the chemical diversity of exogenous compounds that serve as substrates for GUS 

proteins of the GI microbiota. 

While not the primary focus of this review, a small number of plant polysaccharides 

that contain glucuronic acid are mentioned here. Gum Arabic is a plant-derived secretion that 

is predominantly composed of glucuronic-acid containing polysaccharides, and is widely 

utilized in the food and drug industry as a stabilizer 10,77. This complex polysaccharide is 

indigestible to animals, but can be fermented by bacteria in the colon and is associated with 

weight loss in humans 78. The xylan hemicelluloses, which are heteropolymers of various 

sugars and components of the plant cell wall, also contain glucuronic acid 10. Like Gum Arabic, 

xylan polysaccharides are indigestible by human enzymes, but can be catabolized by GI 

microbes. Xylan complexity appears to require a diverse set of microbial xylanases to 

catabolize them to release smaller, glucuronic acid-containing sugars further processed by 

intestinal bacteria 79. 

Microbial β-Glucuronidases in the Gut 

Several investigations have detected in vitro GUS activity, ex vivo fecal GUS 

activity, and in vivo correlations between GI GUS enzyme activity and health. These studies 

have resulted in the identification of bacteria related to Crohn’s disease, the discovery of 

increased GUS activity in patients with colorectal cancer and subjects on high fat diets, and 

the mechanistic elucidation of how bacterial GUS promotes drug toxicity 1,2,9,55. To test the 

relationship between microbial GUS activity and disease, total fecal proteins have been 

extracted and GUS assays conducted 80. This approach yields an overall view of the fecal 

microbiota’s GUS activity, but provides little granularity about the specific microbial 
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enzymes involved. Other approaches involve culturing bacteria obtained from human fecal 

samples, and then assessing the GUS activity in these pure cultures 6,81–88. A tabulation of 

strains analyzed in culture-based GUS activity assays reveals that bacteria from all the major 

phyla in the mammalian GI microbiota, including Actinobacteria, Bacteroidetes, Firmicutes, 

and Proteobacteria, harbor enzymes that process glucuronides (Table 1.2). The conservation 

of GUS across all major GI bacterial phyla reinforces the hypothesis that GUS proteins may 

play key roles in chemical dynamics across the intestinal epithelium and serve as a 

competitive growth advantage for bacteria in the crowded and unforgiving milieu of the 

mammalian gut. 
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Table 1.2 - Bacterial strains from the human microbiota that have been shown to 

exhibit GUS activity in culture. 

Strain 

Actinobacteria 

Bif. adolescentis JCM 1275 

Bif. angulatum NCFB 2237 

Bif. bifidum NCFB 2454 

Bif. breve NCFB 2257 

Bif. longum JCM 1217 

Bif. pseudolongum NCFB 2244 

Col. aerofaciens JCM 7790 

Bacteroidetes 

Bac. capillosus ATCC 29799 

Bac. fragilis NCFB 2217 

Bac. ovatus ATCC 8483 

Bac. thetaiotaomicron 

Bac. uniformis JCM 5828 

Bac. vulgatus DCNC 23 

P. johnsonii DSM 18315 

P. merdae ATCC 43184 

Firmicutes 

Bry. formatexigens DSM 14469 

C. bartlettii DSM 16795 

C. bifermentans NCFB 2189 

C. butyricum DCNC 19 

C. clostridioforme JCM 1291 

C. paraputrificum JCM 1293 

C. perfringens NCTC 8679 

Ent. faecalis DCNC 24 

Ent. faecium DCNC 26 

Eubacterium L-8 

F. prausnitzii M21/2 

L. acidophilus DCNC 1237 

L. gasseri ADH 

Ros. inulinivorans DSM 16841 

Rum. gnavus ATCC 29149 

Rum. gnavus E1 

Sub. variabile DSM 15176 

Streptococcus LJ-22 

Proteobacteria 

E. coli HGU-3 
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CHAPTER 2: THREE STRUCTURALLY AND FUNCTIONALLY DISTINCT β-

GLUCURONIDASES FROM THE HUMAN GUT MICROBE BACTEROIDES 

UNIFORMIS2 

INTRODUCTION 

The carbohydrates and glycoconjugates that reach the human gastrointestinal (GI) 

tract are remarkably complex and sample a wide range of structural diversity. Despite the 

numerous and diverse carbohydrates humans consume, most of the enzymes required to 

process these molecules are not encoded by the human genome89. Fortunately, a mutually 

beneficial relationship exists between the microbial inhabitants of the GI tract and the human 

host, in which the human gut microbiota (HGM) expand the host’s metabolic capabilities via 

carbohydrate-active enzymes (CAZymes) 90. These CAZymes include glycoside hydrolases 

(GHs) and polysaccharide lyases (PLs) that mediate the fermentation of non-digestible 

carbohydrates and glycosides 91,92. The major products of these processes, short chain fatty 

acids, account for up to 10% of the dietary energy in humans 93 and have been associated 

with a myriad of health benefits 94–96.  In return, the HGM gain a stable energy source, which 

is crucial for microbial survival and maintaining balance within the HGM. 

The gram-negative phylum Bacteroidetes, one of two dominant bacterial phyla in the 

human gut microbiome, is a key metabolizer of diverse glycans in the GI tract. Members of 

                                                           
2This chapter previously appeared as an article in the Journal of Biological Chemistry. The original citation is as 

follows Pellock, S. J., Walton, W. G., Biernat, K. A., Torres-Rivera, D., Creekmore, B. C., Xu, Y., Liu J., 

Tripathy, A., Stewart, L.J., Redinbo, M. R. (2018) Three structurally and functionally distinct β-glucuronidases 

from the human gut microbe Bacteroides uniformis, J. Biol. Chem. 293, 18559-18573. 
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the Bacteroidetes, the majority belonging to the genus Bacteroides, degrade both dietary and 

host-derived carbohydrates, and many species ferment multiple different polysaccharides 

89,97. Bacteroides thetaiotaomicron, for example, forages both host mucus glycans and plant 

polysaccharides, depending on their availability 98. Accordingly, Bacteroides encode genes 

for large numbers of CAZymes, particularly GHs 91, that are organized in polysaccharide 

utilization loci (PULs), a distinctive feature of their genomes 99.   

Given the thousands of CAZymes that occur in Bacteroides, the functional and 

structural diversity of GHs within individual Bacteroides species remain largely unexplored. 

While the CAZyme classification system, which groups GHs into families based on their 

amino acid sequences, is reliable for the prediction of catalytic mechanisms and overall 

structural folds, substrate specificity and unique structural features are difficult to predict.  

For example, the GH2 family comprises β-glucuronidases, β-glucosidases, β-galactosidases, 

and β-mannosidases, all of which possess an (α/β)8 TIM barrel fold 91. Thus, it is important to 

experimentally characterize GHs to understand their structure and to assign function. 

Recently, we presented a structure-guided approach to differentiate β-glucuronidase 

(GUS) proteins from their GH2 family members 100. As reported, 279 unique GUS enzymes 

were identified from the 4.8 million unique genes present in the stool sample database of the 

Human Microbiome Project (HMP) 100.  This provided the first atlas of GUS enzymes in the 

human gut microbiome. Within that effort, we identified and characterized a GUS from the 

human gut bacterium Bacteroides uniformis, which has been reported to be highly abundant 

in the human GI tract 101.  We demonstrated that it acts as a β-glucuronidase and is able to 

process both a small-molecule glucuronide and a polysaccharide with a terminal glucuronic 

acid moiety 100. As outlined below, in an attempt to gain further insight into its role in 
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polysaccharide degradation, we searched the genomic region surrounding this GUS (Fig. 1a).  

We found two additional GH2 enzymes in the same PUL that retain sequence features 

previously identified as unique to GUS enzymes (Fig. 1a). To our knowledge, no previously 

characterized PUL contains three potential GUS enzymes.  For this reason, we were 

interested in their differential structural properties and their abilities to cleave diverse 

glucuronic acid (GlcA)-containing substrates. 

Here we demonstrate that three putative GUS proteins from a single B. uniformis 

microbe share the TIM barrel structural fold but exhibit distinct tertiary and quaternary 

structures, not obvious from sequence analysis, and harbor unique structural features within 

their actives sites that likely afford them specific substrate processing capabilities. Indeed, 

these GUS enzymes displayed differential activities towards a variety of glucuronide 

substrates, including GlcA-containing polysaccharides and SN-38-G, a metabolite of the 

cancer drug irinotecan. Additionally, we tested the ability of both selective bacterial GUS 

inhibitors and a pan GUS inhibitor to inhibit the three GUSs from this microbe, which reveal 

distinct propensities for inhibition. We further examined the potential for these 

glucuronidases to act on other sugar acid-containing substrates, such as those that contain 

galacturonic acid, iduronic acid or mannuronic acid. These results highlight the broad 

structural and functional diversity among GUS enzymes within a single human gut microbe. 

Furthermore, the data presented here provide a foundation for understanding the specialized 

roles of GUS enzymes in the deconstruction of a sugar acid-containing carbohydrate and the 

ability of the HGM to reactivate drug-glucuronide conjugates. 
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RESULTS 

Discovery and sequence analysis of GUS enzymes from a B. uniformis PUL 

A GUS from the human gut bacterium B. uniformis strain 3978 T3 i (BuGUS) was 

previously discovered in the HMP database 100.  Further inspection of the genomic region 

flanking this GUS gene revealed a hallmark of PULs, a nearby susC/susD-like gene pair. 

These two genes are involved in the binding of polysaccharides on the outer membrane 

(SusD) and transport into the periplasm (SusC) (Figure 2.1b) 99. The presence of the 

susC/susD homologs indicates that BuGUS is located in a PUL, which means BuGUS likely 

contributes to the orchestrated degradation of a GlcA-containing polysaccharide. Two 

additional enzymes predicted to belong to the GH2 family were also identified adjacent to 

BuGUS and the susC/susD-like pair (Figure 2.1b). Each of these proteins possess key 

sequence features that are characteristic of GUS enzymes, including the asparagine-x-lysine 

(NxK) motif and catalytic glutamates that recognize and cleave glucuronides, respectively 

100,102 (Figure 2.1a).  Only BuGUS-1 and BuGUS-2, however, possess the GUS-specific 

tyrosine residue (Y480 and Y495, respectively) that hydrogen bonds with the nucleophilic 

glutamate. In BuGUS-3, a tryptophan (W483) replaces the tyrosine (Figure 2.1a and 2.2).  
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Figure 2.1 - Discovery and analysis of GUS genes in B. uniformis strain 3978 T3 i. (A) 

Schematic for the discovery of GUS enzymes from B. uniformis b, genetic organization of a 

PUL from B. uniformis reveals 3 glycoside hydrolases with sequence features indicating 

GUS function, as well as other glucuronic acid metabolizing enzymes. c, sequence alignment 

of EcGUS, BuGUS-1, BuGUS-2, and BuGUS-3 reveals distinct loop classes between these 

putative GUS enzymes. HTCS: hybrid two-component system, PL: polysaccharide lyase, 

MO: mannonate oxidase, MD: mannonate dehydratase, susC/D: starch utilization system 

C/D.  
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Figure 2.2 - Multiple sequence alignment of BuGUS-1, BuGUS-2, and BuGUS-3. 

Regions of interest discussed in the text are bolded and highlighted in various colors. Unique 

active site residues highlighted in yellow, N-terminal loop and catalytic glutamates in red, 

NxK motif in green, Loop 2 (L2) in magenta, mini-loop 2 (mL2) in blue. 
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Sequence alignments with the previously characterized BuGUS (now termed BuGUS-2) and 

these two new GUS enzymes, termed BuGUS-1 and BuGUS-3, revealed a sequence identity 

of 27% and 29%, respectively, while BuGUS-1 and BuGUS-3 share 18% sequence identity 

(Figure 2.2). Sequence analysis also revealed that BuGUS-1, BuGUS-2, and BuGUS-3 fall 

into the previously defined No Loop (NL), Loop 2 (L2), and Mini Loop 2 (mL2) classes, 

respectively; these classifications are related to the size and location of loops at the active site 

of gut microbial GUS enzymes, and have been shown to play key roles in substrate 

specificity 100 (Figure 2.1c). Utilizing the signal peptide prediction tool, SignalP 4.1 Server 

103, we found that BuGUS-1, BuGUS-2, and BuGUS-3 have a signal peptide and are thus 

expected to be periplasmic. Together, this sequence analysis indicates that a PUL from B. 

uniformis contains three putative GUS enzymes with distinct sequence features. 

BuGUS-1 and BuGUS-2 exhibit β-glucuronidase activity with 4-MUG 

To begin to elucidate the substrate specificities of these three putative GUS enzymes, 

we performed in vitro activity assays with their purified protein products.  BuGUS-2 has 

been previously shown to exhibit GUS activity 100. To confirm that BuGUS-1 and BuGUS-3 

are also GUS enzymes, we synthesized, cloned, expressed, and purified their protein 

products. We then utilized the standard substrates 4-methylumbelliferyl-β-D-glucuronide (4-

MUG) and p-nitrophenyl-β-D-glucuronide to assess the pH profile and kinetic parameters of 

GUS activity, respectively. BuGUS-1 (kcat/Km = 3.4x105 s-1 M-1) and BuGUS-2 (kcat/Km = 

3.8x105 s-1 M-1) both efficiently processed these standard substrates, indicating that they are 

GUS enzymes (Table 2.1 and Figure 2.3). However, BuGUS-3 was unable to catalyze the 

hydrolysis of these substrates (Table 2.1). Thus, while BuGUS-1 and BuGUS-2 can  
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Table 2.1 - Kinetic parameters of 4-MUG hydrolysis by BuGUS enzymes and BMSP 

GUS. 
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Figure 2.3 - pH screen for BuGUS-1, BuGUS-2, and BuGUS-3. Error bars represent SD of 

n = 3 biological replicates. 
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hydrolyze glucuronides, BuGUS-3 may have a distinct but related activity despite its GUS-

like sequence features. 

BuGUS enzymes exhibit distinct structural features 

To evaluate the structural diversity of the three GUS enzymes present in B. uniformis, 

we determined the crystal structures of BuGUS-1 (space group: C2, molecules in asymmetric 

unit: 2) and BuGUS-3 (space group: I2, molecules in asymmetric unit: 2) and compared them 

to the previously reported BuGUS-2 structure (Table 2.2) 100. BuGUS-1 and BuGUS-3 share 

a similar TIM barrel core fold with BuGUS-2, with 3.2 Å root-mean-square deviation (rmsd) 

across 512 Cα positions and 3.4 Å rmsd over 648 Cα positions, respectively (Figure 2.4 and 

Figure 2.5).  BuGUS-2 and BuGUS-3 encode C-terminal extensions not found in the shorter 

BuGUS-1 enzyme (Figure 2.4A, B, C). 

While BuGUS-1 maintains a similar tertiary structure to other GUS enzymes, it 

possesses unique active site residues, particularly Y382 and W383 (Figure 2.4A, highlighted 

in yellow). These positions are generally occupied by smaller residues in previously 

characterized GUS enzymes, such as BuGUS-2 (Figure 2.4B). In addition to these unique 

active site residues, BuGUS-1 is only the second tetrameric bacterial GUS characterized that 

does not contain a Loop 1 by sequence analysis. Instead, remarkably, and unpredictably by 

sequence analysis alone, an N-terminal loop (NTL; Figure 2.2) is donated from an adjacent 

protomer and resembles the loop-based active sites of previously characterized Loop 1 GUS 

structures, as outlined below. 

Compared to previously characterized GUS enzymes, BuGUS-3 deviates the most in 

its active site composition, containing five unique residues (yellow) (Figure 2.4C). Most  
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Table 2.2 - X-ray data collection and refinement statistics. 
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Figure 2.4 - Structural analysis of BuGUS-1, BuGUS-2, and BuGUS-3 reveals distinct 

tertiary and active site structure. (A) tertiary structure of BuGUS-1 with the sugar acid-

recognizing NxK motif highlighted as green spheres and catalytic glutamates as deep salmon 

spheres and zoom-in of active site with unique active site residues highlighted in yellow. (B), 

tertiary structure of BuGUS-2 with core fold highlighted in magenta and additional C-

terminal domains in green (DUF1) and yellow (CBM57) and zoom-in of the active site. (C), 

tertiary structure of BuGUS-3 with core fold in blue, the sugar acid-recognizing NxK motif 

highlighted as green spheres and catalytic glutamates as deep salmon spheres and additional 

C-terminal domains in green (DUF1) and yellow (DUF2) and zoom-in of active site with 

unique active side residues highlighted in yellow. 
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Figure 2.5 - Structural alignments of BuGUS-1 (cyan), BuGUS-2 (magenta), and 

BuGUS-3 (blue) with previously elucidated structure of E. coli GUS (green, EcGUS, 

PDB: 3LPF). 
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notably, three arginines in BuGUS-3 replace the small, polar residues, such as asparagine, 

that are conserved in previously characterized GUS enzymes, and R391 and R466 are 

positioned to form ionic interactions with the catalytic glutamates (Figure 2.4C). 

Furthermore, the BuGUS-3 active site contains W483, which replaces the conserved tyrosine 

in all other GUS enzymes characterized. Finally, W431 and R391, localized across the active 

site from the NxK motif (green), have not been observed in any other GUS enzymes (Figure 

2.4C). These distinct active site features may explain why BuGUS-3 does not process the 

standard glucuronide substrates despite the presence of the NxK motif and catalytic 

glutamates necessary for the recognition and cleavage of glucuronides. 

BuGUS-1 displays a unique quaternary structure despite having similar tertiary 

structure to EcGUS (Figure 2.6A and 2.5). BuGUS-1 forms a unique inverted tetramer in 

comparison to the previously determined structures of E. coli GUS (EcGUS), Streptococcus 

agalactiae GUS, Clostridium perfringens GUS, and the human GUS ortholog (Figure 2.6A, 

B) 13,55,102. In BuGUS-1, individual protomers interact via their N-termini in comparison to 

the previously examined GUS enzymes outlined above, in which the interface of protomers is 

formed by their C-termini (Figure 2.6A, B). The consequence of this oligomeric 

organization is a solvent exposed active site. 

Unlike the tetrameric BuGUS-1, BuGUS-2 and BuGUS-3 both form dimers (Figure 

2.7A,B and 2.8) and contain extra domains at their C-termini (Figs. 2.4B, C and 2.8). 

Excluding these additional domains, the core tertiary structures of BuGUS-2 and BuGUS-3 

are TIM barrel folds with two beta-sandwich-like domains, similar to previously 

characterized GUS enzymes (Figure 2.4B, 2C and 2.5). While BuGUS-2 and BuGUS-3 

share similar core folds, they have distinct quaternary structures, likely a result of how 
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Figure 2.6 - Analysis of quaternary structures and their influence on the active site 

architecture of EcGUS and BuGUS-1. (A) Tetramer of EcGUS with zoom-in of tetramer 

interface reveals hydrophobic pocket around the active site situated at the interface of C-

terminal regions. (B) Tetramer of BuGUS-1 with zoom-in of tetramer interface reveals a 

solvent exposed active site. 
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Figure 2.7 - Quaternary structure of BuGUS-2 and BuGUS-3 and structural analysis of 

C-terminal domains. (A) BuGUS-2 dimer with core fold shown in magenta, DUF1 in green, 

and CBM57 domains in yellow with active site glutamates and NxK motif shown as deep 

salmon and green spheres, respectively. (B) BuGUS-3 dimer with core fold in blue, DUF1 in 

green, and DUF2 in yellow with catalytic glutamates and NxK motif in deep salmon and 

green spheres, respectively. (C) CBM57 of BuGUS-2 shown with disordered loop shown as 

dotted line. (D) Structure of BuGUS-3 DUF2. € Structural alignment of BuGUS-2 DUF, 

BuGUS-2 DUF1, and BfGUS DUF. 
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Figure 2.8 - Size-exclusion chromatography multi-angle light scattering analysis (SEC-

MALS) of BuGUS-1, BuGUS-2, and BuGUS-3 confirms oligomeric states predicted 

from crystal structures. 
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Figure 2.9 - Comparison of CBMs of BuGUS-2, BuGUS-3, and BfGUS. Conserved core 

fold of GUS shown in grey with DUF-1 and CBM 57 or DUF2 (for BuGUS-2 and BuGUS-3) 

highlighted in cyan and magenta, respectively.  
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their additional C-terminal domains are positioned that preclude similar homodimeric 

organizations (Figure 2.4B, 2.4C, 2.7A, 2.7B, and 2.9). Sequence and structural analysis of 

the C-terminal domains of BuGUS-2 revealed that the most C-terminal (yellow) is a member 

of the CBM 57 family, based on malectin that binds to developing glycans in the 

endoplasmic reticulum (Figure 2.7C) 104. The remaining domains in BuGUS-2 and BuGUS-3 

are “domains of unknown function” (DUF) and are not formally defined as, and simply may 

not be, CBMs (Figure 2.4B, 2.4C, and 2.9). Both sequence (NCBI BLAST) and structure-

based (PDBeFold) searches of these additional C-terminal DUFs revealed hits for the C-

domains of antibodies. These domains may only serve a role in the oligomeric organization 

of these proteins. The DUFs from the BuGUS enzymes are similar in structure and have been 

observed once previously in the structure of Bacteroides fragilis GUS (BfGUS), which was 

also previously designated as a DUF (Figure 2.9). Collectively, the unique C-terminal 

domains of BuGUS-2 and BuGUS-3 may play roles in carbohydrate binding and quaternary 

structure.  

We also find that BuGUS-2 contains a well-organized predicted calcium binding site 

(Figure 2.10A, B) that is unique to this GUS both in B. uniformis and in GUS enzymes of 

known structure to date. Approximately 24 Å from the active site of BuGUS-2 are three 

aspartic acids and three ordered water molecules that coordinate a predicted calcium ion 

(Figure 2.10A, B). Site-directed mutagenesis of D341 and D367 to alanines led to a 

complete loss of GUS activity and the crystal structure of this mutant (space group: P212121, 

molecules in asymmetric unit: 2, Table S1) revealed significant structural changes at the 

enzyme active site (Figure 2.10 C, D). Circular dichroism analysis also revealed a small loss  
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Figure 2.10 - Predicted calcium binding site key for structural and functional integrity 

of BuGUS-2. (A) BuGUS-2 dimer with predicted calcium binding site (green sphere) 24 Å 

away from active site glutamates. (B) the predicted calcium ion is contacted by D176, D341, 

D367, and three water molecules. (C) active site overlay of WT and calcium-binding mutant 

of BuGUS-2 reveals conformational changes that preclude functional activity. (D) progress 

curves of BuGUS-2 activity reveal that mutation of the predicted calcium binding site results 

in the same loss of function as mutation of essential active site residues.  
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Figure 2.11 - Circular dichroism wavelength scan and melting temperature for WT and 

D341A D367A calcium binding mutant of BuGUS-2.  
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in structural order for the predicted calcium-binding mutant in comparison to the wild-type 

(WT), but an equivalent melting temperature indicated no significant change in overall 

protein stability (Figure 2.11). Sequence analysis of the 279 previously discovered GUS 

enzymes 100 revealed 17 additional GUS proteins with a predicted calcium binding site 

(Table 2.3 and Figure 2.12). Thus, it appears that the predicted calcium binding site plays a 

key role in the structure and function of BuGUS-2 and is conserved among other GUS 

proteins in the human gut microbiome. 

BuGUS enzymes differentially process GlcA-containing polysaccharides  

Given the distinct active site architectures of the three GUS enzymes examined here, 

as well as their differential processing of standard glucuronide substrates, we examined a set 

of pure synthetic polysaccharide substrates (Figure 2.13A, B). We chose heparin-like 

nonamers (9-mers) that contain GlcA and are either acetylated or sulfated. We also examined 

shorter polysaccharides (5-mers) and a substrate with GlcA at the penultimate rather than the 

terminal (non-reducing end) position (NAc 4-mer) (Figure 2.13B). Both BuGUS-1 and 

BuGUS-2 were able to process the acetylated heparin-like nonamer substrate (NAc 9-mer), 

but BuGUS-3 showed no activity (Figure 2.13A). However, all three GUS enzymes, 

including BuGUS-3, were able to process the terminal ends of a sulfated heparin-like 

substrate (NS 9-mer; Figure 2.13A). We next examined a 9-mer with a doubly sulfated 

glucosamine moiety at the penultimate position (NS6S 9-mer). We found, though, that this 

change eliminated activity with all three enzymes (Figure 2.13A).  

We tested the effect of polysaccharide length on activity by examining shorter 5-mer 

substrates. Our results were similar to the 9-mer data outlined above BuGUS-1 and BuGUS-2  
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Table 2.3 - Bioinformatic analysis of the HMP GUS enzymes identified 18 GUS enzymes 

with calcium binding sites.   
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Figure 2.12 - Sequence alignment of putative calcium binding GUS enzymes from the 

Human Microbiome Project stool sample database.
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Figure 2.13 - Polysaccharide cleavage by BuGUS-1, BuGUS-2, and BuGUS-3. (A) 

percent cleavage for BuGUS-1, BuGUS-2, and BuGUS-3 with an acetylated and sulfated 

heparin-like substrates after 3 hours at pH 6.5.  N=3, ± standard deviation (SD). (B), 

schematic structures of the pure synthetic polysaccharides utilized to measure polysaccharide 

processing by BuGUS enzymes. GlcA, glucuronic acid; GlcNAc, N-acetylglucosamine; 

GlcNS, N-sulfoglucosamine; GlcNS6S, N-sulfoglucosamine-6-sulfate; p-NP, p-nitrophenol.  
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processed the NAc 5-mer, while BuGUS-3 did not, and all three GUS enzymes processed the 

NS 5-mer (Figure 2.13A). Interestingly, though, BuGUS-3 displayed much weaker activity 

with the NS 5-mer than it did with the NS 9-mer (Figure 2.13A).  Finally, to confirm that 

these proteins act as exolytic enzymes toward substrates with terminal GlcA moieties, we 

examined a 4-mer polysaccharide with GlcA at the penultimate position (Figure 2.13B).  As 

expected, the three enzymes examined failed to process this compound, indicating that they 

do not act as endolytic enzymes toward this particular substrate (Figure 2.13A).  Taken 

together, these data using six distinct polysaccharide substrates related to compounds found 

in humans reveal that all three BuGUS enzymes are able to process sulfated 9-mers and 

sulfated 5-mers, while only BuGUS-1 and BuGUS-2 cleaved the acetylated heparin-like 9-

mer and 5-mers. Moreover, the enzyme activity appears limited to removing terminal GlcA 

groups.  Such data provide an initial molecular framework to understand the potential for 

microbial GUS enzymes to utilize polysaccharide substrates within the human GI tract. 

BuGUS enzymes may process additional uronic acid-containing substrates 

Given the diversity of uronate-containing polysaccharides, we considered the 

possibility that these GUS enzymes would process uronic acid conjugates beyond 

glucuronides.  Thus, we docked into the three BuGUS enzymes the following four uronic 

acids:  glucuronic acid (GlcA), galacturonic acid (GalA), mannuronic acid (ManA), and 

iduronic acid (IdoA). These sugar monosaccharides were identified from the PDB and 

docked manually in PyMOL based on the glucuronate-bound structure of BuGUS-1 (PDB: 

6D6W). Despite the differences in stereochemistry between these sugar acids, docking 

suggests that each may be accommodated within all three GUS active sites (Figure 2.14). 

Galacturonate appeared to be the most sterically strained sugar, which has an axial hydroxyl  
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Figure 2.14 - Modeling of sugar monosaccharides of glucuronate (GlcA), galacturonate 

(GalA), mannuronate (ManA), and iduronate (IdoA) in the active sites of BuGUS-1, 

BuGUS-2, and BuGUS-3.  
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at the 4-position that could clash with the aspartic acid side chain conserved in all three 

BuGUS enzymes (Figure 2.14). To test the hypothesis that substrates with terminal sugar 

acids beyond GlcA could be utilized as substrates, we examined the ability of p-nitrophenyl-

β-D-galacturonide (pNP-GalA) to act as a substrate for BuGUS-1, BuGUS-2, and BuGUS-3 

(Figure 2.15A). We found that only BuGUS-1 was able to process this galacturonide (Figure 

2.15B). Kinetic analysis of BuGUS-1 with both pNP-GlcA and pNP-GalA revealed catalytic 

efficiencies (kcat/Km) of 2.2x105 and 3.1x104, respectively, suggesting that while BuGUS-1 

can hydrolyze galacturonides, it does so less efficiently than the analogous glucuronide 

(Figure 2.15C). A model of galacturonic acid docked in the active site of BuGUS-1 shows 

that the aspartic acid (green) that could clash with the hydroxyl at 4 position may cause this 

weaker efficiency (Figure 2.15C). Taken together, docking studies and kinetics suggest that 

the GUS enzymes considered here may act on polysaccharide substrates containing terminal 

sugar acids beyond glucuronate, including mannuronate, iduronate, and galacturonate. 

BuGUS structures in complex with substrate analogs 

To gain a better understanding of substrate recognition by these novel GUS enzymes, 

we incubated them with the non-hydrolyzable substrate analog phenyl-thio-β-D-glucuronide 

(PTG) and attempted co-crystallization. Co-crystallization of a PTG-BuGUS-1 complex was 

successful (space group: P1211, molecules in asymmetric unit: 6, Table 2.2), and the crystal 

structure revealed a conformational shift in the active site in which the catalytic acid/base 

E421 shifts away from the active site (Figure 2.16A, B). This conformational change is 

accommodated by additional shifts adjacent to the active site, in which E453 and K454 

undergo 7.8 and 5.9 Å changes in position, respectively, relative to the unliganded structure  
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Figure 2.15 - BuGUS-1, but not BuGUS-2 or BuGUS-3, can process both glucuronides 

and galacturonides. a, chemical structures of pNP-GlcA and pNP-GalA. b, progress curves 

for BuGUS-1, BuGUS-2, and BuGUS-3 with pNP-GalA. c, kinetic parameters of pNP-GlcA 

and pNP-GalA hydrolysis by BuGUS-1. d, active site of BuGUS-1 with GalA manually 

docked and potentially important aspartic acid residue highlighted in green. This aspartic 

acid likely undergoes a rotamer shift, shown in cyan, to accommodate the GalA sugar. 
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Figure 2.16 - Structural analysis of liganded BuGUS-1 and BuGUS-2 reveal chemical 

complementarity to GlcA. a, PTG bound to BuGUS-1 with mFo-DFc simple omit density 

shown at 2.5 σ with NxK motif shown in green, catalytic glutamates in deep salmon, and 

Y56 from an adjacent monomer in pale cyan. b, overlay of PTG bound (opaque) and apo 

(transparent) BuGUS-1 active site reveals significant conformational shifts to catalytic 

acid/base E421 as well as two nearby residues K454 and E453 to accommodate the large 

sulfur atom present in PTG. c, BuGUS-1 bound to GlcA with mFo-DFc simple omit density 

shown at 2.5 σ. d, BuGUS-1 active site with GlcA shown in the plane of the ring reveals 

alpha configuration that forms a hydrogen bond with the catalytic nucleophile E508. 
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(Figure 2.16 B). In line with previous studies, the carboxylate of PTG is recognized by N573 

and K575 (NxK motif), as well as Y484 (Figure 2.16A). In addition to a PTG complex, we 

also determined the structure of BuGUS-1 in complex with GlcA (space group: C2, 

molecules in asymmetric unit: 4, Table 2.2).  GlcA was bound to BuGUS-1 as the alpha 

anomer (Figure 2.16C, D), and much like PTG, the carboxylate of GlcA is recognized by the 

NxK motif and other residues that contact its hydroxyl groups (Figure 2.16C). Additionally, 

W533 participates in C-H-π interactions with the non-polar face of GlcA (Figure 2.16C). 

The anomeric hydroxyl group forms a hydrogen bond with E508, the catalytic nucleophile 

(Figure 2.16D). Together, these structural data highlight how GUS specifically recognizes its 

glucuronide substrate. 

Differential SN-38-G processing by BuGUS enzymes 

GUS enzymes are promiscuous and can hydrolyze a variety of glucuronides related to 

mammalian gut toxicity 55,62,64,100,102,105–109. Thus, we sought to determine whether these GUS 

enzymes are capable of reactivating the inactive metabolite SN-38-G of the cancer drug 

irinotecan. Despite their localization in a PUL, BuGUS-1 and BuGUS-2 hydrolyzed the 

small-molecule glucuronide SN-38-G (Figure 2.17). Strikingly, BuGUS-1 hydrolyzed SN-

38-G with an efficiency that rivals previously characterized Loop 1 GUS enzymes that are 

not located in PULs and have been shown to prefer only small molecule glucuronides over 

polysaccharides (Figure 2.17B) 100. We hypothesized that the NTL identified in the structure 

of BuGUS-1 may play a key role in recognizing the aglycone moiety of SN-38-G (Figure 

2.17A). The NTL is defined as residues Y54 through A67 and forms a loop that sits by the 

active site of an adjacent protomer (Figure 2.17C). Indeed, the NTL loop deletion (Δloop 

BuGUS-1), displayed much slower processing with both 4-MUG and SN-38-G in  



 47 
 

 

Figure 2.17 - Kinetic and structural analysis of SN-38-G hydrolysis reveals importance 

of N-terminal loop in BuGUS-1. (A), BuGUS-1 tetramer with adjacent N-Terminal Loop 

highlighted in red, catalytic glutamates in deep salmon, and NxK motif in green. Zoom-in of 

active site with SN-38-G manually docked in the active site of BuGUS-1 based on PTG-

bound structure. (B), catalytic efficiencies kcat/KM for EcGUS, BuGUS-1, BuGUS-2, BuGUS-

3, BMSP, and BuGUS-1 Δloop with the substrate SN-38-G. (C), sequence alignment of 

BuGUS-1 and BMSP GUS N-Terminal Loop regions and overlay of BuGUS-1 and BMSP 

active sites with SN-38-G manually docked. Error bars represent SD of n = 3 biological 

replicates.  
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Figure 2.18 - Structural overlay of BuGUS-1 WT (cyan) and BuGUS-1 Δloop (grey) 

reveals absence of N-terminal loop necessary for efficient processing of SN-38-G. 



 49 
 

comparison to the WT BuGUS-1 (Table 2.1 and Figure 2.17B). We solved the structure of 

Δloop BuGUS-1 (space group: P1211, molecules in asymmetric unit: 4, Table 2.2) which 

shows the absence of this key loop structure (Figure 2.18). 

As an additional control to test the importance of the NTL for SN-38-G processing by 

BuGUS-1, we cloned, expressed, and purified a Bacteroides multispecies (BMSP) GUS that 

is similar to BuGUS-1 but, importantly, lacks the NTL sequence necessary for efficient  

processing of small molecule glucuronides (Figure 2.17C). The 2.65 Å structure of BMSP 

GUS (space group: I41, molecules in asymmetric unit: 4, Table 2.2) reveals the same 

tetrameric organization as BuGUS-1 but lacks the N-terminal loop that forms the aglycone 

binding site of BuGUS-1 (Figure 2.17C and S11a). Importantly, BMSP displayed similar 4-

MUG and SN-38-G processing efficiencies in comparison to the Δloop variant of BuGUS-1 

(Fig. 8b and Table 1). These data suggest that an N-terminal sequence feature in the 

previously identified No Loop BuGUS-1 allows it to process SN-38-G with activity similar 

to Loop 1 GUS enzymes. 

D-glucaro-1,4-lactone inhibits BuGUS-1 and BuGUS-2 

Due to their ability to process SN-38-G, we tested whether we could inhibit BuGUS-1 

and BuGUS-2 with our selective bacterial GUS inhibitors as well as the non-specific GUS 

inhibitor D-glucaro-1,4-lactone (Figure 2.19C and 2.22). The GUS-specific inhibitors Inh1 

and UNC10201652 did not inhibit either BuGUS-1 or BuGUS-2 up to 100 μM. However, D-

glucaro-1,4-lactone displayed mid micromolar potency against both BuGUS-1 and BuGUS-2 

(Table 2.4). Together, these data show that previously characterized selective inhibitors of 

GUS are not effective against BuGUS-1 and BuGUS-2, while the non-specific GUS inhibitor 

D-glucaro-1,4-lactone is a mid-micromolar inhibitor of BuGUS-1 and BuGUS-2. 
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Figure 2.19 - Structural analysis of BuGUS-1 and BuGUS-2 inhibition by D-glucaro-1,4-

lactone reveals D-glucaro-1,5-lactone bound instead. a, BuGUS-1 bound to D-glucaro-1,5-

lactone with mFo-DFc simple omit density shown at 2.5 σ.  b, BuGUS-2 bound to D-glucaro-

1,5-lactone with mFo-DFc simple omit density shown at 1.5 σ.  c, proposed mechanisms for 

the conversion of D-glucaro-1,4-lactone to D-glucaro-1,5-lactone. d, close-up view in the 

plane of D-glucaro-1,5-lactone reveals planarity at alpha carbon and key contact with 

catalytic acid/base E421.  
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Figure 2.20 - Structural analysis of BMSP GUS and docking studies of SN-38-G in the 

active sites of BuGUS-2 and BuGUS-3. a, tetrameric biological assembly of BMSP GUS. b, 

active site of BMSP GUS with NxK motif in green and catalytic glutamates in deep salmon. 

Manually docked SN-38-G in active site of c, BuGUS-2 and d, BuGUS-3 based on the PTG-

bound structure of BuGUS-1. 
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Table 2.4 - IC50 values of Inh1, Inh9, and D-glucaro-1,4-lactone for BuGUS-1, BuGUS-

2, BuGUS-3, and BMSP GUS 
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Next, we co-crystalized BuGUS-1 and BuGUS-2 in the presence of D-glucaro-1,4-

lactone. Successful crystals were grown for both BuGUS-1 and BuGUS-2 upon incubation  

with D-glucaro-1,4-lactone, and structures at 2.0 Å (space group: C2, molecules in 

asymmetric unit: 2) and 2.5 Å (space group: P212121, molecules in asymmetric unit: 2) were 

determined, respectively (Table 2.2). Analysis of the active site of these structures revealed 

D-glucaro-1,5-lactone bound instead of D-glucaro-1,4-lactone (Figure 2.19A, B, C). 

Previous studies have shown the spontaneous conversion of D-glucaro-1,5-lactone to D-

glucaro-1,4-lactone, as it is the thermodynamic product 110. The reverse process is also 

chemically possible (Figure 2.19C). As expected, the carboxylate of D-glucaro-1,5-lactone 

interacts with the NxK motif of both BuGUS-1 and BuGUS-2 (Figure 2.19A, B). The 

remaining hydroxyl groups are recognized by other residues, including the catalytic acid/base 

and nucleophile glutamates (Figure 2.19A, B, D).  

DISCUSSION 

The GHs encoded by Bacteroides species play key roles in the processing of 

carbohydrates and glycosides that reach the GI tract. Here we present three unique GUS 

enzymes from the human gut microbe Bacteroides uniformis that advance our understanding 

of the structural and functional diversity within this GH family. By analyzing the genes 

adjacent to a previously characterized B. uniformis GUS 100, we discovered two additional 

GUS enzymes from a B. uniformis PUL (Figure 2.1A, B). One of these GHs we termed 

BuGUS-1, as it retained the GUS-specific features previously used to identify GUS enzymes 

in the HMP 100. We demonstrated that it is a GUS capable of processing a variety of GlcA-

containing substrates (Table 2.1, Figure 2.13, and Figure 2.3). BuGUS-3 also possessed 

several GUS-specific features, including the core fold, catalytic residues, and NxK motif; 



 54 
 

however, a tryptophan replaced the tyrosine that hydrogen bonds to and structurally stabilizes 

the nucleophilic glutamate (Figure 2.4C). While BuGUS-3 was unable to process 4-MUG, it 

did exhibit GUS activity toward the heparin sulfate 9-mer (Figure 2.13A). This discovery 

suggests that the initial GUS rubric defined previously could allow either a tyrosine or a 

tryptophan at this sequence position100.  Indeed, a tryptophan is present at this position in the 

GUS module of BT0996, one of the enzymes responsible for the degradation of 

rhamnogalacturonan-II in B. thetaiotaomicron 111. This information indicates that the 279 

GUS proteins previously identified represent an initial GUS atlas and should be reexamined 

and updated as new structural and functional data are determined regarding this enzyme 

family. Indeed, a preliminary analysis of the HMP identified 10 additional GUS proteins with 

a tryptophan residue in this position (Table 2.5); these novel proteins will be the subject of 

future studies. 

As previously discussed by Pollet et al., GUS enzymes with longer loops adjacent to 

the active site (e.g. Loop 1 GUS enzymes) were shown to process small glucuronides, and 

those possessing open active sites were able to process larger GlcA-containing 

polysaccharides 100. In previously determined GUS structures, the tetrameric interface 

between GUS protomers have been formed by their C-termini, and active site adjacent loop 

structures (Loop 1) from these adjacent protomers formed the aglycone binding site (Fig. 

3a), limiting the access of larger substrates 55,100,102 In contrast, BuGUS-2 was shown to form 

a dimer, leaving its active site open and solvent exposed to accommodate larger 

polysaccharides 100 (Figure 2.4B and 2.7A). BuGUS-1, which exhibits an open active site via 

a unique N-to-C-term-mediated tetrameric arrangement (Figure 2.6B), processed 4-MUG 

with a higher efficiency than BuGUS-2 and BuGUS-3, which are both dimers and contain  
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Table 2.5 - Bioinformatic analysis of the HMP identified 11 GUS enzymes containing 

the variable active site tryptophan observed in BuGUS-3.  
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more solvent exposed active sites (Table 2.1 and Figure 2.7A and B).  

BuGUS-1 was also shown to process SN-38-G faster than both BuGUS-2 and 

BuGUS-3 (Fig. 8b). Surprisingly, the NL BuGUS-1 processed SN-38-G at an efficiency that  

rivaled that of L1 EcGUS, despite the lack of an active site loop at the canonical position in 

its amino acid sequence (Figure 2.1C). Further examination of the crystal structure of 

BuGUS-1 revealed the presence of an N-terminal loop (NTL) donated from an adjacent 

protomer (Figure 2.17A). This donated loop mimics the Loop 1 present in L1 GUS enzymes 

and appears to enable BuGUS-1 to process the small molecule glucuronide 4-MUG (Table 1) 

and SN-38-G at efficiencies similar to those of characterized Loop 1 GUS enzymes (Figure 

2.17B) 55,102. Indeed, kinetic analysis of BMSP GUS and the Δloop variant of BuGUS-1 

suggest that SN-38-G and 4-MUG processing by BuGUS-1 is greatly facilitated by its N-

terminal loop (Table 2.1 and Figure 2.17B). Examination of the GUS proteins present in the 

GI tracts of healthy humans 100 revealed that six additional enzymes beyond BuGUS-1 

maintain an NTL (Table 2.6). Collectively, these data indicate that the determination of 

novel crystal structures of GUS enzymes will continue to enhance our understanding of the 

structural and functional variations present in this family of proteins. 

To further investigate how the BuGUS-1 active site may interact with SN-38-G, we 

manually docked SN-38-G based on the PTG-bound structure of BuGUS-1. Our analysis 

shows that the planar, non-polar aglycone of SN-38-G could interact favorably with the 

BuGUS-1 active site (Figure 2.17A). Notably, Y57 located in the donated loop participates 

in π-π interactions with the aromatic scaffold of SN-38-G in the binding mode modeled 

(Figure 2.17A). This may explain its ability to efficiently hydrolyze this substrate. Docking 

of SN-38-G into the active sites of BuGUS-2 and BuGUS-3 demonstrates that they do not  
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Table 2.6 - Bioinformatics analysis of the HMP identified 6 GUS enzymes containing an 

N-terminal loop like that observed in BuGUS-1.   
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harbor the same active site features of BuGUS-1 that would allow them to recognize SN-38-

G (Figure 2.15). Specifically, the tyrosine in BuGUS-1 is replaced by an arginine and a 

tryptophan in BuGUS-2 and BuGUS-3, respectively, which do not appear to favorably  

interact with the aromatic scaffold of SN-38-G (Figure 2.15C, D).  

In addition to small glucuronides, we demonstrated that all three GUS enzymes  

differentially processed GlcA-containing polysaccharides. While bioinformatic analysis of 

the genes in this PUL do not reveal a clear polysaccharide substrate for these enzymes to act 

on, we showed that BuGUS-2 was capable of processing a sulfated heparin-like 9-mer and an 

acetylated heparin-like 9-mer, and BuGUS-3 processed the sulfated heparin-like 9-mer 

(Figure 2.13A). Given the unique nature of the BuGUS-3 active site (Figure 2.4C) in 

comparison to previously characterized GUS enzymes, this likely is key feature that leads to 

its lack of activity with most of the glucuronide-containing polysaccharides. The differences 

in polysaccharide processing may also be explained by differences in quaternary structures.  

Although both BuGUS-2 and BuGUS-3 are dimers and contain extra C-terminal domains, the 

positioning of these domains is distinct and influence protomer organization (Figure 2.7A, 

B). Taken together, a combination of unique active site residues and quaternary structures 

likely dictate the specific substrates of these GHs.  

Interestingly, BuGUS-1 was also shown to process both GlcA-containing 

polysaccharides tested (Figure 2.13A). Compared to traditional L1 GUS enzymes, the active 

site of BuGUS-1 is more open due to its N-term-mediated tetrameric interface (Figure 2.6B), 

which allows larger polysaccharides to access the active site. In addition to its unique 

tetrameric state, the flexible nature of its active site, as evidenced by the PTG-bound 

structure, may also explain the ability of BuGUS-1 to process bulkier polysaccharides. Upon 
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PTG binding, several conformational shifts occur, including that exhibited by the catalytic 

base E421, which appears to conflict with the large sulfur atom of PTG (Figure 2.16A, B). 

Although this conformation would preclude function, as E421 is far from the position it 

would need to be to serve as an acid/base, the structure demonstrates that there is enough 

mobility in the active site to accommodate this shift and suggests that the active site is also 

capable of accommodating larger polysaccharide substrates.  

We further found via docking that other sugar acids, like galacturonate, mannuronate 

and iduronate, are likely to be accommodated in the active sites of these GUS enzymes 

(Figure 2.14), and we confirm that BuGUS-1 can utilize a small-molecule galacturonide as a 

substrate (Figure 2.15). This finding expands our understanding of the substrate-utilization 

capacities of the gut microbial GUS enzymes, and suggests that these enzymes may 

coordinate the degradation of polysaccharides that contain uronic acids beyond glucuronate. 

Given the importance of quaternary structure relative to GUS function, we were 

interested in whether computational approaches would provide this critical information. We 

used Rosetta modeling to predict the tertiary and quaternary structures of the three GUS 

enzymes reported here. Although the core fold was predicted with a high degree of accuracy 

for all GUS enzymes analyzed, the critical loop structures as well as the orientation of C-

terminal domains were more difficult to position and were heavily influenced by extant 

structures (Figure 2.21). These results highlight the importance of using experimental 

structures to further refine modeling approaches to accurately predict protein quaternary 

structures. 

Upon determining that BuGUS-1 and BuGUS-2 are targets to prevent GI-side effects 

via SN-38-G processing, we tested whether they are susceptible to inhibition. Our GUS-  
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Figure 2.21 - Predicted structures by Rosetta-based modeling of unique tertiary and 

quaternary structures discovered by crystallography. (A) Overlay of observed and 

Rosetta-predicted tertiary structure for BuGUS-1, BuGUS-3, and BMSP GUS. (B) Observed 

quaternary structures for BuGUS-1, BuGUS-3, and BMSP. (C) Rosetta prediction of 

quaternary structure for BuGUS-1, BuGUS-3, and BMSP. 
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Figure 2.22 - Chemical structures of Inhibitor 1 and UNC10201652. 
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specific inhibitors Inh1 and UNC10201652 did not inhibit BuGUS-1 and BuGUS-3 (Table 

2.4 and Figure 2.22). Previously, we have shown that the loop in L1 GUS enzymes stabilizes 

Inh1 55. Although BuGUS-1 contains an N-terminal loop that replaces L1 in the active site, it 

is distinct from classic Loop 1 GUS enzymes which form deep hydrophobic pockets 

constructed from two loops from adjacent monomers (Figure 2.6A, B) 55. Thus, the active 

site in BuGUS-1 is more hydrophilic and solvent accessible, making it unfavorable for 

binding to the hydrophobic scaffold of Inh1 and UNC10201652.  

Although Inh1 and UNC10201652 did not inhibit GUS activity, we showed that the 

non-specific GUS inhibitor D-glucaro-1,4-lactone did inhibit BuGUS-1 and BuGUS-2 (Table  

2.4). The crystal structure of BuGUS-1 incubated with the inhibitor revealed D-glucaro-1,5-

lactone bound instead of D-glucaro-1,4-lactone (Figure 2.19A, B).  We hypothesize that D-

glucaro-1,5-lactone is spontaneously generated in solution over the time scale of crystal 

formation, upon which it is stabilized by binding to the GUS active site. Previous studies 

indicate that hydrolases in general, and GUS specifically, binds more tightly to D-glucaro-

1,5-lactone than D-glucaro-1,4-lactone 112 and may explain its presence in the active site. The 

same result was observed for BuGUS-2, with D-glucaro-1,5-lactone apparent in the active 

site instead of the administered D-glucaro-1,4-lactone (PDB: 6D5O). Importantly, this pan-

GUS inhibitor exhibited mid-micromolar potency against BuGUS-1 and BuGUS-2. These 

data suggest that other inhibitor chemotypes could be employed to prevent the actions of 

non-Loop 1 GUS enzyme-mediated reactivation of SN-38-G in the intestinal lumen.  

The presence of three structurally and functionally unique GUS enzymes within a 

single B. uniformis PUL suggests that they have evolved to cleave distinct bonds in a uronic 

acid-rich polysaccharide. However, the action of GUS enzymes is not sufficient to carry out 
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the complete catabolism of a complex polysaccharide. Thus, it is likely that these GUS 

enzymes act in concert with the GH88 enzyme, mannonate oxidase (MO), mannonate 

dehydratase (MD), and polysaccharide lyase (PL) enzymes found in the same PUL to 

deconstruct a complex uronate-containing glycan found in the human gut. Additionally, the 

hallmark SusC/SusD proteins likely mediate the transportation of the polysaccharide into the 

periplasmic space of B. uniformis for subsequent catabolism. Further studies are needed to 

determine the true polysaccharide associated with this PUL, but the data presented provides a 

basis for understanding the roles these GUS enzymes play in polysaccharide processing as 

well as their more established roles in drug-glucuronide reactivation. 

EXPERIMENTAL PROCEDURES 

Enzyme Cloning 

The full-length BuGUS-1, BuGUS-3, and BMSP genes were purchased from 

BioBasic in the pUC57 vector. Protein sequences were analyzed for signal peptide cleavage 

sites using the online SignalP 4.1 server 103. The mature gene lacking the signal peptide was 

amplified and inserted into the pLIC-His vector using the primers in Table 2.7. 

Site-Directed Mutagenesis 

The BuGUS-1 NTL deletion, BuGUS-2 D341A/D367A (BuGUS-2 ΔCa2+), and 

BuGUS-2 N591A/K593A mutants were created using site-directed mutagenesis. Primers 

were synthesized by Integrated DNA Technologies and are shown in Table S5. The mutant 

plasmids were sequenced to confirm the mutations. The mutants were produced and purified 

using E. coli BL21 (DE3) Gold as described above. The NTL deletion for BuGUS-1 

encompassed residues Y54-A67, which were replaced by a 6-residue linker (RGMKVY) 

based on the structure of BMSP GUS to maintain protein stability. 
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Table 2.7 - Primer sequences used in this study.  



 65 
 

Protein Expression and Purification 

Each β-glucuronidase expression plasmid was transformed into BL21 DE3 Gold cells 

for enzyme expression. Cells were grown in the presence of ampicillin in LB medium with  

shaking at 225 rpm at 37 °C to an OD600 of 0.5, at which point the temperature was reduced 

to 18 °C. At OD600 of 0.8, protein expression was induced by the addition of 0.1 mM 

isopropyl-1-thio-D-galactopyranoside (IPTG) and incubation continued overnight. Cells were 

collected by centrifugation at 4500xg for 20 min at 4 °C in a Sorvall (model RC-3B) 

swinging bucket centrifuge. Cell pellets were resuspended in Buffer A (20 mM Potassium 

Phosphate pH 7.4, 50 mM imidazole, 500 mM NaCl), DNase, lysozyme, and a Roche 

complete-EDTA free protease inhibitor tablet. Resuspended cells were sonicated and 

clarified via centrifugation at 17,000xg for 60 min in a Sorvall (model RC-5B). The lysate 

was flowed over a Ni-NTA HP column (GE Healthcare) loaded onto the Aktaxpress FPLC 

system (Amersham Bioscience) and washed with Buffer A. Protein was eluted with Buffer B 

(20 mM Potassium Phosphate pH 7.4, 500 mM Imidazole, 500 mM NaCl). For BuGUS-1 

used for crystallography, the His-tag was removed by TEV cleavage in the presence of 1 mM 

DTT and incubated overnight at 4 °C. This sample was then applied to the Ni-NTA column 

again and the flow through was collected. Fractions containing the protein of interest were 

combined and passed over a HiLoadTM 16/60 SuperdexTM 200 gel filtration column. 

Proteins were eluted in S200 Buffer (20 mM HEPES pH 7.4, 50 mM NaCl), except for 

BMSP and the BuGUS-1 ΔN-term loop mutant, which were eluted in S200 buffer that 

contained 300 mM NaCl. Fractions were analyzed by SDS-PAGE and those with >95% 
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purity were combined and concentrated for long-term storage at -80 °C.  

Crystallization and Structure Determination 

Protein crystals were formed at 20 °C via the hanging drop vapor diffusion method 

with 15-well EasyXtal Qiagen trays with 300 µL of well solution in the reservoir and 3 µL 

total drop volumes. Drop conditions were as follows: BuGUS-1-apo, 2 µL of 15 mg/mL 

BuGUS-1 and 1 µL of 20% PEG 1000 and 0.1 M Tris pH 8.5; BuGUS-1-G-1,5-L crystals, 2 

µL of 10 mg/mL BuGUS-1 in 1 µL of 16% PEG 1000, Tris pH 8.5, and 2 mM glucaro-1,4-

lactone; BuGUS-1-GlcA, 2 µL of 10 mg/mL BuGUS-1 in 1 µL of 0.1 M sodium citrate pH 

5.5, 20% PEG 3000, and 20 mM glucuronic acid; BuGUS-2-G-1,5-L crystals, 2 µL of 12 

mg/mL BuGUS-2 in 1 µL of 0.2 M potassium chloride, 20% PEG 3350, and 10 mM glucaro-

1,4-lactone; BuGUS-2 ΔCa2+, 2 µL of 12 mg/ml of the BuGUS-2 D341A/D367A mutant in 1 

µL of 0.2 M potassium chloride and 20% PEG 3350; BuGUS-3, 2 µL 15 mg/ml BuGUS-3 in 

1 µL 8% PEG 3350, 0.2 M potassium thiocyanate and 0.1 M HEPES pH 8.0; The following 

three structures were derived from crystals made at 20 °C via the sitting drop method in 

Hampton Research 3-well Midi Crystallization Plates (Swissci) by an Art Robbins 

Instruments Crystal Phoenix robot with the following drop conditions: BMSP, 100 nL of 8 

mg/ml BMSP in 100 nL of 0.2 M magnesium chloride, 0.1 M MES:NaOH pH 5.5, and 20% 

PEG 4000; BuGUS-1-PTG, 100 nL of 10 mg/mL BuGUS-1 in 100 nL of 0.2 M potassium 

sulfate, 20% PEG 3350 and 10 mM phenyl-thio-β-D-glucuronide; BuGUS-1 ΔN-term loop, 

100 nL of 12 mg/mL of the BuGUS-1 ΔN-term loop mutant in 100 nL of 0.1 M sodium 

citrate pH 5.5 and 20% PEG 3000. Prior to crystallization, the N-terminal histidine tag was 

removed from BuGUS-1 as described in the purification methods above.  

Crystal specimens were cryo-protected in the crystallization conditions as described 
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above containing 20% glycerol, and diffraction data were collected for all crystals at 100 °K 

at APS Beamline 23-ID-D, except for BuGUS-2 ΔCa2+, which was collected at APS 

Beamline 23-ID-B. The data were processed with XDS and all structures were solved via 

molecular replacement in Phenix 113 using the E. coli GUS structure (5CZK) as a search 

model for BuGUS-1-apo, the B. uniformis GUS structure (5UJ6) as a search model for 

BuGUS-2- ΔCa2+, the B. fragilis structure (3CMG) as a search model for BuGUS-3, and the 

BuGUS-1-apo structure (6D1N) for the remaining structures. The resulting starting model 

and maps from molecular replacement were then used in the AutoBuild function of Phenix. 

Structures were refined in Phenix and visually inspected and manually built using COOT 114. 

Final PDB coordinates for all structures have been deposited to the RCSB Protein Data Bank 

with corresponding PDB codes in parentheses: BuGUS-1 (6D1N), BuGUS-3 (6D1P), BMSP 

(6D8K), BuGUS-1 + G-1,5-L complex (6D41), BuGUS-2 + G-1,5-L complex (6D5O), 

BuGUS-1 + GlcA complex (6D6W), BuGUS-1 Δloop (6D89), BuGUS-2 calcium binding 

mutant (6D8G), and BuGUS-1 + TPG complex (6D7F). 

GUS activity assay of 4-MUG hydrolysis 

Initial pH screening was performed with PNPG, as described previously.  Because 

PNPG is not amenable for continuous kinetic studies at pH below 6.5, we utilized an 

analogous but fluorescent GUS substrate 4-methylumbelliferyl-β-D-glucuronide (4-MUG) 

for subsequent kinetic investigations.  In vitro assays of GUS activity with 4-MUG were 

carried out in costar black 96-well clear flat bottom plates. Total reaction volume was 50 µL 

with 5 µL of GUS and 5 µL of 10x buffer (250 mM HEPES, 250 mM NaCl, pH 7.0) mixed 

and pre-incubated at 37 °C before reaction initiation by addition of 40 µL 4-MUG. 

Concentration of enzyme was specific to each GUS: 5 nM EcGUS, 5 nM BuGUS-1, 20 nM 
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BuGUS-2, 40 nM BuGUS-1 Δloop, 80 nM BMSP GUS, and 320 nM BuGUS-3. Reactions 

were monitored continuously in a BMG lab tech PHERAstar plate reader with an excitation 

wavelength of 350 nm and an emission wavelength of 450 nm. Resultant progress curves 

were fit by a custom linear regression analysis program in MATLAB. Initial velocities were 

then analyzed in the enzyme kinetics module of SigmaPlot 13.0 by Michaelis-Menten fit to 

determine the catalytic turnover (kcat) and Michaelis constant (Km).  

GUS activity assay of SN-38-G hydrolysis 

In vitro assays of GUS activity with the substrate SN-38-G were carried out in costar 

black 96-well clear flat bottom plates. Total reaction volume was 50 µL with 5 µL of SN-38-

G at a range of low substrate concentrations (15, 10, 7.5, 5, and 2.5 µM final), 5 µL of 10x 

buffer (250 mM HEPES, 250 mM NaCl, pH 7.0), and 35 µL of water mixed and pre-

incubated at 37 °C before reaction initiation by addition of 5 µL of GUS. Concentration of 

enzyme was specific to each GUS: 5 nM EcGUS, 5 nM BuGUS-1, 20 nM BuGUS-2, 40 nM 

BuGUS-1 Δloop, 80 nM BMSP GUS, and 320 nM BuGUS-3. Reactions were monitored 

continuously by fluorescence with an emission wavelength of 420 nm and an excitation 

wavelength of 230 nm. Resultant progress curves were fit by a custom linear regression 

analysis program in MATLAB. Initial velocities were then plotted against substrate 

concentration and fit with linear regression in Microsoft Excel to determine catalytic 

efficiency (kcat/Km). 

 GlcA-Containing Polysaccharide Processing Assay 

The sulfated heparin-like nonasaccharide [GlcA-(GlcNS-GlcA)4-PNP (where GlcA is 

glucuronic acid, GlcNS is N-sulfated glucosamine)] and the acetylated heparin-like 

nonasaccharide [GlcA-(GlcNAc-GlcA)4-PNP (where GlcA is glucuronic acid, GlcNAc is N-
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acetylglucosamine)] substrates were from Glycantherapeutics. The additional 

polysaccharides employed were synthesized in-house (Xu et al., 2014).  Putative 

polysaccharide substrates were digested with each GUS enzyme for 3 hours. Digestion 

reactions were composed of 0.5 µM GUS enzyme and 10 µg oligosaccharide. Reactions were 

terminated by heating for five minutes at 95°C. Aliquots of the resultant solutions were 

analyzed by polyamine-based anion exchange (PAMN)-HPLC. Sugars were eluted from the 

PAMN column (0.46 cm x 25 cm from Waters) with a linear gradient of KH2PO4 from 0 to 1 

M in 40 min at a flow rate of 0.5 ml/min. The eluent was monitored by a UV detector at 310 

nm. Aliquots of the digestion reactions were analyzed by electrospray ionization mass 

spectrometry (ESI-MS) by first purifying the reaction mixture by C18 column eluted with a 

linear gradient of methanol with 1% trifluoroacetic acid from 0 to 1 M in 60 min at a flow 

rate of 0.5 ml/ min. The purified oligosaccharides were then dried. ESI-MS analysis was 

performed on a Thermo LCQ-Deca in negative ionization mode. A syringe pump (Harvard 

Apparatus) was used to introduce the sample by direct infusion (50 ml/min). The purified 

oligosaccharides were diluted in 200 ml of H2O with the electrospray source set to 3 KV and 

150C. The automatic gain control was set to 1 x 107 for full scan MS. The MS data were 

acquired and processed using Xcalibur 1.3. 

GUS Inhibition Assay 

In vitro assays of GUS activity with the substrate 4-MUG were carried out in costar 

black 96-well clear flat bottom plates. Total reaction volume was 50 µL with 5 µL of GUS, 

10 µL of 5x buffer (125 mM HEPES, 125 mM NaCl, pH 7.0), and 5 µL of inhibitor mixed 

and pre-incubated at 37 °C before reaction initiation by addition of 30 µL 4-MUG. Reactions 

were monitored continuously in a PHERAstar plate reader at 410 nm. End point absorbance 
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values after one hour were converted to % inhibition values via the following equation: 

% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = [1 − (
𝐴𝑒𝑥𝑝 − 𝐴𝑏𝑔

𝐴𝑚𝑎𝑥 − 𝐴𝑏𝑔
)] ×  100 

where Aexp is the end point absorbance at a particular inhibitor concentration, Amax is the 

absorbance of the uninhibited reaction, and Abg is the background absorbance. Percent 

inhibition values were subsequently plotted against the log of inhibitor concentration and fit 

with a four-parameter logistic function in SigmaPlot 13.0 to determine the concentration at 

which 50% inhibition (IC50) is observed. 

SEC-MALS Analysis of BuGUS enzymes 

BuGUS-1, BuGUS-2, and BuGUS-3 were analyzed on a Superdex 200 size exclusion 

column connected to an Agilent FPLC system, Wyatt DAWN HELEOS II multi-angle light 

scattering instrument and a Trex refractometer. The injection volume was 50 μL, and each 

protein was assessed at 10 mg/mL in 50 mM HEPES and 150 mM NaCl pH 7.4 buffer. A 

flow rate of 0.5 mL/min was used. Light scattering and refractive index data were collected 

and analyzed using Wyatt ASTRA (Ver. 6.1) software. A dn/dc value of 0.185 was used for 

calculations. Approximately 99% of BuGUS-1 eluted in a single peak with a molar mass of 

275 kDa, indicating that it forms a tetramer in solution. In contrast, 99% of BuGUS-2 and 

95% BuGUS-3 eluted in single peaks with molar masses of 189 kDa and 175 kDa, 

respectively, indicating that they form dimers in solution. 

CD Analysis of BuGUS-2 Calcium Binding Mutant 

The protein stabilities of WT BuGUS-2 and the calcium binding mutant were 

determined using the Circular Dichroism method 115. Enzyme (1 µM) in CD buffer 

containing 10 mM potassium phosphate (pH 7.4) and 100 mM potassium fluoride was loaded 
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into a 1-mm cuvette. Using a Chirascan-plus instrument (Applied Photophysics Limited), 

spectra from 185 to 280 nM were recorded at 20 ± 1.0 °C. Measurements were corrected for 

background signal using a CD buffer sample. The melting profile of the sample (5 µM) was 

monitored at 218 nm from 25 °C to 94 °C. 

Manual Docking of Monosaccharide in PyMOL 

Galacturonate, mannonate, and iduronate monosaccharides were accessed from the 

PDB in previously solved crystal structures (PDB: 1KCC for galacturonate, PDB: 3VLW for 

mannuronate, and PDB: 4OBR for iduronate). These were then imported into PyMOL and 

manually aligned to the GlcA-bound BuGUS-1 structure (6DW6) with the 3-button editing 

tool. After manual alignment of the sugar monosaccharides, structures of BuGUS-1 and 

BuGUS-3 were aligned to the GlcA-bound BuGUS-2 structure. Visual inspection and final 

figures after alignment were generated in PyMOL. 

Rosetta Modeling 

The full length amino acid sequences BuGUS-1, BuGUS-3, and BMSP GUS were 

submitted to the Robetta modeling server 116–118 to produce 3D homology models of these 

proteins, including their oligomeric complexes, based on template protein structures available 

in the Protein Data Bank (PDB) from December 2017 to January 2018.  The BuGUS-1 and 

BMSP GUS Robetta homology models were based on the E. coli β-glucuronidase structure 

(PDB ID: 3LPF).  For the BuGUS-3 homology model, the Robetta selected template was a 

beta-galactosidase from Bacillus circulans ATCC 31382 (PDB ID: 4YPJ).  Backbone C-

alpha coordinates of the homology model protein structures were then superimposed onto X-
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ray crystal structures using TM-align algorithms 119. 

Identification of Predicted Calcium Binding Sites  

To identify calcium binding sites in GUS enzymes from the HMP dataset, the 279 

GUS protein sequences previously identified 100 were aligned pairwise to BuGUS-2 using 

NCBI BLASTp 120. These alignments were then probed for the three aspartic acid residues in 

BuGUS-2 (D176, D341, and D367) deemed necessary for calcium binding. 

Identification of Tryptophan Substitutions 

To identify additional GUS enzymes in the HMP Clustered genes (HMGC) dataset 

that possess a tryptophan rather than a tyrosine at position W483 in BuGUS-3, the ~267,000 

sequences previously determined to share 25% identify with EcGUS, SaGUS, CpGUS, and 

BfGUS 100 were aligned pairwise to the these GUS enzymes and BuGUS-3 using NCBI 

BLASTp 120. The sequences were then probed for the presence of the NxK motif, catalytic E 

residues, and N and W motifs. 

Identification of N-terminal Loops 

To identify N-terminal loops in GUS enzymes from the HMP dataset, the 279 GUS 

protein sequences previously identified 100 were aligned pairwise to BuGUS-1 using NCBI 

BLASTp  120. These alignments were then probed for the N-terminal loop in BuGUS-1.  
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CHAPTER 3: SELECTING A SINGLE STEREOCENTER: THE MOLECULAR 

NUANCES THAT DIFFERENTIATE β-HEXURONIDASES IN THE HUMAN GUT 

MICROBIOME.3 

 The human gut microbiome encodes a wide range of glycoside hydrolases (GHs) that 

play key roles in host health and disease. A prominent group of GHs in the gut microbiome is 

GH family 2 (GH2), which includes the well-studied β-glucosidases and β-galactosidases, as 

well as their sugar acid-cleaving counterparts β-glucuronidases (GUS) and β-galacturonidases 

(GalAse)121. Analogous to glucose and galactose released by β-galactosidases and β-

glucosidases, glucuronate (GlcA) and galacturonate (GalA) released by bacterial GUSs and 

GalAses also serve as a source of energy. Bacteria can catabolize GlcA and GalA via either an 

isomerase or oxidative catabolic pathway122. GlcA and GalA are present in host-derived and 

plant-based polysaccharides, respectively, including glycosaminoglycans in animals and 

pectin from plants10,51. In addition to polysaccharide utilization, bacterial GUS enzymes are 

important because they play key roles in reversing mammalian drug metabolism109. For 

example, a variety of drugs are glucuronidated in the liver, a process by which uridine 

diphosphate glucuronosyl transferases (UGTs) attach GlcA to available nucleophilic 

moieties11. Bacterial GUS enzymes can metabolize drug glucuronides generated by the liver 

and release active and sometimes toxic drug into the gastrointestinal tract. Indeed, the toxic 

side effects of cancer drugs and NSAIDs are alleviated by selective bacterial GUS 

                                                           
3 This chapter previously appeared as an article in Biochemistry. The original citation is as follows: Pellock, S. 

J., Walton, W. G., Redinbo, M. R. (2019) Selecting a Single Stereocenter: The molecular nuances that 

differentiate β-Hexuronidases in the human gut microbiome. Biochemistry. 58, 1311-1317. 
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inhibition56,62,123,124. Together, the key roles that gut microbial GUSs and GalAses play in 

polysaccharide and drug metabolism in the human gut make them important proteins for 

structural and functional characterization. 

We previously screened the human microbiome project (HMP) stool sample 

metagenomic database for putative GH2 GUSs100. This bioinformatic effort yielded an atlas of 

279 putative GUSs, of which only a handful have been characterized either structurally or 

functionally to date (Figure 3.1)100,125,126. During the characterization of BuGUS-1 from 

Bacteroides uniformis, we found that, in addition to processing β-glucuronides, BuGUS-1 also 

hydrolyzed β-galacturonides126, suggesting that this gut microbial GUS, and others yet to be 

identified, may process sugar conjugates beyond glucuronides. Indeed, using novel crystal 

structures and site-directed mutagenesis as a guide, here we show that there are 13 GalAses 

and 10 hybrid GUS/GalAses in the 279 previously annotated GUSs from the HMP stool sample 

database. Further kinetic and structural studies revealed that variations on a shared active site 

structure allow GUSs and GalAses to selectively process epimeric substrates. 

MATERIALS AND METHODS 

Gene synthesis, mutagenesis, protein expression, and protein purification 

All genes were synthesized by BioBasic and cloned into a pUC57 vector. The genes 

encoding EtGalAse, FsGUS, and FcGalAse were then sub-cloned into a pET His6 LIC cloning 

vector (2Bc-T) for expression with a C-terminal His tag. FsGUS was also cloned into the pLIC-  
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Figure 3.1 - Sequence similarity network (SSN) of putative GUS enzymes from the 

HMP stool sample metagenomic database. Proteins analyzed in this study are labelled and 

colors designate loop class.
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Table 3.1 - Ligation independent cloning primer sequences.
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His vector pMCSG7 and expressed with an N-terminal tag for crystallography. Cloning 

primers are listed in Table 3.1. All mutants were generated by standard site-directed 

mutagenesis and primers utilized for mutagenesis were purchased from Integrated DNA 

Technologies (IDT) and are listed in Table 3.2. All cloning and mutagenesis experiments 

were confirmed by DNA sequencing by Eton Bioscience Inc. Proteins were purified as 

described previously100. Briefly, all proteins were expressed via standard IPTG induction 

with growth overnight at 18 °C. Cell lysates from expression were clarified and subject to 

Ni-based affinity chromatography and size exclusion chromatography. Final protein 

concentrations were determined with a ND-1000 spectrophotometer. Proteins were snap 

frozen in liquid nitrogen and stored at -80 °C. 

Crystallography 

All crystals were grown by sitting drop vapor diffusion in Hampton Research 3-well 

Midi Crystallization Plates (Swissci) by an Art Robbins Instruments Crystal Phoenix. All 

crystals were grown at 20 °C in the following crystallants: EtGalAse in 1 M 

NaH2PO4/K2HPO4, pH 8.2 and 1 mM GalA, EtGalAse bound to GalA in 0.2 M ammonium 

sulfate, 0.1 M Bis-Tris:HCl, pH 6.5, 25% (w/v) PEG 3350, 1 mM GalA, apo FsGUS (N-

terminal His tag) in 0.15 M DL-malic acid, pH 7.0, 20% w/v PEG 3350, and FsGUS (C-

terminal His tag) bound to phenyl-thio-β-D-glucuronide (PTG) in 0.2 M sodium tartrate 

dibasic, 20% (w/v) PEG 3350, and 1 mM PTG. Resultant crystals were cryoprotected in their 

corresponding crystallants with 20% glycerol added. For liganded structures, 1 mM of ligand 

was also present in the cryoprotectant solution. Diffraction data were collected for all crystals 

at 100 K at APS Beamline 23-ID-D. Data were reduced in XDS and scaled in Aimless127,128. 

The EtGalAse structures were solved by molecular replacement in Phenix using a truncated  
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Table 3.2 - Site-directed mutagenesis primer sequences. 
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model of E. coli GUS (PDB: 3LPF) as the search model. The FsGUS structures were also 

solved via molecular replacement in Phenix and BuGUS-1 (PDB: 6D1N) was used as the 

search model. Subsequent refinement and ligand placements were performed in Phenix. Final 

coordinates and maps were deposited in the PDB for EtGalAse (PDB: 6NCW), EtGalAse 

bound to GalA (PDB: 6NCX), FsGUS (PDB: 6NCY), and FsGUS bound to PTG (PDB: 

6NCZ) (Table 3.3). 

Kinetic assays for pNP-GalA and pNP-GlcA processing 

Assays to determine the catalytic parameters of GUS and GalAse activity were 

performed with the chromogenic substrates p-nitrophenyl-β-D-galacturonide (pNP-GalA) and 

p-nitrophenyl-β-D-glucuronide (pNP-GlcA). Briefly, assays contained 5 µL enzyme, 5 µL 250 

mM NaCl and 250 mM HEPES (pH 6.5 and 7) or 5 µL 250 mM NaCl and 250 mM sodium 

acetate (pH 5.5), and 40 µL substrate. For reactions that showed no activity, enzyme 

concentrations up to 300 nM were tested. For reactions with measurable activity, enzyme 

concentrations were as follows: EtGalAse WT (5 nM), EtGalAse R337A (300 nM), FcGalAse 

WT (5 nM), FsGUS WT (5 nM), FsGUS Y377F (20 nM), and FsGUS Δ16 (20 nM). Given 

the lower water solubility of pNP-GalA, all kinetic assays contained 1.6% DMSO final. For 

pH values greater than or equal to 7, reactions were monitored continuously at 410 nm and 

incubated at 37 °C in Costar 96-well black, flat, clear bottom plates in a BMG lab tech 

PHERAstar plate reader. For enzyme reactions below pH 6.5, reactions were quenched with 

100 µL of 0.2 M sodium carbonate and measured as described for continuous monitoring. 

Initial velocities were determined in MATLAB and Michaelis-Menten fits were performed in 

SigmaPlot 13.0. 
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Table 3.3 - Collection and refinement statistics of crystal structures.
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Kinetic assays for SN-38-G processing 

 SN-38-G processing was measured by a fluorescence-based assay as described 

previously126. Briefly, assays were performed in Corning 96-well clear, half-area, UV- 

transparent plates that contained 5 µL enzyme, 5 µL 250 mM NaCl and 250 mM HEPES (pH 

7), 5 µL substrate, and 35 µL water. Reactions were pre-incubated at 37 °C for ten minutes 

before addition of enzyme. Final DMSO concentrations were 4% for all reactions. Data were 

fit as described for the pNP-GlcA and pNP-GalA assays above. 

Circular dichroism 

Circular dichroism experiments were performed as previously described126. In brief, 

WT and mutant proteins (2 µM) were prepared in CD buffer (10 mM potassium phosphate, 

100 mM potassium fluoride, pH 7.4) and loaded into a 1-mm cuvette. Both spectra scans and 

melting temperatures were performed using a Chirascan-plus instrument (Applied 

Photophysics Limited). 

Size exclusion chromatography-multi-angle light scattering 

 Oligomeric states of purified proteins in solution were determined as previously 

described with slight modifications126. Briefly, proteins were analyzed on a Superdex 200 

size exclusion column connected to an Agilent FPLC system, Wyatt DAWN HELEOS II 

multi-angle light scattering instrument and a Trex refractometer. Elution buffers were the 

same as employed for size exclusion chromatography (20 mM HEPES, 50 mM NaCl, pH 

7.4). All proteins were run at approximately 5 mg/ml. Light scattering and refractive index 

data were collected and analyzed using Wyatt ASTRA (Ver. 6.1) software.  
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Sequence similarity network and genome neighborhood diagram generation 

 Sequence similarity networks (SSNs) were generated using the 279 putative GUS 

protein sequences previously identified by a structure- and function-guided search of the 

HMP stool sample metagenomic database100. The 279 sequences were used as input into the 

FASTA (Option C) section of the web-based Enzyme Function Initiative-Enzyme Similarity 

Tool (EFI-EST)129 to determine initial alignment scores for the generation of SSNs. Resultant 

SSNs at multiple different alignment scores were visualized in Cytoscape 3.7.0130. Genome 

neighborhood diagrams (GNDs) were generated with the web-based EFI-Genome 

Neighborhood Network Tool129. UniProt IDs of the proteins of interest were used as input to 

retrieve the associated GNDs. For protein sequences without a definitive match in either the 

UniProtKB or NCBI databases, the highest identity match in the UniProtKB database was 

utilized to generate a GND.  

RESULTS 

Putative GUS from Eisenbergiella tayi is instead a GH2 GalAse 

The vast majority of the previously annotated 279 GUS enzymes in the HMP stool 

sample database remain uncharacterized (Figure 3.1)100. Thus, we have performed gene 

synthesis, expression, and purification of a range of these putative GUSs to determine their 

structure and function. We expressed and purified the putative GUS from the gut microbe 

Eisenbergiella tayi (UniProtKB ID: A0A1E3AEY6), but it did not process the standard 

reporter glucuronide pNP-GlcA (Figure 3.2 and Table 3.4). However, we recently showed 

that a GUS from the gut microbe Bacteroides uniformis, termed BuGUS-1, processed p- 

NA = no activity. aCatalytic efficiency determined from non-saturating substrate 
concentrations. Values shown are an average of n = 3 replicates ± SD. 
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Figure 3.2 - Structures of p-nitrophenyl-β-D-glucuronide (pNP-GlcA) and p-

nitrophenyl-β-D-galacturonide (pNP-GalA) with stereochemical difference highlighted 

in red. 
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Table 3.4 - Kinetic parameters of pNP-GlcA and pNP-GalA processing.
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 Figure 3.3 - pH profiles of GUS enzymes characterized in this study. pH profiles of (A) 

EtGalAse with pNP-GalA, (B) EtGalAse R337A with pNP-GlcA, (C) FcGalAse WT with 

pNP-GalA, (D) FsGUS WT with pNP-GalA, and (E) FsGUS WT with pNP-GlcA.
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Figure 3.4 - Michaelis-Menten plots and progress cures for EtGalAse and FcGalAse. 

(A) Michaelis-Menten plot for WT EtGalAse with pNP-GalA, (B) Michaelis-Menten plot for 

R337A EtGalAse mutant with pNP-GlcA, (C) Progress curves of WT and R337A mutant 

with pNP-GalA, and (D) Michaelis-Menten plot of WT FcGalAse with pNP-GalA. 
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nitrophenyl-β-D-galacturonide (pNP-GalA) as well as pNP-GlcA (Figure 3.2)126. Thus, we 

tested if the putative GUS from E. tayi could also process pNP-GalA. Indeed, the E. tayi 

protein processed pNP-GalA efficiently with optimal activity at pH 6 (kcat = 98 ± 3 s-1, KM = 

160 ± 6 µM, kcat/KM = 6.2x105 M-1 s-1) (Table 3.4, Figure 3.3A, and Figure 3.4A). The 

catalytic efficiency of the E. tayi enzyme (EtGalAse) with pNP-GalA is similar to pNP-GlcA 

cleavage by bona fide GUS enzymes56. The results presented here demonstrate that the  

putative GUS from E. tayi, annotated as a GUS by sequence analysis, is instead a GH2 

GalAse. 

Mutagenesis of a single residue converts EtGalAse into a GUS 

We determined the 2.10 Å and 2.25 Å resolution crystal structures of glycerol-bound 

and GalA-bound EtGalAse (Table 3.3). EtGalAse is a tetramer (Figure 3.5A) similar to 

previously characterized GUS enzymes56,123. The active site also resembles previously 

characterized GUSs, as it contains the key catalytic glutamates, Glu-378 (acid/base) and Glu-

465 (nucleophile), and the NxK motif previously identified as essential for GUS activity 

(Figure 3.5B)126. A unique feature of the EtGalAse active site, however, is Arg-337, which 

hydrogen bonds to the axial 4-hydroxyl of GalA, the stereocenter that differentiates the 

epimers GalA and GlcA (Figure 3.2 and Figure 3.5B). To assess the role of Arg-337 in 

GalAse function, we mutated Arg-337 to alanine in EtGalAse. The equivalent residue in 

established GUS enzymes is observed to be valine (EcGUS, CpGUS, SaGUS, and EeGUS) 

or isoleucine (BuGUS-2)56,100,123,131. Remarkably, the R337A mutant of EtGalAse both 

abolished GalAse activity (Figure 3.4C) and conferred GUS activity (kcat = 1.0 ± 0.1 s-1, KM 

= 110 ± 20 µM, kcat/KM = 5.2x103 M-1 s-1) (Table 3.4, Figure 3.3B, and Figure 3.4B).  
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Figure 3.5 - Crystal structure of the GH2 β-galacturonidase EtGalAse. (A) Quaternary 

structure of EtGalAse shown in cartoon style with active site residues shown as spheres. (B) 

Active site of EtGalAse bound to GalA (blue) with catalytic glutamates shown in deep 

salmon, NxK motif in cyan, and the unique R337 in yellow. All distances shown are in units 

of angstroms. 
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Together, these structural and functional data pinpoint Arg-337 as the key active site feature 

that differentiates a GH2 GalAse from a GH2 GUS. 

Structure-guided analysis of putative GUSs from the HMP reveals 12 additional 

putative GH2 GalAses 

 With structural and functional data describing key features of EtGalAse in-hand, we 

then screened the 278 additional GUS sequences from the HMP stool sample database to 

determine if other enzymes previously annotated as GUSs may instead be GH2 GalAses. We  

performed sequence alignments with putative GUS sequences from the HMP against 

EtGalAse and selected sequences that contained an arginine at the equivalent sequence 

position. Structure-guided sequence alignments revealed 12 additional putative GalAses out 

of the 279 previously annotated GUS enzymes (Figure 3.6, Table 3.5). Together with 

EtGalAse, these 13 putative GalAses represent 4.7% of the total GUS proteins originally 

identified. Generation of a set of sequence similarity networks using the 279 putative GUS 

sequences from the HMP showed that the putative GalAses cluster together at an alignment 

score of 10-150, suggesting they share a common function (Figure 3.6 and Figure 3.7)129. 

This is a lower alignment score (less stringent) than utilized previously to create an SSN of 

the human gut microbial GUSome (10 -220; Figure 3.1)132. While this lower alignment (10-

150) score yielded SSNs that did not differentiate many of the putative GUS enzymes as 

effectively, it did group the putative GalAses together that were mostly singletons at an 

alignment score of 10-220, suggesting they are likely isofunctional (Figure 3.6, Figure 3.1). 

To experimentally validate our structure- and function-guided GalAse discovery, we 

characterized a putative GalAse from Faecalibacterium sp. CAG:74_58_120 (FcGalAse, 

UniProtKB: A0A1Q6Q230). FcGalAse hydrolyzed pNP-GalA efficiently (kcat = 42 ± 3 s-1, KM  
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Figure 3.6 - Sequence similarity network (SSN) generated from putative GUS sequences 

from the HMP stool sample metagenomic database reveals distinct clusters for the 13 

putative GH2 GalAses and 10 putative hybrid GUS/GalAses. SSN of the 279 putative 

GUS enzymes identified in the HMP stool sample database with the GH2 GalAse cluster 

proteins colored blue and hybrid GUS/GalAses in cyan. The SSN was generated with the 

EFI-EST web tool with an alignment score of 10-150. 
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Table 3.5 - Organism and sequence ID for 13 putative GH2 GalAses identified from the 

HMP ‘GUSome’.
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Figure 3.7. Sequence similarity networks of HMP ‘GUSome’ at different alignment 

scores with putative GalAses highlighted in blue and GUS/GalAses in cyan.
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Figure 3.8 - Progress curves and Michaelis-Menten plots for EtGalAse, FcGalAse, and 

FsGUS. (A) Progress curves for EtGalAse, FcGalAse, and FsGUS with pNP-GlcA. (B) 

Progress curves of WT and R335A mutant of FcGalAse with pNP-GalA. (C) Michaelis-

Menten plots of WT and Y377F mutant of FsGUS with pNP-GlcA. (D) Michaelis-Menten 

plot of FsGUS WT and Y377F mutant with pNP-GalA. 
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Figure 3.9 - Structural overlay of FcGalAse model and EtGalAse crystal structure 

reveal active site difference that may impact arginine mutant activity.
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 Figure 3.10 - Circular dichroism spectra and melting temperatures of WT and mutant 

proteins of EtGalAse and FcGalAse.
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= 58.8 ± 0.2 µM, kcat/KM = 7.1x105 M-1 s-1; Table 3.4, Figure 3.3C, and Figure 3.4D) and 

was unable to process pNP-GlcA (Figure 3.8A), validating our bioinformatic identification 

of GH2 GalAses. The R335A mutant of FcGalAse abolished galacturonide processing; 

however, unlike EtGalAse, this single residue mutation did not convert FcGalAse into a GUS 

(Table 3.4). A structural model of FcGalAse derived from the EtGalAse structure suggests 

that the absence of GUS activity for the R335A variant of FcGalAse may be due to the 

presence of Leu-409 in FcGalAse instead of Cys-411 in EtGalAse, which may contribute to a 

less stable active site in the absence of Arg-335 (Figure 3.9). Further structural analysis by 

circular dichroism (CD) showed that the R335A mutant of FcGalAse displays reduced 

secondary structure in comparison to WT protein (Figure 3.10C). No difference was 

observed in secondary structure for WT and R337A EtGalAse (Figure 3.10A). WT 

FcGalAse and the R335A mutant do not have significantly different melting temperatures, 

but the EtGalAse proteins do not appear to melt at all (Figure 3.10B, D). While future 

studies will be needed to pinpoint the molecular details that enable some GalAses to be 

converted into GUSs, CD analysis suggests that structural differences between FcGalAse and 

EtGalAse may mediate these functional differences. 

Structure and function a hexameric hybrid GUS/GalAse from Fusicatenibacter 

saccharivorans 

 Previous analysis of a GUS from Bacteroides uniformis, BuGUS-1, revealed that it 

processes both glucuronides and galacturonides, and that it possessed a distinct tyrosine and 

tryptophan residue in its active site (YW motif) in comparison to previously characterized GUS 

enzymes126. Using the YW motif as a sequence guide, we identified 9 additional hybrid 

GUS/GalAses from the 279 putative GUS sequences from the HMP stool sample database, 6  
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Table 3.6 - Organism and sequence ID for 10 putative GH2 GUS/GalAses identified from 

the HMP ‘GUSome’. 
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of which had been previously annotated as containing the N-terminal loop (NTL) discovered 

in BuGUS-1 from Bacteroides uniformis (Figure 3.6 and Table 3.6)126. We selected the 

putative GUS/GalAse from Fusicatenibacter saccharivorans (FsGUS, UniProtKB: 

A0A174EHD1) for further characterization. Like BuGUS-1, FsGUS processed both pNP-

GlcA (kcat = 15 ± 1 s-1, KM = 30 ± 6 µM, kcat/KM = 5.0x105 M-1 s-1) and pNP-GalA (kcat = 34 ± 

2 s-1, KM = 360 ± 20 µM, kcat/KM = 9.4x104 M-1 s-1, Table 3.4, Figure 3.8C, and Figure 3.8D), 

validating our bioinformatic search. 

We next determined the crystal structure of the apo and phenyl-thio-β-D-glucuronide 

(PTG)-bound structures of FsGUS to 2.05 Å and 2.20 Å resolution, respectively (Table 3.3). 

The crystal structure of FsGUS revealed a unique hexamer among characterized GUS enzymes  

 (Figure 3.13A), which we validated in solution by size exclusion chromatography-multi-

angle light scattering (SEC-MALS) (Figure 3.11). The PTG-bound structure of FsGUS reveals 

a shift in the catalytic acid/base Glu-416, presumably to avoid a steric clash with the thioether 

linkage in PTG (Figure 3.12A). The FsGUS active site also reveals Tyr-377 and Trp-378 

previously identified in BuGUS-1 (Figure 3.13B). Tyr-377 is key in recognizing both GlcA 

and GalA because it can hydrogen bond to the 3-hydroxyl of GlcA (Figure 3.13B) and can 

also hydrogen bond to the axial 4-hydroxyl of GalA when docked in the FsGUS active site 

(Figure 3.14). Tyr-377 in FsGUS occupies nearly the same position as Arg-337 in EtGalAse; 

thus, we were curious if it aided hydrolysis of glucuronides and galacturonides. Indeed, 

mutation of Tyr-377 to phenylalanine in FsGUS results in a ten-fold lower catalytic efficiency 

for pNP-GalA (kcat/KM = 8.9x103 M-1 s-1) and 3-fold lower catalytic efficiency for pNP-GlcA 

(kcat/KM = 1.6x105 M-1 s-1) compared to WT FsGUS (pNP-GalA: kcat/KM = 9.4x104 M-1 s-1, pNP-

GlcA: kcat/KM = 5.0x105 M-1 s-1) (Table 3.4, Figure 3.8C, Figure 3.8D, and Figure 3.15). The  



 99 
 

 

 

 

 

 

 

 

 

Figure 3.11 - SEC-MALS trace of purified WT FsGUS (left) and SEC traces of WT and 

Δ16 FsGUS (right). 
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Figure 3.12 - Active site structure of PTG-bound FsGUS. (A) PTG bound to the FsGUS 

active site with 2Fo-Fc density shown at 1.5 σ for the ligand and acid/base Glu-416. (B) 

Overlay of the apo (cyan) and PTG-bound (green) FsGUS active site reveals the movement 

of the acid/base Glu-416.  
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Figure 3.13 - Structure and function of FsGUS reveal Y377 and N-terminus as 

important structural features for substrate processing. (A) The FsGUS hexamer with 

each chain in a distinct color and active site residues shown as spheres. (B) Zoom-in of active 

site of FsGUS bound to phenyl-thio-β-D-glucuronide (PTG, phenyl in dark grey, GlcA in 

green) with catalytic glutamates colored deep salmon, NxK motif in cyan, and unique YW 

motif in yellow. All distances shown are in units of angstroms. (C) Active site of FsGUS 

with PTG bound and N-terminus of adjacent protomer shown in green. (D) Catalytic 

turnovers and Michaelis constants for WT and Δ16 mutant of FsGUS with SN-38-G. Values 

represent an average of three replicates ± SD. 
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Figure 3.14 - GalA docked in the active site of FsGUS. 
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 Figure 3.15 - Progress curves of FsGUS, BuGUS-1, and mutants with (A) pNP-GalA 

and (B) pNP-GlcA. 



 104 
 

greater loss of catalytic efficiency in GalAse function upon mutation of Tyr-377 suggests that 

it is particularly important for the processing of GalA-containing substrates. Furthermore, we 

performed the analogous Y382F mutation in the previously characterized BuGUS-1, which 

resulted in a complete loss of activity against both pNP-GlcA and pNP-GalA (Figure 3.15). 

Together, this structure-function analysis of FsGUS reveals the first hexameric GUS and 

identifies Tyr-377 as an important residue for efficient processing of both glucuronides and 

galacturonides. 

The N-termini of adjacent protomers form the aglycone binding sites of the FsGUS 

hexamer 

Further inspection of the FsGUS hexamer revealed that the N-termini of adjacent 

protomers swap into the active site of each monomer (Figure 3.13C). For example, in the 

PTG-bound structure of FsGUS, Met-10 from an adjacent protomer (green) is 3.4 Å from the 

phenyl ring of PTG, suggesting that it may be important to substrate recognition of the 

aglycone moieties of potential glucuronide or galacturonide substrates (Figure 3.13C). We 

performed mutagenesis to remove the first 16 residues (Δ16) of FsGUS to assess the role the 

N-terminus plays in substrate processing (Figure 3.13C). The Δ16 FsGUS mutant elutes at the 

same time as WT FsGUS by size-exclusion chromatography, suggesting that this mutant 

occupies the same hexamer as WT FsGUS (Figure 3.11). Kinetic analysis of Δ16 FsGUS 

revealed a ten-fold and two-fold reduction in catalytic efficiency for pNP-GlcA and pNP-GalA, 

respectively (Table 3.4). Thus, it appears the N-terminus of FsGUS plays a key role in efficient 

substrate processing. 

Because FsGUS was able to efficiently process the small-molecule glucuronide pNP-

GlcA, we tested whether it could also process the therapeutically relevant glucuronide SN-38-  
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Figure 3.16 - SN-38-G processing by EtGalAse R337A mutant. (A) Progress curves for WT 

and R337A mutant of EtGalAse with SN-38-G. (B) Michaelis-Menten plot of SN-38-G 

processing by EtGalAse R337A.
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G, the inactive metabolite of the anticancer drug irinotecan, and our original impetus for 

studying bacterial GUSs from the gut microbiome123. FsGUS was able to process SN-38-G 

efficiently (kcat = 130 ± 20 s-1, KM = 23 ± 8 µM, Figure 3.13D). We also tested the Δ16 mutant 

of FsGUS with SN-38-G, which displayed a reduced kcat and KM (kcat = 56 ± 5 s-1, KM = 10 ± 2 

µM) in comparison to WT FsGUS (Figure 3.13D). Lastly, we examined if the WT and R337A 

variant of EtGalAse could process SN-38-G. As expected, WT EtGalAse was unable to process 

SN-38-G efficiently but the R337A mutant displayed activity (kcat = 2.3 ± 0.2 s-1, KM = 39 ± 6 

µM, kcat/KM = 6.3x104 s-1 M-1) (Figure 3.16). Given the unique structural features of FsGUS, 

we performed a final analysis of the 279 putative GUS enzymes to determine the potential 

distribution and frequency of FsGUS-like proteins in the gut microbiome. Unlike our search 

for putative GalAses or GUS/GalAses, which were predicated on a conserved arginine and 

tyrosine-tryptophan motif, the unique FsGUS hexamer and N-terminus do not appear to be 

conserved sequence features. That is, we were unable to identify common sequence motifs that 

are responsible for these unique structural features. Thus, we performed pairwise sequence 

alignments with the complete FsGUS sequence against the remaining 278 putative β-

hexuronidases to identify potential FsGUS-like proteins. Alignments revealed only one close 

relative to FsGUS, a sequence with no clear match to a genome termed GUS/GalAse-3 (Table 

3.6) that shares approximately 68% sequence identity with FsGUS. Based on this analysis, 

there only appear to be two unique FsGUS-like proteins in the human gut microbiome. 

DISCUSSION 

 The GalAses and GUS/GalAses characterized here reveal modifications on a shared 

active site structure to differentiate the epimers GalA and GlcA. The enzymes characterized 

here were originally discovered using two features thought to be specific for GUS activity, the  
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Figure 3.17 - Active site nuances differentiate gut microbial GUSs, hybrid 

GUS/GalAses, and GalAses. Representative active site structures of GUS (PDB: 4JKL 

[SaGUS]), GUS/GalAse (FsGUS), and GalAse (EtGalAse) with catalytic glutamates in deep 

salmon, NxK motif in cyan, key differentiating residues in yellow, GlcA in green, and GalA 

in blue. 
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catalytic glutamates and NxK motif11. We show here that this structure- and function-guided 

bioinformatic analysis yielded β-hexuronidases in general, which modify this active site 

template to yield similar, yet unique activities. For example, the GalAses and GUS/GalAses 

characterized here also utilize the catalytic glutamates and NxK motif, but the remaining active 

site residues recognize the other hydroxyls present in GlcA and GalA and are what 

differentiates GUS, hybrid GUS/GalAses, and GalAses (Figure 3.17). In bacterial GUS 

enzymes, the equatorial 4-hydroxyl of GlcA is recognized by an aspartic acid and a 

tryptophan126. The hybrid GUS/GalAses and GalAses characterized here, in which the 4-

hydroxyl of their GalA substrate is axial, tyrosine (GUS/GalAse) or arginine (GalAse) residues 

are positioned above GalA and can hydrogen bond to the 4-hydroxyl (Figure 3.17). The active 

site architectures and ‘rules’ of selectivity observed could be used to discover β-hexuronidases 

in the gut microbiome, to design novel β-hexuronidases, and/or to change the function of 

existing β-hexuronidases. 

 The crystal structures presented here reveal active site and quaternary structures unique 

among characterized GUS enzymes. The tertiary structures of EtGalAse and FsGUS exhibit 

the same GH2 fold observed for E. coli GUS (EcGUS) and the other GUS enzymes of known 

structure, with a core TIM-barrel fold and two β-sandwich domains56,100,123. Structural 

alignments of EtGalAse and FsGUS with EcGUS reveal root mean square deviations of 2.6 Å 

over 520 Cα carbons and 2.9 Å over 528 Cα carbons, respectively (Figure 3.18). SEC-MALS 

shows that EtGalAse is a tetramer in solution (Figure 3.19), and the crystal structure reveals 

that the tetramer interface is mediated by the C-termini of individual protomers like that 

observed for EcGUS (Figure 3.20). While FsGUS maintains a similar tertiary structure to 

EcGUS, it has a hexameric quaternary structure not observed in previously characterized GUSs  



 109 
 

 

 

 

Figure 3.18 - Tertiary structures and structural alignments of EtGalAse, FsGUS, and 

EcGUS. 
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Figure 3.19 - SEC-MALS trace of purified EtGalAse. 
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Figure 3.20. Comparison of EtGalAse and EcGUS tetramer with each chain colored 

rainbow style.  
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Figure 3.21 - Quaternary structure of FsGUS. 
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 Figure 3.22 - Structural overlay of BuGUS-1 and FsGUS reveals distinct N-terminal 

structural elements that contribute to the formation of the aglycone binding site.
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or any other GH2 enzymes to our knowledge (Figure 3.13A and Figure 3.21). As observed 

for other GUSs of distinct structures, the quaternary structure of this enzyme plays a key role 

in forming the active site and thus affects activity (Figure 3.13D). Like the NTL discovered 

in BuGUS-1, the N-terminus of adjacent protomers in FsGUS contribute to the formation of 

the aglycone binding site. An overlay of BuGUS-1 and FsGUS reveals that these enzymes 

utilize distinct structural elements to form the aglycone binding site (Figure 3.22). Thus, 

while BuGUS-1 and FsGUS both share the YW motif that appears to enable hybrid 

GUS/GalAse activity, they display distinct oligomeric states (BuGUS-1 tetramer, FsGUS 

hexamer) and utilize distinct protomer-donated structural elements to form the aglycone 

binding sites of their active sites (Figure 3.22). Taken together, quaternary structure is 

critical to understanding the function of bacterial GUS enzymes. The hybrid GUS/GalAses 

characterized here likely process glucuronate and galacturonate-containing polysaccharides 

in the gut. We performed further bioinformatic analysis of the GUS/GalAses identified from 

the HMP stool sample database using the EFI-GNT web tool129. This revealed that 7 of the 9 

identified GUS/GalAses are embedded in polysaccharide utilization loci (PUL), gene clusters 

that coordinate the degradation of complex carbohydrates (Figure 3.23)51. These 

observations support the conclusion that the putative GUS/GalAses discovered here process 

polysaccharides that contain β-linked glucuronate or galacturonate moieties. 

 EtGalAse is functionally related to the previously characterized GH2 GalAse from B. 

thetaiotaomicron, BT_0992, which was shown to process the β-GalA linkage present in 

rhamnogalacturonan-II (RG-II)133. While EtGalAse and BT_0992 share 26% sequence identity 

(Figure 3.24), BT_0992 does not encode the conserved NxK motif and is much longer than 

the GH2 GalAses characterized here, suggesting that BT_0992 likely utilizes a distinct active  
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Figure 3.23 - Genome neighborhood diagrams of putative GUS/GalAses identified in 

the HMP stool sample database. GUS/GalAses are outlined in a black box, other potential 

coordinating enzymes are labeled in the legend.
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Figure 3.24 - Portion of sequence alignment for BT_0992, FsGUS, EtGalAse, and 

FcGalAse with key residues highlighted.
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Figure 3.25. Genome neighborhood diagrams of putative GalAses. GalAses are outlined 

with a box, other potential coordinating genes are labeled in the legend, and asterisks denote 

the genome neighborhoods from which the GalAses were experimentally characterized. 
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site architecture to recognize and cleave β-GalA linkages. Analysis of the genome 

neighborhoods of the GH2 GalAses identified here revealed a variable genetic context. The 

genomic neighborhoods of the GH2 GalAses from E. tayi and Fusicatenibacter sp. 

2789STDY5834925A contain carbohydrate active enzymes, including β-L-

arbinofuranosidase, α-L-fucosidase, α-L-rhamnosidase, and β-galactosidase, but are not 

located in a polysaccharide utilization locus (Figure 3.25). While the linkages that these 

enzymes cleave are present in RG-II, it is not clear that RG-II is the native substrate of the 

GH2 GalAses identified in this study without extensive experimental validation. The 

genomic neighborhoods of the remaining 11 GH2 GalAses do not point to obvious potential 

substrates (Figure 3.25). Future studies on the gut microbial GH2 GalAses identified will be 

required to determine cognate substrates. 

CONCLUSION 

Here we show that gut bacterial GH2 enzymes utilize subtle active site changes to 

differentiate between the epimers glucuronate and galacturonate. We present the first 

structure of a GH2 GalAse and show that mutating a single residue in EtGalAse transforms it 

into a GUS. Using the structural and functional data from EtGalAse and the previously 

characterized BuGUS-1, we discovered 12 additional GalAse genes and 9 additional hybrid 

GUS/GalAses in the previously defined gut bacterial GUSome. Through these efforts, we 

identified the molecular determinants that differentiate bacterial GUSs from GalAses 
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CHAPTER 4: DISCOVERY AND CHARACTERIZATION OF FMN-BINDING β-

GLUCURONIDASES IN THE HUMAN GUT MICROBIOME.4 

 The human gut microbiome encodes about 5 million genes, outnumbering the human 

genome by 150-fold 134. Among the millions of genes in the gut microbiota are those that 

encode carbohydrate active enzymes (CAZymes), which serve key roles in the metabolism of 

dietary and endogenous polysaccharides in the human gut 91. Microbes utilize CAZymes to 

scavenge sugars from complex carbohydrates in the gut, and the metabolism of these sugars 

leads to the generation of short chain fatty acids that have been shown to play key roles in 

human physiology 135. Thus, an understanding of the structure and function of these 

microbial enzymes is essential for elucidating their roles in human health and disease. 

 One group of gut bacterial CAZymes are β-glucuronidases (GUSs). Microbial GUS 

enzymes are unique among CAZymes because they play roles in the metabolism of both 

polysaccharides and drug metabolites. For example, GUSs are capable of catalyzing the 

hydrolysis of GlcA-containing polysaccharides, such as heparin and hyaluronate, as well as 

small molecule drug glucuronides like SN-38-G, the active metabolite of the anticancer drug 

irinotecan, and NSAID glucuronides 62,64,126,136. Drug glucuronides are generated in the liver 

by uridine diphosphate glucuronosyl transferases (UGTs) and then secreted into the GI tract 

where they are processed by bacterial GUSs, which reverse the actions carried out by the host 

                                                           
4This chapter previously appeared as an article in the Journal of Molecular Biology. The original citation is as 

follows: Pellock, S. J., Walton, W. G., Ervin, S. M., Torres-Rivera, D., Creekmore, B. C., Bergan, G., Dunn, Z. 

D., Li, B., Tripathy, A., Redinbo, M. R. (2019) Discovery and characterization of FMN-binding β-

glucuronidases in the human gut microbiome, J. Mol. Biol. 431, 970-980. 
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(Figure 4.1) 10. Many other glucuronides, primarily glucuronate-containing polysaccharides, 

are present in the gut, including glycosaminoglycans, such as heparin and hyaluronate, as 

well dietary, bacterial, and plant polysaccharides like pectin, sphingans, and xylans 137. Given 

the importance of these diverse molecules in therapeutics, nutrition, and homeostasis of the 

gut microbiota, it is critical to understand the structure and function of the microbial enzymes 

that process them.  

Utilizing metagenomic data and structural analyses, we recently catalogued 279 

unique GUS enzymes from the Human Microbiome Project (HMP) stool sample database 136. 

Only a few bacterial GUSs from the human gut have a characterized structure and function, 

and most of these characterized GUSs do not have a clear function in the gut microbiota. 

Here we characterize the GUS from Faecalibacterium prausnitzii L2-6 and show that it binds 

flavin mononucleotide (FMN) at a distant surface site. While glycoside hydrolases are among 

the most well characterized enzymes in biochemistry, this is the first observation of a flavin-

bound glycoside hydrolase. Utilizing this structural and functional data, we screened GUSs 

found in the HMP stool sample database for key FMN-binding residues and identified 14 

additional FMN-binding GUSs. We characterized four of these biochemically and 

determined the crystal structures of two, which confirm a structurally conserved FMN-

binding site. We further show by a comprehensive review of the PDB that the GUSs 

characterized here bind FMN unlike any previously characterized FMN-binding proteins. 

These data reveal the first association between FMN and a glycoside hydrolase, suggesting a 

link between FMN and carbohydrate metabolism in the human gut microbiota. 
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Figure 4.1 - Overview of the potential roles of bacterial GUS in the gut microbiome.
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RESULTS 

Discovery of an FMN-binding GUS from the Human Gut Microbe F. prausnitzii L2-6 

Utilizing structural, functional, and sequence data on characterized bacterial GUS 

enzymes 55,56,107, metagenomic analysis of the HMP stool sample database revealed 279 

unique GUS enzymes in the human gut microbiome 136. Most of these proteins remain 

uncharacterized; thus, we initiated an effort to express and examine representative GUSs 

from the distinct classes discovered. Surprisingly, the gene synthesis, protein expression, and 

purification of a GUS from the human gut bacterium F. prausnitzii L2-6 (Fp2GUS) yielded a 

yellow protein product (Figure 4.2A). Absorbance scan of purified Fp2GUS displayed a 

profile characteristic of a flavin-binding protein (Figure 4.2A), and LC-MS analysis of 

purified Fp2GUS revealed the mass for flavin mononucleotide (FMN) (Figure 4.2B). While 

FMN is bound upon expression and purification of Fp2GUS, absorbance scans revealed that 

the stoichiometry of binding was approximately 0.42:1 (FMN:Fp2GUS), suggesting that 

vacant FMN-binding sites may be present (Figure 4.3). Thus, we utilized isothermal titration 

calorimetry (ITC) to measure the binding affinity of Fp2GUS for FMN using this partially 

occupied sample, which revealed a Kd of 1.05 µM (Figure 4.2C). Together, these data 

establish that Fp2GUS is an FMN-binding glycoside hydrolase. 

Crystal Structure of Fp2GUS Reveals an FMN-Binding Site 

To further understand the FMN-binding nature of Fp2GUS, we determined its crystal 

structure to 2.55 Å resolution (Table 4.1). The Fp2GUS crystal structure revealed an FMN-

binding site approximately 30 Å away from the active site, formed by two alpha helices from 

the core TIM barrel fold (cyan) and two jellyroll-like β-sandwich domains (blue and green)  
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Figure 4.2 - Discovery of an FMN-binding GUS from the human gut microbe F. 

prausnitzii L2-6. (A) Purified Fp2GUS is yellow and absorbance scan reveals a UV profile 

characteristic of a flavin-binding protein (B) Mass spectrum of purified Fp2GUS contains 

mass for FMN (observed mass: 457.1167 m/z, exact mass: 457.1119 m/z). (C) Titration of 

WT Fp2GUS with FMN monitored by isothermal titration calorimetry (ITC) reveals binding 

constant of 1.05 ± 0.06 µM and an FMN occupancy for WT Fp2GUS of 46% (N = 0.54). 
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Figure 4.3 – FMN stoichiometry and oligomeric state analysis. (A) Absorbance scans of 

free FMN at varying concentrations. (B) Standard curve of FMN at absorbance of 365 nm. 

(C) Apparent stoichiometries of FMN:GUS based on protein concentrations and FMN 

concentrations as determined by standard curve analysis. (D) Trimer of Fp2GUS with active 

site and FMN shown as spheres, each chain rainbow colored from N-term (blue) to C-term 

(red). (E) Size-exclusion chromatography multi angle light scattering analysis of Fp2GUS 

confirms trimeric state in solution.  
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Table 4.1 - Crystallography data collection and refinement statistics
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(Figure 4.4A). The FMN-binding site is primarily formed by Y154 and F179, which make π-

π stacking interactions with the isoalloxazine ring of FMN (Figure 4.4B, C). In addition to 

these two aromatic residues, K356 forms an ionic interaction with the phosphate of FMN, 

D151 forms a hydrogen bond with the amide nitrogen of the isoalloxazine ring, M161 

participates in hydrophobic interactions with the isoalloxazine ring, and Y363 makes an 

edge-to-face π interaction with the isoalloxazine ring (Figure 4.4B, C). Computational 

generation (DFT theory: wB97x-D 6-31G*) of the electrostatic potential map of FMN 

reveals that the most electron poor region of the isoalloxazine ring makes π-π stacking 

interactions with the negative faces of Y154 and F179 (Figure 4.4C). In addition to the 

unprecedented FMN-binding site, Fp2GUS is also a trimer as identified from the crystal 

structure and size exclusion chromatography with multi-angle light scattering (Figure 4.3D, 

E). Together, these structural data reveal that Fp2GUS binds to FMN via numerous π-π 

interactions at a site located 30 Å from the active site. 

FMN-Binding Site of Fp2GUS Integral to Protein Stability 

To determine the role of the FMN-binding site in the structure and function of 

Fp2GUS, we performed site-directed mutagenesis of the following residues that contact 

FMN in the crystal structure: D151, Y154, F179, K356, and Y363 (Figure 4.4B, C). Size-

exclusion chromatography and SDS-PAGE analysis revealed that each Fp2GUS mutant 

yielded unstable protein products, with a smaller amount of full-length and soluble protein 

relative to wild-type (WT), suggesting that the FMN-binding site helps stabilize Fp2GUS 

(Figure 4.5A, B). Absorbance scans of the intact peaks of the Fp2GUS mutants revealed 

either reduced or no flavin-binding profiles, suggesting reduced FMN binding (Figure 4.5C). 

The K356A, D151A, and Y363A mutants of Fp2GUS still bind FMN with similar potency to  



 127 
 

 

 

 

Figure 4.4 - Crystal structure of Fp2GUS reveals an FMN-binding site. (A) Monomer of 

Fp2GUS with active site glutamates shown as deep salmon spheres, NxK motif shown as 

green spheres, and FMN shown as yellow spheres. (B) FMN-binding site of Fp2GUS with 

2Fo-Fc density shown at 1.0 σ. (C) Electrostatic potential map (DFT theory: wB97x-D 6-

31G*) of FMN highlights an array of π interactions between FMN and Fp2GUS, including π-

π stacking between the electron poor region of the isoalloxazine moiety and the 

electronegative faces of Y154 and F179 (right and bottom), as well as an edge-to-face 

interaction with Y363. 
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Figure 4.5 - Characterization of WT and FMN-binding site mutants of Fp2GUS. (A) 

FPLC traces of Fp2GUS FMN-binding mutants. (B) SDS-PAGE of WT and FMN-binding 

mutants of Fp2GUS (C) Absorbance scans of purified Fp2GUS FMN-binding mutants. (D) 

ITC binding parameters of WT and FMN-binding site mutants of Fp2GUS for FMN. (E) 

Kinetic parameters of WT and FMN-binding site mutants of Fp2GUS. 
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the WT enzyme, suggesting that while these residues appear to form key contacts with FMN 

in the crystal structure, their overall contribution to binding FMN is negligible (Figure 

4.5D). Thus, it would appear that, for the K356A, D151A, and Y363A mutant forms of 

Fp2GUS, less of the protein was bound to FMN, but for the fraction that did bind the 

cofactor, binding affinity remained similar to wild-type. In contrast, Y154A and F179A 

displayed significantly reduced binding to FMN, along with reduced stability (Figure 4.5D). 

Finally, interestingly, while stability is lost upon mutation of the FMN-binding site, the 

catalytic activities of the Fp2GUS mutants are not significantly different from the WT 

protein (Figure 4.5E). Together, these data suggest that the FMN-binding site of Fp2GUS 

plays a key role in the stability of the protein but does not affect catalysis. 

Bioinformatic Analysis Identifies 14 Additional FMN-binding GUSs in the Human Gut 

Using the structural and mutagenesis data from the Fp2GUS FMN-binding site as a 

guide, we analyzed GUS sequences from the HMP stool sample database to determine if 

other GUSs may be FMN-binders. Out of the 278 proteins examined, a total of 14 sequences, 

in addition to Fp2GUS, met these criteria (Figure 4.6A and 4.7). Generation and analysis of 

a sequence similarity network (SSN) of GUS enzymes from the HMP stool sample database 

revealed that the one confirmed and 14 putative FMN-binding GUSs cluster into three clades, 

all of which contain GUSs exclusively from the previously defined No Loop (NL) structural 

category, which refers to the absence of an active site adjacent loop shown to play key roles 

in substrate specificity (Figure 4.6A) 136. BLAST and SignalP 4.1 analysis of the putative 

FMN-binding GUS sequences reveal that they all come from bacteria in the class 

Clostridiales and do not contain signal peptide sequences, suggesting they are intracellular  
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Figure 4.6 - Bioinformatic analysis predicts 14 additional FMN-binding GUS enzymes 

from the human gut microbiota. (A) SSN of the HMP GUSome with putative FMN-

binders as larger, outlined circles and those that were synthesized and characterized further 

are labeled. BLAST/e-value/cut off value utilized to generate this SSN is 10-220
 and 

sequences were acquired from the HMP stool sample database. (B) Genome neighborhood 

diagrams of putative FMN-binding GUSs (C) Absorbance scans of purified Rh2GUS, 

Rg3GUS, BvGUS, and RiGUS reveal flavin binding profile. (D) Mass spectra of purified 

Rh2GUS, Rg3GUS, BvGUS, and RiGUS reveal mass for FMN. 
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Figure 4.7 - Bioinformatic search of the HMP stool sample database reveals 15 putative 

FMN-binding GUS enzymes. 
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103,138. Further bioinformatic analysis utilizing the Enzyme Function Initiative Genome 

Neighborhood Tool (EFI-GNT) revealed two distinct genetic neighborhoods surrounding the 

FMN-binding GUS genes (Figure 4.6B) 129. Four of the fifteen putative FMN-binders, 

including Butyrivibrio fibrisolvens, two strains of Roseburia inulinivorans, and Roseburia 

hominis are flanked by genes encoding a β-glucosidase (GH1), an α-L-rhamnosidase (GH78), 

and a xylose isomerase (ISO) (Figure 4.6B). The remaining 11 FMN-binding GUS genes are 

flanked by AraC transcriptional regulators and MFS transporters, proteins that likely sense 

and transport glucuronate-containing molecules (Figure 4.6B).  Taken together, a family of 

FMN-binding GUS enzymes appears to be encoded by the human gut microbiome.  

Biochemical Characterization Confirms FMN-Binding of Bioinformatic Hits 

From the 14 additional putative FMN-binding GUS sequences identified, we selected 

the following four GUS genes to synthesize, express, and purify: Roseburia inulinivorans 

(RiGUS), Roseburia hominis (Rh2GUS), B. fibrisolvens (BvGUS), and Ruminococcus gnavus 

(Rg3GUS). These four enzymes share between 40-46% sequence identity with Fp2GUS 

(Figure 4.8D). Upon expression and purification, all four of the selected sequences yielded 

yellow protein products with a flavin-binding absorbance profile (Figure 4.6C), displayed 

the mass for FMN by LC-MS (Figure 4.6D), and bound FMN with dissociation constants 

that range from 60 nM (Rg3GUS) to 1.27 µM (BvGUS) (Figure 4.9 and Table 4.2). These 

results validate our structure-guided bioinformatic identification of FMN-binding GUSs from 

the gut microbiome. 

To confirm that the FMN-binding sites of Rh2GUS, Rg3GUS, BvGUS, and RiGUS 

were similar in molecular nature to that identified in Fp2GUS, we mutated the residue  
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Figure 4.8 - Biochemical characterization of WT and FMN-binding site mutants of 

Rg3GUS, Rh2GUS, BvGUS, and RiGUS. (A) SEC traces for FMN-binding site mutants 

Y159A Rh2GUS, Y159A Rg3GUS, Y152A RiGUS, and Y149A BvGUS. (B) SDS-PAGE gel 

of WT and FMN-binding site mutants of Rh2GUS, Rg3GUS, RiGUS, and BvGUS. (C) 

Absorbance scans of WT and FMN-binding site mutants of Rh2GUS, Rg3GUS, RiGUS, and 

BvGUS. (D) Sequence identity matrix of the five characterized FMN-binding site mutants. 
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Figure 4.9 - Binding studies and structural analysis demonstrate that GUS enzymes 

utilize a conserved motif to bind FMN. (A) Binding affinities (Kd) of GUS enzymes and 

FMN-binding site mutants for FMN as determined by isothermal titration calorimetry (B) 

Structures of FMN-binding sites as determined by crystallography for Rg3GUS (blue) and 

Rh2GUS (magenta) and by template-guided modeling for BvGUS (orange) and RiGUS 

(green). 
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Table 4.2 - Thermodynamic parameters of FMN binding by WT and mutant GUS 

proteins.
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corresponding to Y154 in Fp2GUS in each protein to alanine (Fig. 2B, 4B). Each of these 

mutants were no longer yellow or displayed significantly reduced yellow color, and no longer 

displayed a flavin-binding profile (Figure 4.8C). Interestingly, unlike the FMN-binding site 

mutants of Fp2GUS, these mutants yielded stable protein products (Figure 4.8A, B). The 

mutant GUSs Y152A RiGUS, Y159A Rg3GUS, and Y159A Rh2GUS were still capable of 

binding FMN, although they did so with much weaker affinities (Figure 4.9A and Table 

4.2). Together, these data demonstrate that FMN-binding GUSs utilize a conserved motif to 

bind FMN, and that mutation of FMN binding residues has differential effects on distinct 

GUS enzymes. 

Structural Analysis of Rh2GUS and Rg3GUS Reveals a Conserved FMN-Binding Site 

We next determined the crystal structures of Rh2GUS and Rg3GUS to 2.4 and 2.8 Å, 

respectively. Rh2GUS and Rg3GUS share high structural similarity with Fp2GUS, aligning 

with RMSD values of 1.6 Å and 1.8 Å over 624 Cα positions, respectively (Figure 4.10A). 

Similar to Fp2GUS, Rh2GUS and Rg3GUS both contain an FMN-binding site that is 

approximately 30 Å from the active site (Figure 4.9B and 4.10B). The FMN-binding site of 

Rh2GUS and Rg3GUS is similar to Fp2GUS, except that a lysine replaces the methionine 

interacting with the isoalloxazine ring (Figure 4.9B). While the quaternary structure of 

Rg3GUS is unclear based on the crystal structure (Figure 4.10C), it appears that Rh2GUS 

may form either a unique dimer or tetramer based on its crystal structure (Figure 4.10D). 

SEC-MALS analysis supports this conclusion, with predicted dimer-tetramer mixtures for 

both Rh2GUS and Rg3GUS (Figure 4.11). Therefore, we conclude that FMN-binding GUSs 

in the gut microbiota contain similar FMN-binding sites, similar tertiary structures, but have 

distinct quaternary structures. 
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Figure 4.10 - Structural comparison of FMN-binding GUSs and quaternary structure 

analysis. (A) Structural overlay of Fp2GUS, Rh2GUS, and Rg3GUS. (B) Tertiary structure 

analysis of Rh2GUS and Rg3GUS with catalytic residues and FMN shown as spheres. (C) 

Analysis of Rg3GUS asymmetric unit does not reveal obvious dimer or tetramer. (D) 

Putative dimer and tetrameric states of Rh2GUS. 
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Figure 4.11. SEC-MALS results of FMN-binding GUS enzymes. 
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The FMN-Binding Site is Not Required for GUS Activity 

 To assess the role of the FMN-binding site in the catalytic function of these GUSs, we 

determined the catalytic properties of the WT and FMN-binding site mutants. Each GUS was  

able to hydrolyze the fluorescent reporter substrate 4-methylumbelliferyl glucuronide (4-

MUG) (Table 4.3). The WT and FMN-binding mutants displayed nearly identical kcat values 

(Figure 4.12A), but the FMN-binding mutants generally displayed higher KM values (Figure 

4.12B). For example, the FMN-binding mutants of Rh2GUS, Rg3GUS, and BvGUS all 

display significantly higher KM values than WT (Figure 4.12B and Table 4.3). In contrast, 

the KM values of the FMN-binding mutants of Fp2GUS and RiGUS were not significantly 

different from the WT enzymes. Thus, these data confirm that the FMN-binding site is not 

necessary for catalytic function but does increase the KM for some of these FMN-binding 

GUSs. 

The GUS FMN-binding Site is Unique Among Characterized FMN-binding Proteins 

Because the FMN-binding site does not affect catalysis, we performed a 

comprehensive search of the PDB in an attempt to deduce a function for this site by looking 

for similar structures. We examined the PDB for FMN-bound structures, which identified 

1,056 deposited structures, with 438 non-redundant entries. We then visually inspected these 

438 non-redundant structures in PyMOL to determine if any other FMN-binding proteins 

bind flavin in the same manner as the GUSs characterized in this work. In agreement with 

previous analyses, the most common fold we encountered was the TIM-barrel fold, and we 

use Old Yellow Enzyme (PDB: 1OYB) as an example of how FMN binds at the β-barrel core 

of the fold (Figure 4.13). Interestingly, while the FMN-binding GUS enzymes characterized 

here are also TIM-barrel-containing proteins, they bind FMN on the exterior of this fold, not  
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Table 4.3 - Kinetic parameters of 4-MUG hydrolysis for WT and mutant GUSs.
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Figure 4.12 - Kinetic studies of FMN-binding GUSs show that FMN-binding site is not 

required for GUS activity. (A) Catalytic turnovers (kcat) of FMN-binding GUSs and their 

respective FMN-binding site mutants. (B) Michaelis constants (KM) of FMN-binding GUSs 

and their respective FMN-binding site mutants. 
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Figure 4.13 - Structural comparison of FMN-binding proteins reveals that FMN-

binding GUSs identified here bind FMN in a unique manner. (A) Structure of flavodoxin 

(PDB: 1FLD) (B) Old Yellow Enzyme (PDB: 1OYB), and (C) Fp2GUS with zoom-in of 

their respective FMN-binding sites. 
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the interior, and two adjacent β-sandwich domains contribute to the FMN-binding site as 

well (Figure 4.4A and 4.13). The second most common FMN-binding fold is the flavodoxin 

fold, named after the protein flavodoxin (PDB: 1FLD), which binds FMN at the edge of a β-

sheet flanked on both sides by α-helices (Figure 4.13). In addition to the TIM-barrel fold and 

flavodoxin fold, we identified 18 other structurally distinct FMN-binders out of the 438 non-

redundant structures (Figure 4.14). These other folds sample a wide variety of structural 

motifs to bind FMN, but none bind FMN outside the TIM barrel core as observed for the 

GUS enzymes characterized here (Figure 4.14). Thus, the FMN-binding site in gut microbial 

GUS enzymes is unique. 

As an additional, distinct screen to confirm the novelty of this FMN-binding site, we 

performed a PDBeFold search to find similar structures to the GUS enzymes characterized 

here. The top hits were all previously characterized GUS enzymes, with the most similar 

being BfGUS (PDB: 3CMG) and BuGUS-3 (PDB: 6D1P). Inspection of these structures 

revealed the common GH2 GUS fold, but the absence of the key FMN-binding residues 

identified in the GUSs characterized here (Figure 4.15B). Taken together, this structural 

analysis demonstrates that the GUSs characterized here are unique among FMN-binding 

proteins characterized to date. 

Discussion 

Here we structurally and functionally characterize a family of FMN-binding GUS 

enzymes. Characterization of the GUS from the human gut bacterium F. prausnitzii L2-6 

revealed a novel FMN-binding glycoside hydrolase and its crystal structure guided the search 

for other FMN-binding GUS enzymes in the HMP stool sample database. We identified 14 

more unique FMN-binders, four of which were characterized and confirmed to bind FMN.  
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Figure 4.14 - Distinct FMN-binding proteins identified in the Protein Data Bank. 
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Figure 4.15 - Structural comparison of FMN-binding GUSs with previously 

characterized GUS enzymes. 
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Our characterization of the WT and FMN-binding site mutants of these GUSs suggest that 

FMN plays a key role in the stability of Fp2GUS, but not for the other FMN-binders (Figure 

4.5A, B and 4.8A, B). Furthermore, we show that mutating the FMN-binding site does not 

significantly affect enzyme activity, suggesting that the FMN-binding site is not essential for 

GUS function (Figure 4.12). Together, these data reveal the first FMN-binding glycoside 

hydrolase, show that there is a family of FMN-binding glycoside hydrolases in the gut 

microbiota, the FMN-binding site is not required for the function of the enzyme, and reveal a 

novel FMN-binding site among FMN-binding proteins structurally characterized to date.  

While previously characterized bacterial GUSs share similar tertiary structures to the 

FMN-binding GUSs discovered here, none contain the residues necessary to form the FMN-

binding site (Figure 4.15B). Fp2GUS shares RMSDs of 3.4 Å (across 528 Cα positions), 2.1 

Å (624 Cα), and 2.7 Å (632 Cα) with E. coli GUS (EcGUS, PDB: 3LPF), B. fragilis GUS 

(BfGUS, PDB: 3CMG), and B. uniformis GUS 2 (BuGUS-2, PDB:5UJ6), respectively. The 

C-terminal domain of Fp2GUS, Rh2GUS, and Rg3GUS was disordered in the crystal 

structures elucidated here, with approximately 100 residues missing from each individual 

chain. This unresolved region may form a carbohydrate binding module (CBM), a structural 

feature seen at the C-terminus of two GUSs previously characterized from B. uniformis 

126,136. The active site of the FMN-binding GUSs characterized here is similar to previously 

characterized GUS enzymes, containing both the two conserved catalytic glutamates and the 

NxK motif (Figure 4.15C) 136. 

 The FMN-binding GUSs characterized here add to the diverse quaternary structures 

discovered recently among gut bacterial GUSs. Five distinct oligomerization states have been 

previously observed, including three distinct tetramers and two unique dimers (Figure 4.16).  
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Figure 4.16 - Structural comparison of quaternary structures of microbial GUS 

enzymes. 
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Here we uncover two additional tetrameric states, a trimer (Fp2GUS) and an apparent dimer-

tetramer mix (Rh2GUS) (Figure 4.3D and 4.10D). The oligomeric states of bacterial GUSs 

have previously been shown to play key roles in GUS function. For example, the tetrameric 

Loop 1 (L1) GUS enzymes (E. coli GUS, PDB: 3LPF, Figure 4.15A) have small 

hydrophobic pockets around their active sites due to overlapping loops of adjacent 

protomers, limiting their substrate scope to lipophilic, small-molecule glucuronides 136. Most 

other bacterial GUSs have open, solvent-exposed active sites, allowing access to large, polar 

substrates like glucuronate-containing polysaccharides 126,136. Both the trimer of Fp2GUS 

and the dimer-tetramer mix of Rh2GUS fit within this latter group of GUSs with solvent 

exposed active sites, suggesting that their preferred substrates are likely glucuronate-

containing polysaccharides. 

The cognate substrates of some of these FMN-binding GUSs may be extracellular 

polysaccharides (EPS). The EFI-GNT analysis of the GUS genes from B. fibirisolvens, two 

strains of R. inulinivorans, and R. hominis revealed nearby CAZymes, including a β-

glucosidase (GH1), an α-L-rhamnosidase (GH78), and a xylose isomerase (ISO) (Figure 

4.6B). Together, these genes may coordinate the degradation of an EPS within the group 

known as sphingans. The repeating unit of sphingans contains α-linked rhamnose, β-linked 

glucose, and β-linked glucuronate moieties, all of which could be processed by the genes 

present in these genetic loci (Figure 4.17) 139. Indeed, previous studies have associated 

orthologs of these enzymes with the catabolism of sphingans and related exopolysaccharides 

140,141. Detailed future studies with relevant polysaccharide substrates will be required to 

identify the cognate substrates of these FMN-binding GUSs. 
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Figure 4.17 - Chemical structure of a sphingan repeating unit, a potential substrate of 

the FMN-binding GUS enzymes. 
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Figure 4.18 - Possible metabolic pathway from glucuronate to FMN. 



 151 
 

The discovery of FMN-binding GUSs suggests a link between polysaccharide 

metabolism and FMN in the human gut. Interestingly, the pentose and glucuronate 

interconversion pathway contains a biosynthetic route that shunts glucuronate into the 

riboflavin metabolism pathway, responsible for the generation of FMN and FAD in bacteria 

(Figure 4.18). A myriad of enzymes is needed to transform glucuronate to D-ribulose-5-

phosphate, which can generate FMN in combination with GTP (Figure 4.18). If glucuronate  

released by the FMN-binding GUSs is converted into FMN, it could serve as a positive 

feedback loop for GUS activity. However, this seems unlikely as we observed that FMN has 

only a small impact on the activity of these enzymes. 

We note in our three structures of FMN-binding gut microbial GUS enzymes that a 

channel exists on the surface of each protein that provides access to N5 of the bound flavin, 

which is a key site for redox chemistry (Figure 4.19). It is possible that a small molecule 

could access this site to utilize FMN for oxidation-reduction reactions. While this is 

speculative, two features of the FMN-bound GUS enzymes make this potentially accurate. 

First, the non-FMN binding GUS proteins have residues that block this channel, while the 

channel remains open in the FMN-bound GUS enzymes. Second, while many GUS enzymes 

have signal sequences and may be exported to the periplasm, all the FMN-binding GUS 

enzymes detected to date lack a signal sequence and thus are expected to remain 

intracellularly localized, a place where redox chemistry can be better controlled and utilized 

by the cell.  Future work will be required to determine whether this channel provides 

functionally relevant access to the bound FMN of these particular GUS enzymes. 

Structural and functional analysis reported here leaves the role of FMN in GUS 

function unclear. While FMN was a key factor for stability in Fp2GUS, it did not have a  
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Figure 4.19 - Hypothetical substrate binding for redox chemistry at FMN-binding site. 
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major effect on the activity or stability of the other four FMN-binding GUSs characterized. 

Based on structural comparison with previously characterized FMN-binding proteins, it also 

does not appear to be similar to any oxidoreductases or electron transport-like proteins 

characterized to date. Future studies will be necessary to unravel the role this cofactor plays 

in GUS function, whether it is present for stability like that observed for Fp2GUS or impacts 

catalytic efficiency like that observed for some of the other FMN-binding GUSs 

characterized. Another possibility is that FMN may perform a completely different function 

from GUS activity. For example, these enzymes may have binding partners that can utilize 

FMN in ways that are not clear from studying these GUSs in an isolated system. 

Conclusion 

 Here we characterize a unique set of FMN-binding GUS enzymes from the human 

gut microbiome. We determined the crystal structure of a GUS from F. prausnitzii and show 

that it binds FMN at a surface site approximately 30 Å from the active site. Using these 

structural data, we screened the HMP stool sample metagenomic database and identified 14 

additional putative FMN-binders. We characterized four of these putative FMN-binding GUS 

enzymes in vitro and confirmed that they are bona fide FMN-binders, with binding affinities 

as low as 60 nanomolar. Site-directed mutagenesis of all five FMN-binders, and crystals 

structures of the FMN-binding GUS from R. hominis and R. gnavus, reveal a conserved 

FMN-binding site. Kinetic studies of the FMN-binding mutants suggest that the FMN-

binding site is not necessary for GUS function, but mutations to this site can impact the KM. 

Lastly, a structural bioinformatic search demonstrates that no other characterized FMN-

binders interact with FMN like that observed with these FMN-binding glycoside hydrolases. 
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Methods 

Gene synthesis, expression, and purification of FMN-binding GUSs 

Genes for Fp2GUS, Rh2GUS, Rg3GUS, BvGUS, and RiGUS were synthesized by 

BioBasic, incorporated into a pLIC-His vector via ligation independent cloning, and resultant 

plasmids were transformed into BL21-G E. coli cells. Glycerol stocks were made from 

overnights and snap frozen and stored at -80 °C. Verification of successful transformation 

and sample integrity were determined by DNA sequencing. 

Cultures of 100 mL LB with ampicillin were inoculated with glycerol stock and incubated 

overnight at 37 °C with shaking at 225 rpm. For protein expression, 50 mL of the overnight, 

approximately 40 µL Antifoam 204, and 750 µL of 2000x ampicillin were added to 1.5 L LB 

in a 2.5 L Erlenmeyer flask and incubated at 37 °C at 225 rpm. At an OD was approximately 

0.6, the temperature was reduced to 18 °C and induced with IPTG (100 mM) at an OD of 

approximately 0.8 and incubated overnight with shaking at 225 rpm. Cultures were spun 

down in a Sorvall Instruments RC-3B centrifuge at 4500 x g for 25 minutes in 1 L round, flat 

bottom plastic bottles. Cultures were resuspended in LB and transferred to a 50 mL falcon 

tube and spun down in a ThermoScientific Sorvall ST 40R centrifuge for 15 minutes at 5000 

x g. Supernatant was discarded and proteins were stored at -80 °C until purification. 

Cell pellets were lysed in 30 mL Nickel A buffer (20 mM KH2PO4, 500 mM NaCl, 50 mM 

imidazole, pH 7.4) with DNase, lysozyme, and a Roche EDTA-free protease inhibitor tablet. 

The resultant cell slurry was sonicated on a Fischer Scientific Sonic dismembrator model 500 

twice with 1 s pulses for 1.5 minutes. The resultant lysate was subsequently spun down on a 

Beckman Coulter J2-HC centrifuge for 1 hour at 17000 rpm. The supernatant was subject to 

filtration with a 0.22 µm filter prior to purification. 
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Protein was first purified with an Aktaxpress FPLC (Amersham Bioscience) via a Ni 

NTA column. Protein was eluted in one step using Nickel B buffer (20 mM KH2PO4, 500 

mM NaCl, 500 mM imidazole, pH 7.4). Fractions were collected and concentrated with a 

50K centrifilter at 3000 x g for 15 minutes if necessary before size exclusion 

chromatography. The eluent was then subject to size exclusion chromatography on a 

HiLoadTM 16/60 Superdex 200 gel filtration column. Size exclusion buffer was utilized for 

elution (20 mM HEPES, 50 mM NaCl, pH 7.4). Fractions were collected and an SDS-PAGE 

gel was performed to assess purity and stability of the enzyme. Protein concentration was 

determined on a ND-1000 spectrophotometer and then snap frozen in liquid nitrogen and 

stored at -80 °C. 

Side-directed mutagenesis of FMN-binding GUSs 

All mutants were created via site-directed mutagenesis. Mutagenesis primers were 

synthesized by Integrated DNA technologies. Mutant plasmids were sequenced by Eton 

Bioscience to confirm successful mutagenesis. 

Absorbance scans of WT and mutant GUSs and stoichiometry determination 

Absorbance scans of WT and mutant GUSs were determined in a BMG labtech PHERAstar 

plate reader. All proteins were analyzed at 50 µM in 96-well Costar half area, clear, flat 

bottom UV-transparent plates. Resultant absorbance profiles were plotted in Microsoft Excel 

2013.  

Liquid chromatography-mass spectrometry 

Protein samples were diluted in sizing buffer to approximately 10 µM and applied to 

a 0.22 um filter prior to analysis. Separation was carried out on a Viva C4 5µm 150x2.1 mm 

column. Solvent A was 0.1% formic acid in water and solvent B was 0.1% formic acid in 

acetonitrile. FMN-binding proteins were eluted using a linear gradient of 5% solvent B to 
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60% B over 20 minutes, held for one minute, and then an additional linear gradient from 60% 

to 95% B for 17 minutes. Samples were analyzed using an Agilent Technologies 6520 

Accurate-Mass Q-TOF LC-MS instrument in positive-ion mode and the resultant data were 

analyzed in MassHunter Qualitative Analysis B0.06.00 software. 

Isothermal titration calorimetry to determine FMN binding affinity 

ITC experiments were performed on a MicroCal AutoITC-200. All experiments were 

performed at 25 °C with 120 s intervals, reference heat of 7 kcals/s, and 20 injections total. 

Protein and ligand were prepared in size exclusion buffer and all ITC data were corrected 

with a control experiment of ligand dilution into buffer. Protein and ligand concentrations 

were varied depending on the amount of FMN present as determined from absorbance scans. 

Crystal formation, preparation, and data collection of FMN-binding GUSs 

Fp2GUS was crystallized via the sitting drop method in Hampton Research 3-well 

Crystallization Plates (Swissci) at 11.1 mg/ml in 0.2 M magnesium chloride, 10% w/v PEG 

3000, and 0.1 M sodium cacodylate. Incubation at 20 °C resulted in crystal formation after 

11 days. Rg3GUS was crystallized by the hanging drop vapor diffusion method at 20.4 

mg/mL in 0.13 M magnesium acetate and 10% PEG 8000. Incubation at room temperature 

yielded crystals of Rg3GUS after 2-3 days. Rh2GUS was crystallized by the hanging drop 

vapor diffusion method at 14.9 mg/ml in 0.2 M calcium acetate and 50% PEG 8000 at room 

temperature after approximately 30 days. All crystals were looped and cryoprotected in their 

crystallant plus 20% glycerol before storing in liquid nitrogen. 

X-ray diffraction experiments were performed at GM/CA ID-D and ID-B beam sources. 

Standard collection methods were followed and resultant data were reduced in XDS and 

scaled in aimless. The structure of Fp2GUS was solved via molecular replacement in Phenix 

using the single component MR-Phaser program with B. fragilis GUS (3CMG) as the search 
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model. Rg3GUS and Rh2GUS were solved by molecular replacement using the Fp2GUS 

structure as the search model. Final coordinates were deposited in the RCSB PDB with PDB 

codes 6MVF, 6MVG, and 6MVH for Fp2GUS, Rg3GUS, and Rh2GUS, respectively. 

Bioinformatic analysis of HMP stool sample database for identification of FMN-binding 

GUSs 

We utilized the previously generated database of GUS sequences from the HMP stool sample 

database to screen for putative FMN-binding GUSs 136. To identify other FMN-binding 

GUSs, we first performed pairwise sequence alignments of each GUS sequence against 

Fp2GUS and rejected those with less than 25% sequence identity. The remaining sequences 

were screened to with a length requirement of 700-800 residues and contained the FMN-

binding site residues (or similar residues) identified in Fp2GUS: D, E, or other small residue 

at position 151, Y, F or W at position 154, F, Y, or W at position 179, K or R at position 356, 

and Y, F, or W at position 363 (Fig. S3). 

In vitro kinetic assay for kcat and KM determination of FMN-binding GUSs 

To assess the activities of WT and mutant GUSs, we measured their ability to hydrolyze the 

fluorescent reporter substrate 4-methylumbelliferyl glucuronide (4-MUG). Reactions were 

performed in black Costar 96-well plates with a flat, clear bottom and reaction volumes were 

as follows: 5 µL water, 5 µL buffer (25 mM HEPES, 25 mM NaCl pH 6.5 or 25 mM 

NaCH3CO2
- and 25 mM NaCl pH 5.5), 5 µL FMN (25 µM for WT protein) or water (FMN-

binding mutants), 5 µL GUS, and 30 µL 4-MUG (varying concentration). Reactions were 

initiated by addition of substrate and reactions were continuously monitored with excitation 

at 350 nm and emission at 450 nm in a BMG labtech PHERAstar plate reader. Initial 

velocities from the resultant data were fit by linear regression with a custom MATLAB 

program and kcat, KM, and kcat/KM were determined in SigmaPlot 13.0. 
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Accession numbers 

Coordinates and structure factors have been deposited in the Protein Data Bank with 

accession numbers 6MVF, 6MVG, and 6MVH for Fp2GUS, Rg3GUS, and Rh2GUS, 

respectively. 
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CHAPTER 5: GUT MICROBIAL β-GLUCURONIDASE INHIBITION VIA 

CATALYTIC CYCLE INTERCEPTION.5 

Glycosyl hydrolases (GHs) are abundant in bacterial and human systems and process 

a diverse set of molecules, ranging from sugar conjugates to complex polysaccharides. 

Mammalian GHs are associated with lysosomal storage disorders, viral infections, and 

Alzheimer’s disease14,142. While human GHs play important roles in disease, the majority of 

GHs present in humans are located in the microbiota. Indeed, the gut microbiome encodes 

thousands of glycosyl hydrolases, whereas the human genome encodes only 9789,136. β-

glucuronidases (GUSs) and other microbial enzymes are emerging as potential drug targets 

that can be selectively and potently modulated to improve cancer therapy and prevent heart 

disease55,56,143. The abundance and therapeutic importance of microbial enzymes in the 

mammalian host yields a rich space for drug discovery. 

Bacterial β-glucuronidases (GUS) are key mediators of drug toxicity in the 

mammalian gut. The archetype of GUS-mediated drug toxicity is the dose-limiting diarrhea 

caused by irinotecan, a key anticancer drug primarily used to treat colon and pancreas 

cancers. Bacterial GUS enzymes in the GI tract catalyze the hydrolysis of SN-38-G,  a 

glucuronic acid (GlcA) conjugate of the active form of irinotecan, (Figure 5.1a) generated  

                                                           
5This chapter previously appeared as an article in ACS Central Science. The original citation is as follows: 

Pellock, S. J., Creekmore, B. C., Walton, W.G., Mehta, N., Biernat, K. A., Cesmat, A. P., Ariyarathna, Y., 

Dunn, Z. D., Li, B., Jin, J., James, L. I., Redinbo, M. R. (2018) Gut microbial β-glucuronidase inhibition via 

catalytic cycle interception, ACS Cent. Sci. 4, 868-879.  
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Figure 5.1 - Kinetic analysis of piperazine-containing GUS inhibitors reveals substrate-

dependent slow-binding inhibition. (a) Conversion of SN-38-G to SN-38 is mediated by 

gut microbial GUS enzymes and promotes toxic side effects of this essential cancer 

therapeutic. Structures of piperazine-containing GUS inhibitors UNC10201652 and 

UNC4917 characterized in the present study. (b) Nonlinear progress curves of EcGUS 

activity in the presence of increasing concentrations of UNC10201652. (c) Secondary plot of 

kobs vs [UNC10201652] for EcGUS reveals one-step inhibition. (d) Preincubation of EeGUS 

with UNC4917 does not yield steady-state kinetics. Error bars represent SEM of N = 3 

biological replicates, and progress curve plots are representative of N = 3 technical replicates.
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by uridine-diphosphate glucuronosyl transferases (UGTs) in the liver and other first-pass 

protective tissues10. Glucuronides are generally non-toxic metabolites marked for excretion. 

However, when microbial GUS enzymes hydrolyze these glucuronides, they release the 

active drug (Figure5.1a, SN-38) into the intestinal lumen that can cause acute and dose-

limiting GI toxicity11. Intestinal microbes utilize glucuronides as a carbon source; free GlcA 

can be metabolized via the Entner-Doudoroff pathway to generate pyruvate that enters the 

citric acid cycle12. While bacterial GUS enzymes have been linked to the GI toxicity of 

chemotherapeutics and NSAIDs (Figure 5.1a)55,61, they may also be involved in 

carcinogenesis, inflammatory bowel diseases, and gall stone formation67,9,23. Thus, inhibiting 

microbial GUS enzymes may improve the tolerance and efficacy of current drugs, while also 

enabling the treatment or prevention of human disease. 

Inhibitors of bacterial GUS have been developed to block the toxic GI side effects of 

important drugs. The natural product D-glucaro-1,4-lactone was the first reported GUS 

inhibitor, with a Ki of 19 µM against Escherichia coli GUS144. Sugar analogs resembling D-

glucaro-1,4-lactone have also been synthesized, the most potent of which is uronic-

noeurostegine (Ki = 60 nM against E. coli GUS)145. However, D-glucaro-1,4-lactone, uronic-

noeurostegine, and similar synthetic analogs are also potent inhibitors of the essential human 

GUS ortholog, mutations of which cause the lethal lysosomal storage disease Sly 

syndrome14,144.  

The first inhibitors selective for bacterial GUS were reported in 2010 and have been 

further developed more recently, and they exhibit Ki values ranging from 2 µM to 164 nM 

against E. coli GUS55,56,107. These studies revealed that several previously-described 

inhibitors blocked GUS activity by binding to overlapping loops at the tetramer interface of 
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Loop 1 GUS enzymes that are absent in the human ortholog. These compounds have been 

shown to significantly reduce the diarrhea and ulcers caused by the anti-cancer drug 

irinotecan and NSAIDs, respectively55,61,64,62. Thus, gut microbial GUS enzymes can be 

inhibited both potently and selectively for therapeutic gain. 

Here we describe piperazine-containing GUS inhibitors that are selective for 

microbial GUS enzymes and inhibit GUS via a striking mechanism – by intercepting the 

glycosyl-enzyme catalytic intermediate. Using kinetic studies, chemical biology, x-ray 

crystallography, and mass spectrometry, we demonstrate that these inhibitors intercept the 

covalent GUS-GlcA catalytic intermediate and are capable of forming covalent inhibitor-

GlcA complexes in the GUS active site. Furthermore, we show that a range of clinically-

approved piperazine-containing drugs of various therapeutic classes also inhibit bacterial 

GUS enzymes via the same mechanism-based interception. Taken together, these results 

advance our understanding of bacterial GUS inhibition and suggest that piperazine-

containing drugs may affect non-human targets in the gut microbiome.  

Results 

UNC10201652 and UNC4917 are substrate-dependent slow-binding GUS inhibitors 

UNC10201652 was identified in a high throughput screen using E. coli GUS55, and 

UNC4917 is a synthetic UNC10201652 derivative (Figure 5.1a, appendix 1). We employed 

in vitro kinetic analysis to evaluate the potency and mechanism-of-action of UNC10201652 

and UNC4917 against GUS enzymes from the gut microbiome. In vitro assays that assess the 

ability of GUS enzymes to cleave p-nitrophenyl-β-D-glucuronide (PNPG), producing 

chromogenic p-nitrophenol, were performed with purified GUS enzymes from four human 

GI-resident bacteria: Escherichia coli (EcGUS), Streptococcus agalactiae (SaGUS), 
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Clostridium perfringens (CpGUS), and Eubacterium eligens (EeGUS)136. EcGUS, SaGUS, 

and CpGUS have been previously characterized55,56, and are present in the GI microbiota, as 

is EeGUS136. Each of these GUS enzymes are in the Loop 1 class, a group that makes up 

approximately 5% of unique GUS enzymes found in the human microbiome project (HMP) 

metagenomic database136. Sequence identities between these Loop 1 GUS enzymes range 

from 43 to 58% (Figure 5.2a).  

GUS activities in the presence of nanomolar concentrations of UNC10201652 and 

UNC4917 displayed non-linear progress curves over the time course in which the uninhibited 

reaction remained linear (Figure 5.1b, 5.3, and 5.4). By contrast, linear progress curves 

under the same reaction conditions were observed with the previously characterized GUS 

inhibitor, Inhibitor 1 (Figure 5.4d). Non-linear progress curves indicate that UNC10201652 

and UNC4917 are slow-binding inhibitors of microbial GUS enzymes146. Furthermore, 

steady-state velocities (vs) in the presence of UNC10201652 and UNC4917 were either zero 

or nearly zero (i.e., vs approaches zero in Figure 5.1b, 5.3, and 5.4a, b, c), demonstrating that 

some enzyme-inhibitor pairs display enzyme inactivation. Taken together, these data reveal 

that UNC10201652 and UNC4917 display slow-binding kinetics and are capable of 

inactivating microbial GUS enzymes. 

We extended our kinetic analysis to quantitate the onset of steady-state inhibition of 

bacterial GUS enzymes by UNC10201652 and UNC4917. Plots of kobs versus 

[UNC10201652] and [UNC4917] displayed one-step inhibition for all GUS enzymes tested 

(Figure 5.1c, 5.5a, 5.6a, Table 5.1). One-step kinetics suggest that KI, the equilibrium 

constant for initial enzyme-inhibitor complex formation, greatly exceeds the concentration of 

UNC10201652 and UNC4917 tested146. Indeed, the data fit well to a one-step inhibition  
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Figure 5.2 - Comparison of GUS enzymes analyzed in the present study. (a) Percent 

identity matrix of EcGUS, SaGUS, CpGUS, and EeGUS. (b) Sequence alignment of loop 1 

sequences with key residues highlighted in magenta, glycines highlighted in orange, polar 

residues in blue, and start and end of disordered loop in SaGUS italicized. (c) Active sites of 

EcGUS, SaGUS, CpGUS, and EeGUS with adjacent monomer loop in grey, key residues for 

contact of inhibitors highlighted in magenta. The loops shown are modeled for SaGUS, as 

this loop is disordered in the crystal structure. 
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Figure 5.3. Bacterial GUS enzymes display non-linear progress curves in the presence of 

UNC4917. (a) Progress curves for EcGUS in the presence of increasing concentrations of 

UNC4917. (b) Progress curves for SaGUS in the presence of increasing concentrations of 

UNC4917. (c) Progress curves for CpGUS in the presence of increasing concentrations of 

UNC4917. (d) Progress curves for EeGUS in the presence of increasing concentrations of 

UNC4917. Progress curve graphs are representative of N = 3 biological replicates. 
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Figure 5.4 - Bacterial GUS enzymes display non-linear progress curves in the presence 

of UNC10201652. (a) Progress curves for SaGUS in the presence of increasing concentrations 

of UNC10201652. (b) Progress curves for SaGUS in the presence of increasing concentrations 

of UNC10201652. (c) Progress curves for CpGUS in the presence of increasing concentrations 

of UNC10201652. (d) Progress curves for EcGUS in the presence of increasing concentrations 

of Inhibitor 1. Progress curve graphs are representative of N = 3 biological replicates. 
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Figure 5.5 - Kinetic analysis of UNC10201652. (a) Plots of kobs versus [UNC10201652] for 

EcGUS, SaGUS, CpGUS, and EeGUS. (b) Progress curves of EcGUS, SaGUS, CpGUS, and 

EeGUS after preincubation with UNC10201652 for 0, 0.5, and 1h. (c) Progress curves of 

EcGUS, SaGUS, CpGUS, and EeGUS activity after jump-dilution of samples treated for 1 h 

with UNC10201652 in the presence (+ PNPG) or absence (- PNPG) of substrate. Error bars 

represent SEM of n = 3 biological replicates and progress curves graphs are representative of 

n = 3 biological replicates. 
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Figure 5.6 - Kinetic analysis of UNC4917. (a) Plots of kobs versus [UN4917] for EcGUS, 

SaGUS, CpGUS, and EeGUS. (b) Progress curves of EcGUS, SaGUS, CpGUS, and EeGUS 

after preincubation with UNC4917 for 0, 0.5, and 1h. (c) Progress curves of EcGUS, SaGUS, 

CpGUS, and EeGUS activity after jump-dilution of samples treated for 1 h with UNC4917 in 

the presence (+ PNPG) or absence (- PNPG) of substrate. Error bars represent SEM of n = 3 

biological replicates and progress curve graphs are representative of n = 3 biological 

replicates. 
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Table 5.1 - Kinetics of slow-binding inhibition for UNC10201652 and UNC4917 against 

EcGUS, SaGUS, CpGUS, and EeGUS.



 170 
 

model that allowed us to determine the pseudo-second-order rate constant, k3/KI (see kinetic 

scheme in Methods). The resultant k3/KI values revealed that UNC10201652 and UNC4917 

most efficiently inhibited CpGUS (k3/KI = 66,000 ± 2,000 M-1 s-1) and EcGUS (k3/KI = 

57,000 ± 3,000 M-1 s-1), respectively (Table 5.1), and were weakest against EeGUS, with 

k3/KI values of 2,440 ± 70 M-1 s-1 and 453 ± 9 M-1 s-1, respectively. Rates of reactivation (k4) 

ranged from 0.00164 ± 0.00005 s-1(SaGUS with UNC10201652; Table 5.1) to 0.00008 ± 

0.00001 s-1(EcGUS and UNC4917; Table 5.1). Such rates corroborate the slow steady-state 

velocities observed in the presence of UNC10201652 and UNC4917 (e.g., Fig. 5.3 and 5.4a, 

b, c). Collectively, these results demonstrate that the potency and onset of steady-state 

kinetics for UNC10201652 and UNC4917 vary with respect to the GUS enzyme examined, 

likely due to their different Loop 1 sequences (Figure 5.2). 

Classically, non-linear progress curves indicate slow-binding or time-dependent 

inhibition, and slow-binding compounds typically yield enhanced potency when pre-

incubated with their target146. Thus, we examined the time-dependent onset of steady-state 

inhibition by pre-incubating each GUS enzyme with UNC10201652 and UNC4917 for 0 h, 

0.5 h, or 1 h before reaction initiation with PNPG. Surprisingly, in contrast to classic slow-

binding inhibitors, which display a slower vi followed by a faster vs upon pre-incubation146, 

we found that pre-incubation with UNC10201652 and UNC4917 displayed the same kinetic 

profile as seen in the absence of pre-incubation (Figure 5.1d, 5.5b, 5.6b). Thus, we conclude 

that the onset of steady-state kinetics by UNC10201652 and UNC4917 is not driven by 

inhibitor-enzyme interactions that occur prior to the addition of substrate.  

The absence of pre-incubation effects has only been observed to date in cases where 

inhibitors require co-factor or substrate to initiate slow-binding147,148. Since characterized 
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bacterial GUS enzymes are not known to employ a co-factor, we considered that slow-

binding inhibition by UNC10201652 and UNC4917 may be substrate-dependent. We pre-

incubated each GUS for 1 h with UNC10201652 or UNC4917 either with or without PNPG, 

then jump diluted into PNPG-containing buffer to measure the enzyme activity. Indeed, we 

found that incubation of GUS with both inhibitor and PNPG resulted in the onset of steady-

state inhibition, while incubation of GUS plus inhibitor without PNPG did not (Figure 5.5c 

and 5.6c). These kinetic analyses indicate that UNC10201652 and UNC4917 are substrate-

dependent inhibitors of gut microbial GUS enzymes. 

Crystal structure reveals UNC4917-glucuronide conjugate in GUS active site 

We next employed x-ray crystallography to determine the structural basis of the 

substrate-dependent onset of steady-state inhibition. First, we crystallized the GUS from E. 

eligens (EeGUS) in both its apo (unliganded) and GlcA-bound states and refined the resultant 

structures to 2.9 Å and 2.7 Å resolution, respectively (Figure 5.7a, b). The EeGUS-GlcA 

structure revealed that GlcA is well recognized by the enzyme’s active site, with each sugar 

hydroxyl group contacting at least one protein side chain directly or via a bridging water 

molecule (Figure 5.7b). Second, we co-crystallized EeGUS with both UNC4917 and PNPG 

to mimic the in vitro assay conditions in which we observed substrate-dependent inhibition. 

Unbiased difference electron density within the EeGUS active site of the resultant 2.7 Å 

resolution crystal structure indicated that both UNC4917 and GlcA were bound to the 

enzyme (Fig. 2a,b). However, attempts to fit UNC4917 and GlcA as separate entities within 

the electron density at the active site were unsuccessful due to significant clashes between the 

anomeric hydroxyl group of GlcA and the piperazine of UNC4917. Interestingly, a 

UNC4917-GlcA conjugate, in which the secondary nitrogen of the piperazine of UNC4917 
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Figure 5.7 - Active site of apo EeGUS and EeGUS bound to GlcA. (a) Active site of 

EeGUS (b) EeGUS bound to GlcA showing 2Fo-Fc density at 1.5 σ. 
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Figure 5.8 - Structural analysis of substrate-dependent slow-binding inhibition by 

UNC4917. (a) Overall structure of EeGUS−UNC4917−GlcA complex with inhibitor and key 

active site residues shown as spheres. (b) Active site of EeGUS bound to a UNC4917−GlcA 

conjugate with 2Fo-Fc density shown at 1.5 σ. Key contacts represented with black dotted 

lines and distances labeled in angstroms. (c) Chemical structure representation of 

UNC4917−GlcA conjugate bound to EeGUS active site. (d) Mechanism of substrate 

turnover (top) and proposed mechanism of inhibition by piperazine-containing GUS 

inhibitors (bottom).
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 was covalently β-linked to the anomeric carbon of GlcA, fit the density and refined well 

(Figure 5.8b). Thus, it appears that UNC4917 is able to form a covalent bond with GlcA in 

the GUS active site (Figure 5.8c). 

 The UNC4917-GlcA-bound structure reveals a range of specific contacts formed 

between GlcA, UNC4917, and the EeGUS active site. The secondary piperazine amine of 

UNC4917 that appears to covalently link to GlcA forms a salt bridge with E426, the putative 

catalytic acid/base of bacterial GUS (Figure 5.8b, c). The aromatic scaffold of UNC4917 

participates in a π-π interaction with Y486, which is highly conserved in bacterial GUS 

enzymes (Figure 5.8b). In addition, as observed previously, the carboxylate of GlcA 

interacts with N578 and K58056, as well as Y486 in EeGUS (Figure 5.8b). Taken together, 

these structural data reveal that piperazine-containing microbial GUS inhibitors target the 

GUS-GlcA catalytic intermediate.  

Based on the substrate-dependent onset of steady-state kinetics and the presence of a 

UNC4917-GlcA conjugate in the EeGUS active site, we hypothesized that the piperazine-

containing compounds UNC10201652 and UNC4917 may function as mechanism-based 

inhibitors of bacterial GUS. During the GUS catalytic cycle, a GUS-GlcA covalent 

intermediate is formed between the anomeric carbon of GlcA and the catalytic glutamate 

nucleophile (E516 in EeGUS; Figure 5.8d). The catalytic acid/base (E426 in EeGUS) then 

deprotonates a water molecule that subsequently hydrolyzes the E516-GlcA bond, releasing 

GlcA and regenerating GUS (Fig 5.8d, top). We propose that UNC10201652 and UNC4917 

disrupt substrate turnover by intercepting the GUS-GlcA catalytic intermediate (Figure 5.8d, 

bottom), and that these compounds are deprotonated by the catalytic acid/base (e.g., E426) 

and attack the anomeric carbon of the GUS-GlcA intermediate. This mechanism would yield 
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the inhibitor-GlcA conjugate observed in the crystal structure of EeGUS outlined above 

(Figure 5.8d) and explain why the onset of steady-state inhibition by UNC10201652 and 

UNC4917 is substrate-dependent. 

LC-MS confirms GUS-dependent formation of inhibitor glucuronides 

To confirm the formation of an inhibitor-glucuronide conjugate, GUS enzymes were 

incubated with UNC10201652 and PNPG, then heat denatured to promote the release of 

tightly-bound glucuronide conjugates. The products were analyzed by liquid 

chromatography-mass spectrometry (LC-MS). The mass for the covalent UNC10201652-

GlcA conjugate was observed with each of the four enzymes tested, EeGUS, EcGUS, 

SaGUS, and CpGUS, when incubated with both UNC10201652 and PNPG (Figure 5.9a, b). 

Similarly, incubation of the same four GUS enzymes with UNC4917 and PNPG also yielded 

the corresponding glucuronide conjugate (Figure 5.9c). Importantly, we did not observe 

glucuronide formation in the absence of GUS, suggesting that glucuronide formation is GUS-

dependent (Figure 5.9b, c, d). Lastly, each GUS enzyme also generated a UNC10201652-

GlcA conjugate when incubated with SN-38-G (Figure 5.1a), the glucuronide of irinotecan’s 

active metabolite (Figure 5.9d). These data indicate that GUS-mediated formation of 

UNC10201652-GlcA is aglycone-independent. Thus, LC-MS supports the conclusion that 

piperazine-containing compounds UNC10201652 and UNC4917 are capable of forming 

covalent inhibitor-GlcA conjugates within the active sites of GUS enzymes from the human 

gut. 



 176 
 

Figure 5.9 - LC−MS confirms GUS-dependent generation of inhibitor glucuronide 

conjugates. (A) Mass spectrum of a UNC10201652−GlcA conjugate (exact mass, 588.2235 

m/z; observed mass, 588.221 m/z) generated by incubation of EeGUS with PNPG and 

UNC10201652. (B) Extracted ion chromatograms (588.2235 m/z) of each GUS treated with 

both UNC10201652 and PNPG as well as a no GUS control. (C) Extracted ion 

chromatograms (506.1816 m/z) of each GUS treated with UNC4917 and PNPG as well as a 

(−) GUS control. (D) Extracted ion chromatograms (588.2235 m/z) of each GUS treated with 

UNC10201652 and SN-38-G as well as a (−) GUS control. Plots are representative of N = 2 

biological replicates.
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Chemically synthesized UNC10201652-GlcA conjugate is a weak GUS inhibitor 

Crystallographic and LC-MS data indicated that UNC4917-GlcA and 

UNC10201652-GlcA conjugates are capable of forming in the GUS active site, in turn 

serving as a potent GUS inhibitor. Thus, we tested whether administration of chemically 

synthesized UNC10201652-GlcA would potently inhibit bacterial GUS enzymes. 

UNC10201652-GlcA was synthesized from UNC10201652 and GlcA in the presence of a 

catalytic amount of glacial acetic acid in methanol (Figure 5.10a). This afforded the product 

(UNC5670) as an inseparable, 1:1 mixture of α:β diastereomers (Supplementary Synthesis 

and Characterization). This anomeric mixture of UNC5670 yielded weaker inhibition than 

UNC10201652 against all GUS enzymes tested, exhibiting potencies between 1.8 µM and 18 

µM (Figure 5.10b). Interestingly, UNC5670 still displayed non-linear progress curves, 

suggesting that glucuronide formation is not the rate-limiting step for the onset of steady-

state inhibition (Figure 5.10c). Furthermore, we found that UNC5670 is not cleaved by E. 

coli GUS (Figure 5.10d). Together, these data reveal that an anomerically impure 

UNC10201652-GlcA conjugate, UNC5670, displays slow-onset of steady-state inhibition 

and is a much weaker inhibitor than the aglycone UNC10201652. 

Piperazine amine is essential for potent bacterial GUS inhibition 

To determine the role of the piperazine for both potency and kinetics of GUS 

inhibition, we performed a focused structure activity relationship on the secondary piperazine 

amine that appears to covalently link to GlcA in the GUS active site. First, we synthesized a 

dimethylated analog of UNC10201652 to maintain the positive charge but remove its ability 

to act as a nucleophile (UNC5671; Figure 5.11a). UNC5671 exhibited an IC50 of 9.6 ± 0.2 

µM µM, Figure 5.11b) and 120-fold weaker than UNC4917 (IC50 = 80 ± 1 nM). 
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Figure 5.10 - Synthesis and characterization of synthetic UNC10201652-GlcA conjugate 

(UNC5670). (a) Synthetic scheme for generation of glucuronide conjugate of UNC10201652 

(UNC5670). (b) IC50 values for inhibition of each GUS enzyme with UNC5670. (c) Progress 

curves of EcGUS in the presence of increasing concentration of UNC5670 reveals non-linear 

progress curves. (d) LC traces of UNC5670 treated with EcGUS and a buffer control reveal 

absence of UNC5670 hydrolysis by EcGUS. 
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Figure 5.11 Focused SAR reveals key role of piperazine for potent GUS inhibition and 

demonstrates that glucuronide formation is not necessary to yield slow-binding 

inhibition. (A) Structures of piperazine analogs UNC4510, UNC5671, and UNC10201651. 

(B) IC50 plots for inhibition of EcGUS by parent compound (UNC10201652) and piperazine 

analogs reveal significantly reduced potencies. (C) EcGUS displays nonlinear progress 

curves in the presence of piperazine analogs UNC4510 and UNC5671. (D) UNC4917−GlcA 

conjugate observed in EeGUS modeled in the Active conformation (PDB: 3LPF) and 

Inactive conformation (PDB: 3K46) of EcGUS. Plots are representative of N = 3 biological 

replicates.
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Second, a less sterically demanding monomethyl analog of UNC10201652 was synthesized 

(UNC4510; Figure 5.11a); this compound displayed a ~100-fold weaker IC50 than 

UNC10201652 against EcGUS (IC50 = 12.8 ± 0.8 µM; Figure 5.11b). While these analogs 

displayed markedly weaker potency than UNC10201652, they were similar in potency to the 

previously characterized Inhibitor 1 (IC50 = 8.5 ± 0.7 μM). Finally, a piperidine analog of 

UNC10201652 that replaces the secondary nitrogen with a carbon (UNC10201651; Figure 

5.11a) yielded no inhibition up to 100 µM, the maximum concentration we could test 

(Figure 5.11b). Together, these analogs pinpoint the piperazine amine as the essential 

warhead for potent inhibition of bacterial GUS enzymes. 

While the analogs outlined above display markedly reduced potency, they still yield 

non-linear progress curves (Figure 5.11c, 5.12). UNC4510 and UNC5671 display slow-

binding efficiencies (k3/KI) of 800 ± 100 M-1 s-1 and 960 ± 70 M-1 s-1, respectively (Figure 

5.12b, d), compared to 15,300 ± 400 M-1 s-1 for UNC10201652. Together, these data suggest 

that the ability of the piperazine to act as a nucleophile on the glycosyl-enzyme catalytic 

intermediate is not necessary to yield the slow-onset of steady-state GUS inhibition, but is 

crucial for potent inhibition of gut microbial GUS enzymes. 

Slow-onset steady-state kinetics and active site conformational changes 

Since both non-nucleophilic piperazine analogs (UNC4510 and UNC5671) and the 

glucuronide of UNC10201652 (UNC5670) displayed slow-binding inhibition of GUS, we 

considered that conformational changes at the GUS active site may be responsible for the  
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Figure 5.12 - Slow-binding kinetic analysis of UNC5671 and UNC4510. (a) Progress 

curves for E. coli GUS in the presence of increasing concentrations of UNC5671. (b) Plot of 

kobs versus [UNC5671] (c) Progress curves for E. coli GUS in the presence of increasing 

concentrations of UNC4510. (d) Secondary plot of kobs versus [UNC4510]. Error bars 

represent SEM of n = 3 biological replicates. 
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slow-binding behavior observed. Previously elucidated structures of E. coli GUS reveal that 

two conformations are available to the GUS active site, Active and Inactive (Figure 5.11d)56. 

In the Active conformation, Y472, R562, and the N-K motif of N566 and K568 form direct 

contacts with the GlcA carboxylate. In the Inactive state, all four contacts are lost (Figure 

5.11d). Additional active site changes observed between the Active and Inactive 

conformations include 15 Å, 9 Å, and 6 Å shifts in position by three active site tyrosine 

residues, Y469, Y472, and Y468, respectively (Figure 5.11d). The loss of key contacts with 

the substrate in the Inactive conformation suggests that glucuronides are only recognized and 

hydrolyzed when bacterial GUS adopts the Active conformation. The Active state is also 

more favorable for the recognition of the planar, non-polar scaffold of UNC10201652 and 

UNC4917 (Figure 5.11d). Indeed, E. eligens GUS is in the Active conformation in the 

GlcA-complexed structures presented here (Fig. 2b), and UNC4917 forms edge-face π-π 

interactions with Y472 (Figure 5.11d). Thus, we propose that substrate binding and catalysis 

induces a conformational change at the GUS active site to form the Active state, to which 

UNC10201652 and UNC4917 preferentially bind. 

 To test this conformational hypothesis, we mutated Y472 and Y485 in EcGUS and 

EeGUS, respectively, to either alanine or phenylalanine. The resultant variant proteins, 

however, displayed such weak activity that we were unable to assess GUS inhibition (Figure 

5.13). Indeed, these mutations highlight the essential role played by this conserved tyrosine 

in GUS activity, likely due to its hydrogen bond to the lysine of NxK motif as well as its 

direct contact to the carboxylate of glucuronic acid (Figure 5.7b). 
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Figure 5.13 - Kinetic analysis of Y472A/F and Y485A/F mutants of EcGUS and EeGUS.  

(a) Progress curves of WT, Y472A, and Y472F EcGUS. (b) Progress curves of WT, Y485A, 

and Y485F EeGUS.
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Piperazine and piperidine-containing drugs act as substrate-dependent GUS inhibitors 

We have demonstrated that the secondary piperazine amine of UNC10201652 and 

related compounds is essential for potent bacterial GUS inhibition. Furthermore, previous 

studies showed that two clinically-approved piperazine-containing drugs, the antipsychotic 

amoxapine and the antibiotic ciprofloxacin (Figure 5.14a), were capable of inhibiting 

bacterial GUS and were effective in vivo at reducing the toxic side effects of irinotecan149,150. 

Thus, we hypothesized that a range of structurally distinct piperazine-containing therapeutics 

may function as microbial GUS inhibitors by intercepting the catalytic cycle as outlined 

above. Five drugs were selected for evaluation: the previously reported amoxapine and 

ciprofloxacin, as well as palbociclib, a CDK4 inhibitor for ER-positive breast cancer, 

crizotinib, an anaplastic lymphoma kinase (ALK) and ROS1 kinase inhibitor for non-small 

cell lung carcinoma and lymphoma that contains a piperidine instead of a piperazine, and the 

antidepressant vortioxetine (Figure 5.14a)151,152,153. We found that all five drugs inhibited 

EcGUS in a substrate-dependent manner (Figure 5.14c, 5.15, 5.16). A range of potencies 

were observed, with amoxapine demonstrating the strongest inhibition (IC50 = 0.53 ± 0.01 

µM) and ciprofloxacin the weakest (IC50 = 9 ± 1 µM) (Figure 5.14b). We also determined a 

2.9 Å resolution crystal structure of EeGUS crystallized in the presence of amoxapine and 

PNPG and observed a covalent amoxapine-GlcA conjugate at the active site (Figure 5.14d). 

Taken together, these results reveal that diverse chemical scaffolds containing a piperazine or 

piperidine with a secondary amine inhibit bacterial GUS by intercepting a catalytic 

intermediate. They further demonstrate that a range of currently-approved human 

therapeutics may have significant off-target effects through their ability to inhibit bacterial 

GUS enzymes expressed by the human gut microbiota. 
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Figure 5.14 - Approved piperazine-/piperidine-containing drugs inhibit GUS in a 

substrate-dependent slow-binding manner. (a) Structures of piperazine- and piperidine-

containing drugs tested for substrate-dependent slow-binding inhibition. (b) IC50 plots for 

inhibition of EcGUS by approved piperazine- and piperidine-containing drugs. (c) Progress 

curves of EcGUS in the presence of increasing concentrations of amoxapine display slow-

binding characteristics. (d) Active site of EeGUS bound to an amoxapine−GlcA conjugate 

with 2Fo-Fc density shown at 1 σ. Progress curve plots are representative of N = 3 biological 

replicates.
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Figure 5.15 - Kinetic analysis of amoxapine with EcGUS. (a) Secondary plot of kobs vs 

[amoxapine]. (b) Jump dilution of pre-incubation with or without PNPG. 
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Figure 5.16 - Kinetic analysis of approved piperazine/piperidine-containing drugs. (a) 

Progress curves of EcGUS activity in the presence of increasing concentrations of approved 

drugs. (b) Secondary plots of kobs vs inhibitior concentration for EcGUS with approved drugs. 

(c) Progress curves of GUS activity after incubation with drug for one hour in the presence (+ 

PNPG) or absence (- PNPG) of substrate. Plots are representative of N =3 biological 

replicates and error bars represent SEM of N = 3 biological replicates. 
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In-cell potency and selectivity of UNC10201652 and UNC4917 

To determine if UNC10201652 and UNC4917 demonstrate potent on-target activity 

in cells, we examined GUS inhibition in wild-type (WT) E. coli K-12 MG1655 cells and in a 

variant of this strain in which the gus gene was truncated to remove the amino acids between 

the two conserved catalytic glutamates, E413 and E504 (GUSΔ413-504) (Figure 5.17a, b). 

This gus gene truncation was created using Lambda-Red with CRISPR/Cas9 

counterselection154. Truncation of gus in E. coli did not affect cell viability in standard 

media; no differences were observed in growth curves between WT K-12 MG1655 and 

GUSΔ413-504 (Figure 5.17c). We also determined that the piperazine-containing inhibitors 

display no toxicity against WT E. coli K-12 MG1655 at up to 10 μM (Figure 5.17d). 

We then evaluated GUS activity in living E. coli cells by measuring PNPG 

cleavage55,107. WT E. coli K-12 MG1655 displays robust GUS activity, while GUSΔ413-504 

E. coli lacks GUS activity, as expected (Figure 5.18a, c).  Both WT and GUSΔ413-504 E. 

coli were then treated with the potent in vitro inhibitors UNC10201652 and UNC4917 

(Figure 5.1a), the much weaker analogs UNC4510 and UNC10201651 (Figure 5.11a), and 

the previously characterized Inhibitor 1 that does not display slow-binding kinetics (Figure 

5.3d). With WT E. coli, the EC50 values of the inhibitors directly mirrored their in vitro 

efficacies, with UNC10201652 and UNC4917 exhibiting potent inhibition at 74 ± 7 nM and 

8 ± 4 nM, respectively, UNC4510 showing weaker inhibition at 2,300 ± 500 nM, akin to 

Inhibitor 1 (3,400 ± 400 nM), and UNC10201651 demonstrating no inhibition up to 10 μM 

(Table 5.2). In the GUSΔ413-504 E. coli strain, no GUS activity was observed (Figure 

5.18c). Indeed, the GUSΔ413-504 E. coli strain gave the same level of signal as the WT E. 

coli strain when incubated with our potent GUS inhibitors (Figure 5.18a, c). Similar 
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Figure 5.17 - Generation of GUSΔ413-504 strain and analysis of growth. (A) Confirmed 

E. coli GUS Δ413-504 (colony 1). The 464 bp band is 276 bp smaller than the intact gus 

fragments at 770 bp (colonies 2-4). (B) Primers utilized for construction of pKDsgRNA-gus 

plasmid and amplification of the gus fragment in E. coli K-12 MG1655. (C) Growth curves of 

WT and GUS Δ413-504 E. coli strains. (D) Growth of WT E. coli in the presence of 10 µM of 

various compounds and 1% DMSO control.  
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Figure 5.18 - Cell-based studies of potency and selectivity of piperazine-containing 

inhibitors. (a) Plot of % activity for WT E. coli K-12 MG1655 cells in the presence of 

PNPG and 10 μM of listed inhibitors. (b) Plot of % activity for WT E. coli K-12 MG1655 

cells in the presence of PNP-gal and 10 μM of listed inhibitors. (c) Plot of % activity for 

GUSΔ413-504 E. coli K-12 MG1655 cells in the presence of PNPG and 10 μM of listed 

inhibitors. (d) Plot of % activity for GUSΔ413-504 E. coli K-12 MG1655 cells in the 

presence of PNP-gal and 10 μM of listed inhibitors. Error bars represent SD of n = 3 

biological replicates. 
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 results were observed for the approved drugs, with EC50 values ranging from 160 nM to 3.5 

µM (Table 5.2). These results establish that potent GUS inhibition phenocopies a 

catalytically inactive gus gene in living E. coli, and that UNC10201652, UNC4917, as well 

as approved piperazine and piperidine-containing drugs, are efficacious in cells. Furthermore, 

the absence of inhibition by UNC10201651 in WT E. coli pinpoints the secondary piperazine 

amine as the essential warhead for potent in-cell GUS inhibition.  

Finally, to address in-cell selectivity, we examined the activity of E. coli -

galactosidase, a closely related glycosyl hydrolase that shares 15% sequence identity with 

EcGUS, in both the WT and GUSΔ413-504 E. coli strains by using p-nitrophenyl-β-D-

galactopyranoside (PNP-gal), a -galactosidase substrate. We found that both WT and 

GUSΔ413-504 E. coli strains display robust cleavage of PNP-gal, and that neither strain is 

affected by GUS inhibitors (Figure 5.18b, d). Thus, the compounds tested are selective for 

GUS over the related glycosyl hydrolase β-galactosidase in living E. coli cells. To further 

address selectivity, we examined the in vitro inhibition of the mammalian bovine liver GUS 

that shares 42% sequence identity with EcGUS. All inhibitors failed to yield any inhibition at 

up to 10 μM (Figure 5.19). This indicates that, like the microbial GUS-specific inhibitors 

previously reported, the piperazine-containing inhibitors described here are selective for 

bacterial GUS over the human GUS ortholog. 

Discussion 

We present a set of piperazine-containing compounds that act as inhibitors of 

microbiome GUS enzymes by intercepting the glycosyl-enzyme catalytic intermediate.  
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Table 5.2 - EC50 values in living WT E. coli MG1655 cells.
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Figure 5.19 – Inhibition of mammalian GUS. (a) Percent activity of bovine liver GUS after 

treatment with 10 μM of inhibitor fails to yield inhibition. (b) Overlay of E. coli GUS (PDB: 

3LPF) with Human GUS (PDB: 1BHG) and UNC4917-GlcA modeled demonstrates that the 

loop structure of E. coli GUS and other loop 1 GUS enzymes characterized here form the 

binding site for the piperazine-containing inhibitors.
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Because they contact the Loop 1 region unique to bacterial GUS enzymes136, these 

compounds are highly selective for these microbial proteins over the human GUS protein 

orthologue, as has been observed previously55. The GUS inhibitors characterized here 

emulate other studies where the onset of slow-binding only occurs in the presence of a 

cofactor, such as the binding of finasteride and dutasteride to NADPH-bound 5α-reductase, 

as well as the inhibition of NAD-bound enoyl reductase by various diazaborines155,148. An 

important distinction in the present study is that instead of covalently linking to the cofactor 

of an enzyme, UNC10201652 and UNC4917 target a catalytic intermediate, a unique 

observation among this type of slow-binding inhibitor in general and GUS inhibitors 

specifically. 

The structural data presented here lend insight into how GUS enzymes may recognize 

their cognate substrates. Structures of GUS-bound GlcA conjugates, UNC4917-GlcA and 

amoxapine-GlcA, resemble GUS substrates such as testosterone, estrogen, and bile acid 

glucuronides10. The non-polar scaffold of UNC4917 and amoxapine make contacts with an 

aromatic tyrosine residue conserved in microbial GUS enzymes identified to date, including 

those from the Human Microbiome Project stool sample database136. From the structures of 

the inhibitor-GlcA conjugates, it also appears that the inhibitor glucuronides occupy a 

strained, quasi axial β-linkage (Figure 5.8b, 5.14d). This may emulate the conformation of 

true glucuronide substrates prior to the hydrolysis of their glycosidic bonds. Due to the lower 

resolution of the structures elucidated here, analysis of the sugar ring conformations is purely 

speculative. However, it is likely that the GlcA ring is strained when covalently linked to the 

piperazine-containing inhibitors in the GUS active site.  
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Despite observing a well-recognized UNC4917-GlcA conjugate in the EeGUS active 

site, exogenously-synthesized UNC5670 proved to be a weak inhibitor of all bacterial GUS 

enzymes tested (Figure 5.10b). At least in part, this is due to the anomeric impurity of 

UNC5670 (Figure 5.10a). That is, since the glucuronide of UNC10201652 observed in the 

EeGUS active site appeared exclusively β-linked in the crystal structure, as expected due to 

the specificity of GUS for this anomeric configuration, the approximately 50% of UNC5670 

in the α configuration is likely a poor inhibitor that may be unable to bind to GUS. Another 

potential contribution to reduced potency is the enthalpic cost of de-solvating the GlcA of 

UNC5670. Interestingly, UNC5670 still displays slow-binding progress curves. In the same 

manner as UNC4917 and UNC10201652, UNC5670 only displays steady-state kinetics in 

the presence of substrate. This finding supports the hypothesis that a substrate-induced 

conformational change promotes the binding of these piperazine-containing compounds. 

We propose that the initial state of inhibition is characterized by the interaction of 

inhibitor with GUS, while the steady-state kinetics are described by the interaction of 

inhibitor with a GUS-GlcA catalytic intermediate (Figure 5.8d). Since both non-nucleophilic 

analogs (UNC4510 and UNC5671) and a piperazine-glucuronide conjugate (UNC5670) 

displayed non-linear progress curves, it appears that glucuronide formation is not the rate-

limiting step for steady-state kinetics. Thus, we propose that substrate-induced isomerization 

of the GUS active site limits the onset of steady-state inhibition. That is, the active 

conformation is required for substrate entry and catalytic initiation in the GUS active site, 

which is also the conformation that the piperazine-containing inhibitors prefer to bind to, 

whether or not they are capable of forming glucuronide conjugates in the active site (Figure 
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5.11d). This ternary complex of GlcA and inhibitor bound in the active form is long-lived, 

and results in the slower steady-state observed.  

Finally, we show that five different human-targeted drugs, including compounds for 

depression, infection, and cancer, inhibit gut microbial GUS enzymes via the same 

mechanism described for UNC10201652 and UNC4917. In vitro and cell-based studies show 

that these approved drugs yield potent inhibition of GUS (Figure 5.14b and Table 5.2). A 

recent study on the effect of drugs on the gut microbiota revealed that the small intestine and 

colon concentrations of many drugs are on average in the mid- to high-micromolar range156. 

Indeed, using this model, Maier et al. calculated a small intestinal concentration of 106 µM 

and colon concentration of 138 µM for amoxapine, both of which are well above the EC50 

calculated for amoxapine in E. coli cultures (Table 5.2)156. Using the same method for the 

other piperazine- and piperidine-containing drugs, we found that the respective small 

intestinal and colonic concentrations are 18 µM and 23 µM for vortioxetine, 216 µM and 378 

µM for ciprofloxacin, 74 µM and 276 µM for palbociclib, and 148 µM and 466 µM for 

crizotinib. These predicted small intestine and colon concentrations are all greater than their 

EC50 in WT E. coli (Table 5.2), suggesting that the activity of loop 1 GUS enzymes may be 

completely blocked in patients taking these drugs. 

Conclusions 

The results herein show that compounds with terminal piperazines are substrate-

dependent inhibitors of bacterial GUS. Furthermore, slow-binding inhibition only occurs 

when GUS is actively hydrolyzing substrate. Crystallographic analysis reveals that the 

substrate-dependence of slow-binding inhibition is likely due to an enhanced interaction with 

a catalytic intermediate where GlcA is covalently linked to GUS. Chemical analogs with 
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methylated piperazines demonstrate its importance for potent GUS inhibition, and further 

supports that these inhibitors target a GlcA-bound GUS. Lastly, approved drugs with 

terminal piperazines also inhibit bacterial GUS in a slow-binding manner. This final result 

highlights the potential for human therapeutics to exert off-target effects on the gut 

microbiota that may impact human health.  

Methods 

In vitro inhibition of bacterial GUS was assessed by combining 5 μL of 150 nM GUS 

(15 nM final), 5 μL of various concentrations of inhibitor, 30 µL of 1.5 mM PNPG (900 µM 

final), and 10 μL of assay buffer (25 mM NaCl, 25 mM HEPES, pH 7.5) in a 96-well Costar 

clear bottom plate. Reactions were initiated by addition of PNPG and then incubated for 

approximately 1 hour, after which the end point absorbance was determined at 410 nm in a 

BMG lab tech PHERAstar plate reader. The IC50 was determined as the inhibitor 

concentration that yielded a 50% reduction in the max absorbance of the uninhibited reaction, 

where percent inhibition was calculated as: 

% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = [1 − (
𝐴𝑒𝑥𝑝 − 𝐴𝑏𝑔

𝐴𝑚𝑎𝑥 − 𝐴𝑏𝑔
)] ×  100 

where Aexp is the end point absorbance at a particular inhibitor concentration, Amax is 

the absorbance of the uninhibited reaction, and Abg is the background absorbance. Percent 

inhibition values were subsequently plotted against the log of inhibitor concentration and fit 

with a four-parameter logistic function in SigmaPlot 13.0 to determine the IC50 as described 

above. 
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Slow-binding continuous kinetic assay  

The same procedure as outlined for the IC50 assay was followed for reaction volumes 

and concentrations. Product formation was monitored continuously at 410 nm in a BMG lab 

tech PHERAstar plate reader. Resulting progress curves were truncated such that only data 

where the uninhibited reaction was linear were utilized to eliminate any potential of non-

linear artifacts from substrate depletion. The resultant progress curves were fit by non-linear 

regression analysis in MATLAB with the following equation146: 

[𝑃] = 𝑣𝑠𝑡 +
𝑣𝑖 − 𝑣𝑠

𝑘𝑜𝑏𝑠

[1 − 𝑒𝑥𝑝(−𝑘𝑜𝑏𝑠𝑡)] + 𝐴𝑜  (1) 

where vi is the initial velocity, vs is the steady-state velocity, kobs is the first order rate 

constant for the transition from vi to vs, t is time, and Ao is the initial absorbance. In instances 

where vs was zero, the following form of equation 1 was utilized: 

[𝑃] =
𝑣𝑖

𝑘𝑜𝑏𝑠

[1 − 𝑒𝑥𝑝(−𝑘𝑜𝑏𝑠𝑡)] + 𝐴𝑜  (2) 

The general kinetic scheme used to describe two-step slow-binding is shown below: 

 

 

where E is enzyme and I is inhibitor. Since the resultant kobs versus [I] plots were linear, we 

assumed that the initial isomerization was kinetically insignificant (i.e. [I] << KI) and utilized 

a one-step kinetic scheme to fit the linear data of kobs versus inhibitor concentration: 
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where [I] is the concentration of inhibitor and KI is the equilibrium that describes the intial 

binding complex157. 

Substrate-dependent jump dilution assays 

The jump dilution assays to determine the substrate-dependence of slow-binding 

inhibition were performed by mixing 5 µL of 15 µM GUS (1.5 µM final), 5 µL of various 

inhibitor concentrations, 30 µL of 1.5 mM PNPG (900 µM final) or 30 µL of water, and 10 

µL of assay buffer (25 mM HEPES, 25 mM NaCl, pH 7.5). This initial reaction was 

incubated at 37 °C for 1 hour. After pre-incubation, 1 µL of the reaction was diluted into 99 

µL of PNPG-containing buffer (900 µM PNPG, 25 mM HEPES, 25 mM NaCl, pH 7.5), and 

the resulting activity was monitored continuously at 410 nm. Progress curves were plotted in 

Microsoft Excel.  

Bovine liver GUS selectivity assay 

Bovine liver GUS was obtained from Sigma-Aldrich as a lyophilized powder and 

dissolved in a 10 mM sodium acetate and 10 mM sodium chloride pH 5.0 buffer and stored at 

4 °C. Final assay contained 5 μL of bovine liver GUS (0.132 mg/mL), 10 μL of pH 5 buffer 

(25 mM sodium chloride, 25 sodium acetate), 5 μL inhibitor (10 μM final), and 30 μL of 

PNPG. Assays were initiated by addition of PNPG and incubated for 1 h at 37 °C. Reactions 

were quenched by addition of 0.2 M sodium carbonate and absorbance at 410 nm was 

measured in a BMG lab tech PHERAstar plate reader. Percent inhibition was calculated as 

described for the in vitro IC50 assay. 

Crystallography 

Crystals of EeGUS were produced via the hanging-drop vapor diffusion method. 

Apo-EeGUS crystals were formed by incubation of 13 mg/mL EeGUS in 35% PEG 400 and 
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0.1 M Bis-tris pH 6.5. The same conditions were used for the EeGUS-GlcA complex 

crystals, except 10-fold molar excess of GlcA was mixed with EeGUS before addition to the 

crystallant. For crystals that contained both inhibitor and PNPG as ligands, EeGUS was 

incubated with inhibitor (10-fold molar excess) and PNPG (30-fold molar excess) for 30 

minutes prior to addition to the crystallant solution. Since the crystallant served as a 

cryoprotectant, no additional cryoprotectant was utilized prior to flash-freezing in liquid 

nitrogen. Diffraction data for all crystals were collected on the 23-ID-B beamline at GM/CA-

CAT (Advanced Photon Source, Argonne National Laboratory). Phasing for the apo structure 

of EeGUS was performed in Phenix via molecular replacement with CpGUS (PDB: 

4JKM)158. The apo EeGUS structure was subsequently utilized to perform molecular 

replacement for both the GlcA-bound and UNC4917-GlcA EeGUS structures. Refinements 

and ligand generation were carried out in Phenix and ligand fitting was performed in Coot114.  

Final coordinates and structure factors have been submitted to the RCSB and assigned 

accession codes of 6BJW, 6BJQ, 6BO6, and 6D4O for the apo, GlcA-bound, UNC4917-

GlcA, and amoxapine-GlcA EeGUS structures, respectively. Statistics for all structures are 

listed in Table 5.3. 

Liquid Chromatography Mass Spectrometry 

For LC-MS analysis, 50 µL reactions were performed with 5 µL of 100 µM GUS (10 

µM final), 5 µL of 10 mM inhibitor (1 mM final), 5 µL of 5 mM PNPG (500 µM final), and 

35 µL of buffer (10 mM NaCl, 10 mM HEPES, pH 7.5). Reactions were quenched by 

heating the sample at 100 ˚C for 5 minutes and subsequent addition of 50 µL of acetonitrile. 

Samples were then centrifuged at 13000 rpm for 5 minutes and supernatant was utilized for 

LC-MS analysis. Separation was carried out on a 50 mm Phenomenex Gemini C18 column  
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Table 5.3 - Crystallographic table for structures of EeGUS, EeGUS + GlcA, EeGUS + 

UNC4917 + PNPG, and EeGUS + Amoxapine + PNPG.
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with 5 µm particle size and 110 Å pore size. Solvent A was 0.1% formic acid in water, and 

solvent B was 0.1% formic acid in acetonitrile. Compounds were eluted by 2% B for 2 min 

followed by a linear gradient to 95% B over 10 min and held at 95% B for 2 

min. Supernatant was analyzed using an Agilent Technologies 6520 Accurate-Mass Q-TOF 

LC-MS in positive-ion mode. Results were analyzed in MassHunter Qualitative Analysis 

B.06.00. 

Generation of E. coli K-12 MG1655 GUSΔ413-504 Strain 

The E413-E504 region of the gus gene in E. coli strain MG1655 was deleted using 

Lambda-Red with CRISPR/Cas9 counter-selection to create an E. coli K-12 MG1655 

GUSΔ413-504 strain154. This region was chosen because it contains both catalytic 

glutamates, E413 and E504; thus, this deletion would be expected to inactivate the enzyme.  

The pCas9-CR4 and pKDsgRNA-p15 plasmids used to construct the E. coli K-12 

MG1655 GUSΔ413-504 strain were purchased from Addgene. Circular polymerase 

extension cloning (CPEC) was used to replace the 20 bp targeting sequence of the sgRNA in 

pKDsgRNA-15 with a 20 bp sequence that targets the gus gene. The primers listed in Figure 

5.17b were used to generate two PCR fragments containing overlapping protospacer 

sequences. The primer pair sgRNA-gus-F and gamR yielded a ~3 kb product, and the primer 

pair sgRNA-gus-R and CPEC2F yielded a ~4 kb product.  PCR products were gel purified 

and cloned by CPEC with the Q5 HF polymerase to create the pKDsgRNA-gus plasmid. The 

PCR mixture was transformed into chemically competent DH5α cells, plated on 50 mg/L 

spectinomycin, and incubated at 30 ºC. 

Upon transformation of the pCas9-CR4 and pKDsgRNA-gus plasmids into 

electrocompetent E. coli K-12 MG1655 cells, cells were grown to an OD of ~0.4, and λ-red 
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was induced with the addition of L-arabinose at a final concentration of 0.2% and incubated 

at 30ºC for 20 minutes.  The oligo designed to incorporate the desired deletion 

(5’T*G*TACATTGAGTGCAGCCCGGCTAACGTATCCACGCCGTAGTTGGCAATACT

CCACATCACCACGCTTGGGTGGTTTT*T*G 3’, where * is a phosphorothioate bond) 

was added to 50 μL of electrocompetent cells at a final concentration of 10 μM.  

Electroporation was performed and cells were recovered in SOC for 1 hour before plating on 

34 mg/L chloramphenicol, 50 mg/L spectinomycin, and 100 μg/L anhydrotetracycline plates 

at 30ºC overnight. 

To confirm successful deletion of the gus gene, genomic DNA was isolated from the 

E. coli MG1655 K-12 strain using the PureLink Genomic Isolation Kit (Invitrogen).  The 

region surrounding the gus deletion was amplified using the primers listed in Figure 5.17b 

and the Q5 HF polymerase.  PCR products were then sequenced to confirm the 276 bp 

deletion in the gus gene. Upon verifying the gus deletion, the pCas9-CR4 and pKDsgRNA-

GUS plasmids were cured according to the protocol by Reisch et al154.  

Cell-Based Assays 

WT and GUSΔ413-504 E. coli K-12 MG1655 were grown overnight in 10 mL LB 

and 100 μL were sub-cultured the following morning in 5 mL of fresh LB. Cells were grown 

to an OD of approximately 0.6 and used for the cell-based assay. Reactions were carried out 

in costar 96-well black clear bottom plates. Reaction volumes consisted of 90 µL of cells pre-

mixed with 700 μM PNPG and various concentrations of 10 µL inhibitor. This reaction was 

incubated for 24 h at 37 °C with a low evaporation lid. Incubations were quenched by 

addition of 50 µL of 0.2 M sodium carbonate. Absorbance values were measured at 410 nm 
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in a BMG lab tech PHERAstar plate reader. Percent inhibition and EC50 values were 

determined as described previously for the in vitro IC50 assay. 

Growth curve assay for WT and GUS Δ413-504 E. coli K-12 MG1655 cells 

Glycerol stocks of WT and GUSΔ413-504 E. coli K-12 MG1655 were used to 

inoculate 10 mL of LB broth and shaken overnight at 37 °C and 225 rpm. From these 

overnights, 100 μL were sub-cultured into 5 mL of fresh LB, of which 100 μL was added to a 

96-well black clear flat bottom plate. The plate was covered with a low evaporation lid and 

incubated at 37 °C in a PHERAstar plate reader with shaking at two-minute intervals for 30 

seconds at 700 rpm. The absorbance at 600 nm was also measured with orbital averaging at 

two-minute intervals over the course of approximately 8 h. 
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CHAPTER 6: STRUCTURE ACTIVITY RELATIONSHIP OF A PIPERAZINE-

CONTAINING INHIBITOR OF GUT BACTERIAL β-GLUCURONIDASES. 

 The human gut microbiome plays key roles in drug metabolism, including the 

reversal of detoxification reactions performed by the host liver. Many drugs are 

glucuronidated in the liver11, a phase II reaction mediated by uridine diphosphate 

glucuronosyl transferases (UGTs) that attach glucuronic acid (GlcA) to various functional 

groups present on xenobiotics. When the resulting drug-GlcA conjugates, or glucuronides, 

are secreted into the gastrointestinal tract, they encounter the gut microbiota and an arsenal of 

bacterial glycoside hydrolases (GHs). Gut bacterial β-glucuronidases (GUSs) hydrolyze 

glucuronides generated by the liver, reversing drug inactivation and detoxification159. The 

ramifications of this bacterial GUS activity include dose-limiting diarrhea of the 

chemotherapeutic irinotecan and small-intestinal ulceration caused by NSAIDs105,123. Thus, 

development of small-molecule bacterial GUS inhibitors is of considerable interest as 

adjuvants for toxic therapeutics. 

Selective small-molecule inhibition of gut bacterial GUSs has been shown to alleviate 

the toxic side effects of anticancer and anti-inflammatory drugs55,56,124. Over the past nine 

years, numerous bacterial GUS inhibitors have been discovered to alleviate the GI toxic side 

effects of irinotecan. The first selective bacterial GUS inhibitors were identified via an HTS 

with E. coli GUS160. These initial inhibitors were selective for bacterial GUS and non-toxic, 

setting the stage for non-antibiotic approaches to drug the gut microbiome. Other inhibitors 

have been developed (ref). While these inhibitors are potent against E. coli GUS, their 

mechanism of action and binding modes remain unclear161. More recently, the mechanism of 
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piperazine-containing GUS inhibitors was elucidated via kinetic and structural analysis, 

demonstrating a unique slow-binding and substrate-dependent mechanism131. Approved 

drugs that contain piperazine moieties are also gut bacterial GUS inhibitors which utilize the 

same mechanism. These studies have begun to refine our understanding of gut bacterial GUS 

inhibition, and will hopefully accelerate the development of adjuvant therapies. 

Here we detail a structure-activity relationship (SAR) of the piperazine-containing 

GUS inhibitor UNC10201652 (Figure 6.1A). We synthesized 28 analogs of UNC10201652 

and measured their efficacies against four distinct bacterial GUSs present in the human gut 

microbiome. We confirmed that the piperazine ring is essential to potent GUS inhibition, and 

that any modification to this moiety reduces potency against all bacterial GUSs examined. 

Modification to other moieties of UNC10201652 generally yielded moderate improvements 

in potency as well as enabled selectivity among bacterial GUS enzymes. Analysis of existing 

crystal structures combined with molecular docking suggest that differences in GUS loop 

structures are key determinants of potency and selectivity. Furthermore, kinetic and pH 

studies further support the unique substrate-dependent slow-binding mechanism previously 

proposed for piperazine-containing GUS inhibitors. Lastly, analysis of select analogs reveal 

selective, potent, and non-toxic inhibition in E. coli cells as well reduction of GUS activity in 

human fecal samples. Taken together, the SAR reported here reveals the molecular features 

that enable potent GUS inhibition and revealed several promising therapeutic candidates. 

RESULTS 

Piperazine is Essential for Potent GUS Inhibition 

We determined a structure-activity relationship for the previously characterized GUS 

inhibitor UNC10201652 by modifying four moieties: the piperazine, morpholine, triazine, 

and cyclohexyl (Figure 6.1A). A key feature of UNC10201652 is the piperazine that 
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interacts with the catalytic glutamates of GUS in a substrate-dependent manner (ref) (Figure 

6.1A, B). We further explored the effect of the piperazine on bacterial GUS inhibition by 

synthesizing ten analogs with a modified piperazine (Table 6.1). To analyze differences in 

potency, IC50 values for all synthesized analogs were determined with a p-nitrophenyl-β-D-

glucuronide (PNPG) assay and four distinct gut bacterial GUSs: Escherichia coli GUS 

(EcGUS), Streptococcus agalactiae GUS (SaGUS), Clostridium perfringens GUS (CpGUS), 

and Eubacterium eligens GUS (EeGUS) (Table 6.1). Changes to the secondary amine of the 

piperazine moiety, including the addition of a methyl group to the secondary amine 

(UNC4510) and the replacement of the secondary amine with an oxygen (UNC4365) or 

carbon (UNC10201651), yielded at least 100-fold reduction in potency (UNC4510) or 

complete loss of inhibition (UNC4365 and UNC10201651) in comparison to UNC10201652 

(Table 6.1). The complete loss of inhibition observed for UNC4365 and UNC10201651 

demonstrates that the previously observed ionic interaction between the piperazine and 

catalytic acid/base is essential for potent GUS inhibition by this chemotype (Figure 6.1A)131. 

Manual docking (see Experimental Section) of UNC4510 suggests that reduced affinity is 

likely a result of the limited space available near the piperazine upon binding to the GlcA-

linked enzyme, as the added methyl group would either clash with GlcA or prevent ideal  
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Figure 6.1 – Chemical structure, mechanism, and binding mode of UNC10201652. (A) 

Chemical structure of UNC10201652 with moieties investigated in this study highlighted. 

(B) Proposed mechanism of piperazine-containing GUS inhibitors. (C) Structures of the four 

gut bacterial GUS enzymes analyzed in this study with key loop structures show in green and 

adjuvant monomers in grey with inhibitor docked.
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Table 6.1 - Effect of varying the piperazine amine on in vitro potency against E. coli, S. 

agalactiae, C. perfringens, and E. eligens GUS.
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Figure 6.2 – Docking analysis of UNC10201652 piperazine analogs.
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interaction with the catalytic acid/base (Figure 6.2 A). Taken together, these results confirm 

the essential nature of the piperazine for potent GUS inhibition and further support the 

substrate-dependent mechanism of inhibition for the piperazine chemotype.  

In addition to direct changes to the piperazine secondary amine, changes to any part 

of the piperazine moiety reduced potency against the GUSs examined. The introduction of a 

bridging methylene (UNC4513) reduces potency by at least ten-fold (EcGUS) and up to 30-

fold (SaGUS) in comparison to UNC10201652 (Table 6.1). The bridged ring system of 

UNC4513 results in only one favorable binding orientation in comparison to two for the 

unmodified piperazine and may explain its reduced potency (Figure6.2B, C). The 

replacement of the piperazine with a seven-membered ring (UNC4511) displays at least 10-

fold weaker potency in comparison to the parent compound with all enzymes (Table 1). 

Moving the nitrogen to an exocyclic position (UNC4541) also reduces potency against all 

GUS enzymes analyzed, which may be a result of poor interaction with the catalytic 

acid/base glutamate or steric clash with GlcA (Figure 6.2D). Replacing the piperazine with 

an ethyl amine (UNC4540) reduces potency by at least 20-fold across all GUS enzymes 

tested, demonstrating that even an amine in the same position as the corresponding 

piperazine is unable to potently inhibit GUS (Table 6.1). UNC4351 replaces the piperazine 

with a piperidine and is linked to the core scaffold via an exocyclic nitrogen, a change that 

resulted in at least a ten-fold loss in potency against all GUS enzymes tested (Table 6.1). 

Docking analysis of UNC4351 reveals the loss of a key stacking interaction with a conserved 

tyrosine to accommodate the exocyclic amine (Figure 6.2E). The addition of methyl groups 

to the carbon adjacent to the secondary amine also reduces potency (UNC4601 and 

UNC4684), but much less so than the analogs discussed so far (Table 6.1). Docking analysis 
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of UNC4601 does not reveal any obvious steric clashes (Figure 6.2F). Taken together, these 

analogs show that the piperazine of UNC10201652 is essential for potent inhibition of gut 

microbial GUS enzymes. 

Morpholine modifications yield equivalent or improved potency 

We next investigated the morpholine ring of UNC10201652 and its role in GUS 

inhibition. UNC10206579 replaces the morpholine with a second piperazine and is either 

equipotent (EcGUS and SaGUS) or 2-fold better (CpGUS and EeGUS) than UNC10201652 

(Table 6.2). The improvements for CpGUS and EeGUS may be a result of improved 

interaction with the second piperazine, where the cyclohexyl group can interact with the 

numerous non-polar residues in CpGUS (F363 and M364) and EeGUS (M150) in the active 

site (Figure 6.3A, B). Replacement of the morpholine with a monomethyl amine 

(UNC10206581) improves the potency against EcGUS (0.029 ± 0.006 μM), SaGUS (0.088 ± 

0.008 μM), and CpGUS (0.034 ± 0.002 μM) in comparison to UNC10201652 (Table 6.2). 

The improved potency of UNC10206581 may be due to fewer steric constraints encountered 

from loop structures that drape over the active site, allowing for a better fit in the active sites 

of EcGUS, SaGUS, and CpGUS (Figure 6.1C, 6.3C). Furthermore, EcGUS, SaGUS, and 

EeGUS have larger hydrophobic groups near the monomethyl amine that may cause steric 

issues with the morpholine that are not present in UNC10206581 (Figure 6.3C). In contrast, 

replacement of the morpholine with a longer, aromatic benzyl amine moiety 

(UNC10206607) does not affect the potency with the GUS enzymes analyzed (Table 6.2), 

suggesting that the active site loops are mobile and can accommodate extended moieties in 

the aglycone binding region of the GUS active site. Replacement of the triazine with a 

diazine (UNC4628) results in equipotent inhibition for EcGUS, SaGUS, and CpGUS (Table  
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Table 6.2 - Effect of varying the morpholine and triazine moieties on in vitro potency 

against E. coli, S. agalactiae, C. perfringens, and E. eligens GUS.
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Figure 6.3 – Docking studies of morpholine analogs.
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6.2). Interestingly, UNC4628 is approximately 2-fold more potent against EeGUS, which 

may be due to more favorable interactions with M150, a unique residue in the EeGUS active 

site in comparison to the three other GUSs examined. Taken together, modifications to the 

morpholine either improve potency or are equipotent to UNC10201652. 

Cyclohexyl removal enables selectivity towards EcGUS and CpGUS 

Removal of the cyclohexyl group (UNC4830), a moiety near the aglycone binding 

region of the GUS active site (Figure 6.1A), improved potency approximately 4-fold and 3-

fold with EcGUS and CpGUS, respectively, but reduced potency 6-fold and 2-fold against 

SaGUS and EeGUS, respectively (Table 6.3). Both EcGUS and CpGUS have long loop 

structures that contain large aromatic residues at the active site, and thus the removal of the 

cyclohexyl group in UNC4380 appears to enable a better fit in their occluded active sites 

(Figure 6.1 and 6.4). In comparison, SaGUS and EeGUS have shorter loop sequences that 

may accommodate the cyclohexyl moiety and aid in binding. Taken together, removal of the 

cyclohexyl group enables selectivity among similar GUSs, a potentially useful trait for future 

inhibitor development. 

In addition to removal of the cyclohexyl moiety, we also explored attachments to the 

modified diazine to explore the space above the GlcA binding site (Figure 6.1A). Removal 

of the cyclohexyl and addition of a monomethyl amine (UNC4785) has relatively little 

impact on potency in comparison to UNC4830 for EcGUS and CpGUS (Table 6.3). For 

SaGUS and EeGUS, addition of the monomethyl amine is an improvement over UNC4830, 

which suggests that the monomethyl amine may form favorable contacts (Table 6.3). Indeed, 

EeGUS does have methionines near the monomethyl amine moiety, and may contribute to 

the improved binding of UNC4785 with EeGUS (Figure 6.4B). A combination of  
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Table 6.3 - Effect of varying the morpholine, cyclohexyl, and triazine moieties on in 

vitro potency against E. coli, S. agalactiae, C. perfringens, and E. eligens GUS.
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Figure 6.4 – Docking analysis analogs with cyclohexyl moiety removed.
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cyclohexyl removal and addition of a phenyl ring in place of the morpholine (UNC4652) is 

similar in potency to removal of the cyclohexyl alone (UNC4830) for all GUS enzymes 

examined (Table 6.3). This result corroborates other morpholine analogs that show that 

changes to this moiety do not greatly impact potency (Table 6.2). 

Combined modifications of cyclohexyl removal, replacement of the morpholine ring 

with a phenyl ring at position R2, and modifications of the triazine to a diazine (UNC4600) 

display improved potency against EcGUS and CpGUS over UNC4830 (Table 6.3). Other 

changes to the UNC4600 scaffold at position R3 do not yield major differences in potency, 

suggesting that the addition of small, non-polar moieties on the diazine do not significantly 

enhance or diminish their ability to bind to the four GUS enzymes examined (Table 6.3). 

While the addition of an ethoxy substituent on the diazine (UNC4847) does not impact 

potency significantly of EcGUS SaGUS and CpGUS, it does show significantly worse 

inhibition against EeGUS (Table 6.3). UNC4707 was approximately two-fold more potent 

than the parent compound against EeGUS (Table 6.3). As discussed previously for 

UNC4785, the unique dimethylamine of UNC4707 can interact with the methionine-

containing loop insert that hangs over the active site of EeGUS (Figure 6.4C). 

Lastly, we synthesized analogs with modifications to both the R2 and R3 position in 

addition to removal of the cyclohexyl moiety. These analogs are among the most potent 

examined against EcGUS (UNC4911, UNC4910). These are the smallest compounds tested 

and may fit better in the more occluded active site of both EcGUS and CpGUS (Figure 

6.1C). While these smaller analogs are potent against EcGUS and CpGUS, they are much 

weaker against SaGUS and EeGUS. UNC4666 display nanomolar potency against EcGUS 

and CpGUS, but micromolar potency against SaGUS and EeGUS, making it the most 
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selective of all analogs characterized (Table 6.3). Taken together, it appears that the smaller 

analogs are more potent with EcGUS and CpGUS but worse against SaGUS and EeGUS. 

Thus, these analogs may prove useful in the future to selectively target specific bacterial 

GUS enzymes.  

Kinetic analysis and pH dependence of piperazine-containing GUS inhibitors 

 We selected five compounds from the SAR of UNC10201652 for further analysis, 

including the parent compound UNC10201652 and the following analogs: UNC10206579, 

UNC10206581, UNC4707, and UNC4911 (Table 6.1, 6.2, and 6.3). These compounds were 

selected for their potent inhibition against all GUS enzymes tested and their structural 

diversity. Previous studies with UNC10201652 and UNC4917 revealed that they inhibit 

GUS via substrate-dependent slow-binding inhibition131. Thus, we tested if other piperazine-

containing inhibitors also display substrate-dependent slow-binding. Indeed, each inhibitor 

displayed non-linear progress curves indicative of slow-binding inhibition (Figure 6.5 and 

Figure 6.6)146. Furthermore, quantitative analysis of slow-binding inhibition revealed slow-

binding efficiencies that mirror the IC50s observed in vitro (Figure 6.6B). To determine if 

slow-binding was substrate-dependent, we performed jump dilution experiments in which 

GUS was pre-incubated with either inhibitor alone or a combination of inhibitor and 

substrate. Indeed, the onset of steady-state inhibition was only observed when GUS was 

incubated with both inhibitor and substrate (Figure 6.6C), suggesting that the analogs of 

UNC10201652 also inhibit GUS via substrate-dependent slow-binding. 

 Previous work has shown that UNC10201652 is pH dependent, where inhibition is 

significantly reduced at lower pH values162. We analyzed the pH-dependence of piperazine-

containing GUS inhibitors in the present study to further understand the  
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Figure 6.5 – Kinetic analysis and pH dependence studies of piperazine-containing GUS 

inhibitors. 
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Figure 6.6-Kinetic analysis of select analogs.



 222 
 

mechanism of these gut bacterial GUS inhibitors. Potency was measured from pH 5 to 8 to 

assess the effect of pH on GUS inhibition by UNC10201652. IC50s differ by 4-fold (EcGUS) 

to as much as 600-fold (EeGUS) across the pH range tested (Figure 6.5C and 6.7). The 

piperazine secondary amine has a pKa values of about 9, which suggests that the pH 

dependence of inhibition is likely due to titration of the catalytic acid/base glutamate of GUS. 

Previous studies of retaining glycoside hydrolases have revealed a significantly perturbed 

pKa of the catalytic acid/base (Figure 6.5D)163. Thus, a pKa of 6.5 for the catalytic acid/base 

of GHs has precedent. Indeed, the acid/base of retaining GHs has been observed to cycle 

between high and low pKa states during catalysis, which may control the substrate-dependent 

slow-binding observed for piperazine-containing inhibitors163. We hypothesize that the 

titration of this catalytic acid base significantly impacts the ionic interaction between the 

piperazine, thus drastically impacting potency (Figure 6.5D). The pH dependence outlined 

here corroborates previous work and suggests that these inhibitors likely display distinct 

potencies depending on where they act in the human GI tract. 

Selectivity of piperazine-containing GUS inhibitors  

To determine the selectivity of piperazine-containing inhibitors identified in the SAR 

effort, we tested inhibition with the closely related GH2 β-galactosidase from E. coli and the 

mammalian GUS ortholog from bovine liver UNC10201652. Partial inhibition of E. coli β-

galactosidase is evident at 10 μM of select analogs (Figure 6.8A), suggesting that glycoside 

hydrolases beyond GUSs may be inhibited by piperazine-containing inhibitors. E. coli β-

galactosidase is a tetramer like the Loop 1 GUS enzymes described here but does not appear 

to have loop structures near the active site that would aid in inhibitor binding. In contrast to 

E. coli β-galactosidase, bovine liver GUS displayed no inhibition at 10 μM for all  
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Figure 6.7 - IC50 plots of pH dependence studies.
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Figure 6.8 – Selectivity, in-cell potency, and in fimo inhibition by select analogs.
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inhibitors tested (Figure 6.8B). This corroborates previous studies that have shown that other 

bacterial GUS inhibitors fail to inhibit the mammalian ortholog123. The rationale for 

selectivity for bacterial over human GUS is well-established to be the absence of the loop 

structures present in the Loop 1 GUS enzymes detailed in this study and in previous work123. 

Potency and cell toxicity of piperazine-containing inhibitors in E. coli cells 

 To assess the in-cell potency of select UNC10201652 analogs, we performed cell-

based inhibition assays with a WT and a previously generated inactive GUS strain of E. coli 

K12 MG1655131. All analogs revealed potent inhibition in E. coli cells (Figure 6.8C). The 

EC50 values largely resemble the SAR revealed from in vitro IC50 values with purified E. coli 

GUS (Figure 6.8C and 6.9). Given that E. coli GUS is co-expressed with a system for 

glucuronide sensing and transport to shuttle substrate into the cell164, it appears that the 

inhibitors tested penetrate E. coli cells. To confirm that inhibition observed in E. coli cells 

was due to selective inhibition of GUS and not cell toxicity, we tested cell growth of WT E. 

coli K12 MG1655 cells in the presence of 10 μM of select analogs and the parent compound 

UNC10201652. No effect was observed for E. coli cell growth with all compounds tested 

(Figure 6.10), suggesting that inhibition observed is due to selective targeting of GUS. 

Dose-dependent and pH-dependent inhibition of SN-38-G turnover in fimo 

 Lastly, to assess GUS inhibition by piperazine-containing inhibitors in the biological 

complexity of the human gut microbiome, we tested inhibition of GUS-mediated SN-38-G 

turnover in human fecal supernatants, or in fimo165. In short, a human fecal sample lysate was 

prepared to remove fibrous debris and extract protein, the resultant extract was mixed with 

the relevant substrate SN-38-G and activity was measured continuously with a previously  
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Figure 6.9 – Dose-dependent inhibition of GUS activity in E. coli. 
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Figure 6.10 – Growth curves in the presence of 10 μM of select analogs.
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characterized fluorescent assay126. We tested UNC10201652 and select analogs for their 

ability to block SN-38-G turnover in fimo. All inhibitors display dose-dependent inhibition of 

SN-38-G turnover (Figure 6.8F). Interestingly, despite marked improvement of potency in 

vitro for selected analogs, all analogs reduced GUS activity to a similar extent, but 

UNC10201652 displayed the greatest reduction in activity at 100 nM. Since inhibition by the 

piperazine-containing chemotype is pH-dependent, we also measured how inhibition by 

UNC10201652 varied with pH in fimo. Like in vitro pH studies, potency generally increased 

with increasing pH (Figure 6.8F). Unlike our in vitro findings, there is a reduction in 

potency at pH 8, which may be due to properties of other GUSs present in the fecal sample 

that we did not characterize in our in vitro studies. Taken together, this analysis shows that 

the compounds developed herein display potent inhibition of GUS-mediated SN-38-G 

turnover in complex human fecal sample. Given that the composition of the gut microbiome 

plays key roles in phenotypic outcomes, future studies will be needed to test inhibition 

against a range of human samples to assess the utility of these compounds in diverse 

biological samples. 

CONCLUSION 

Here we show the structure activity relationship of a piperazine-containing GUS 

inhibitor and assess the ability of these inhibitors to potently inhibit GUS activity in the 

complex setting of the gut microbiome. The SAR effort revealed the piperazine as an 

essential warhead for GUS inhibition, and the other moieties enable selectivity among similar 

GUS enzymes. Like previously characterized bacterial GUS inhibitors, the piperazine-

containing inhibitors are also selective for bacterial GUS over the human ortholog and are 

potent in cell-based assays. Lastly, the inhibitors outlined here are also potent inhibitors of 
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GUS activity in a complex fecal extract, suggesting that piperazine-containing GUS 

inhibitors may be viable adjuvants for the alleviation of the toxic side effects of essential 

therapeutics. 

EXPERIMENTAL SECTION 

Protein expression and purification 

All proteins were purified as previously described131. In brief, all proteins were expressed as 

N-terminal His-tag fusions in E. coli and purified by both Ni-affinity chromatography and 

size exclusion chromatography. All proteins displayed at least 95% purity by SDS-PAGE 

and were snap frozen in liquid nitrogen and stored at -80 °C. 

In vitro GUS inhibition assay 

Inhibition of GUS was determined with an endpoint assay utilizing the standard PNPG 

substrate. Inhibitors were diluted 3-fold, starting at 100 μM and pre-mixed with enzyme (15 

nM) prior to initiating the reaction with PNPG (900 μM). Final reaction volume was 50 μL 

with 5 μL enzyme, 5 μL inhibitor, 5 μL water, 5 μL buffer (pH 7.5, 25 mM HEPES and 

NaCl), and 30 μL substrate. Reactions were incubated for 1 hour at 37 °C and then quenched 

with 50 μL of 0.2 M sodium carbonate. Endpoint absorbance values were then determined in 

a BMG labtech PHERAstar plate reader. Resultant data were converted to percent inhibition 

and fit with a 4-parameter logistic function for determination of the IC50 values. 

Structure-guided docking of GUS inhibitors 

Docking of novel analogs were based on the crystal structure of EeGUS bound to UNC4917 

(PDB: 6BO6). Ligand generation was performed in Phenix software suite and manual 

placement of resultant ligands were performed in PyMOL. Ligands were initially placed to 

match UNC4917 binding mode, and then conservatively modified to account for difference 

in the structures of the distinct GUS enzymes analyzed. 
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Bacterial cell toxicity assay 

Bacterial cell toxicity was assessed as described previously131. In brief, overnight cultures of 

WT E. coli MG1655 K-12 were grown and sub-cultured the following morning. Sub-cultures 

were subject to 10 μM of various inhibitors and growth was monitored over the course of 8 

hours to monitor inhibitor toxicity.  

Compound synthesis 

See appendix. 



 231 
 

 

 

 

CHAPTER 7: FUTURE DIRECTIONS TO ELUCIDATE AND CONTROL THE 

CORE FUNCTIONS OF GUT BACTERIAL β-GLUCURONIDASE 

 While the structural landscape of bacterial GUS enzymes has become much clearer, 

we still know very little about the core function of GUS with respect to human health. Part of 

understanding what role GUS plays in human health will be the identification of the gut 

microbes primarily responsible for GUS activity. We now know the full complement of 

potential GUSs based on metagenomic analysis136, but it remains unclear which GUSs are 

transcribed, expressed, and functionally active in the gut microbiome. One approach to 

determining the active GUSs in the gut microbiome is activity-based protein profiling 

(ABPP). Probes of retaining GUS enzymes have recently been developed to target the human 

GUS ortholog as a potential diagnostic for host diseases166. Since these probes target the 

mechanism of GUS that is shared between both human and bacterial orthologs, they can 

likely be utilized to profile functionally active GUS enzymes from the microbiome as well. 

Utilization of ABPP for the analysis of GUS has the potential to move the field from 

metagenomes to proteomes, a much-needed scientific advance given the massive genetic 

content of the gut microbiome. Even for bacterial GUS enzymes alone, 279 proteins has 

proved difficult to even begin to characterize, and while progress has been made over the 

past 9 years, it is not clear that the GUS enzymes that have been characterized are the ones 

that are expressed and processing medically relevant substrates.  

 Beyond the identification of relevant GUS enzymes, understanding how microbes 

interact with glucuronides will be critical to understanding the core function of GUS in the 
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gut microbiome. The most basic questions surrounding bacterial GUS remain unanswered. 

For example, why do microbes metabolize glucuronides? The current hypothesis is that 

microbes utilize glucuronic acid as a carbon source, and the ability to access glucuronides 

may serve as a competitive advantage in the gut microbiome. Testing this hypothesis will 

require a strong microbiology effort to assess the ability of numerous strains, possibly 

identified via ABPP of bacterial GUS, to grow and compete for glucuronide substrates. In 

addition to probing why microbes process glucuronides, we can also begin to answer 

questions posed in this dissertation by taking a microbiology approach. What is the role of 

the FMN-binding site in those GUSs that contain it? Finding a genetically tractable microbe 

that encodes an FMN-binding GUS may allow us to begin to probe the activity of these GUS 

enzymes in the context of their function in the gut microbiome. What are the cognate GlcA-

containing substrates of gut microbes? Exposing microbes to a panel of substrates and 

measuring expression of relevant GUS enzymes could help accelerate the identification of 

relevant substrates. Once these basic questions are answered, select microbes can be utilized 

to colonize gnotobiotic mice to elucidate their effects on host physiology. 

 Another approach to identifying the core function of GUS is development of pan 

inhibitors of bacterial GUS. Given the genetic complexity of the gut microbiome and its 

location in the human gut, genetic approaches to knocking out bacterial GUS activity remain 

out of reach. The lack of genetic approaches to probing the microbiome puts chemical 

biology approaches at the forefront in this field. As has been shown in this dissertation, small 

molecules can serve as powerful tools to inhibit gut microbial enzymes. Unfortunately, the 

selective bacterial GUS inhibitors we have developed only target a small slice of the entire 

‘GUSome’.  Thus, our current panel of inhibitors are not great tool compounds for assessing 
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the global role of bacterial GUS activity in the structure and function of the gut microbiome 

or host physiology. Future work, potentially utilizing technology developed for ABPP of 

GUS 166, could be used to block GUS activity. Coupling these chemical biology approaches 

to metagenomics, metabolomics, and proteomics may catalyze the discovery of relevant 

substrates, enzymes, and microbes, and ultimately reveal the core function of bacterial GUS 

in host physiology. 
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APPENDIX: CHEMICAL SYNTHESIS AND CHARACTERIZATION 

Synthesis and Characterization of UNC10201652, UNC4917, UNC4510, UNC5671, 

UNC10201651, and UNC5670 

All starting materials were commercially procured and were used without further purification, 

unless specified. Analytical LCMS data for all compounds were acquired using an Agilent 

6110 Series system with the UV detector set to 220 nm. Samples were injected (<10 µL) onto 

an Agilent Eclipse Plus 4.6 × 50 mm, 1.8 µm, C18 column at room temperature. Mobile phases 

A (H2O + 0.1% acetic acid) and B (MeOH + 0.1% acetic acid) were used with a linear gradient 

from 10% to 100% B in 5.0 min, followed by a flush at 100% B for another 2 minutes with a 

flow rate of 1.0 mL/min. Mass spectra (MS) data were acquired in positive ion mode using an 

Agilent 6110 single quadrupole mass spectrometer with an electrospray ionization (ESI) 

source. Nuclear Magnetic Resonance (NMR) spectra were recorded on a Varian Mercury 

spectrometer at 400 MHz for proton (1H NMR); chemical shifts are reported in ppm (δ) relative 

to residual protons in deuterated solvent peaks. Due to intramolecular hydrogen-bonding, 

hydrogendeuterium exchange between the amide protons of the molecule and the deuterated 

solvent is slow and requires overnight equilibration for complete exchange. Normal phase 

column chromatography was performed with a Teledyne Isco CombiFlash®Rf using silica 

RediSep®Rf columns with the UV detector set to 220 nm and 254 nm. The mobile phases used 

are indicated for each compound. Reverse phase column chromatography was performed with 

a Teledyne Isco CombiFlash®Rf 200 using C18 RediSep®Rf Gold columns with the UV 

detector set to 220 nm and 254 nm. Mobile phases of A (H2O + 0.1% TFA) and B (MeCN) 

were used with default column gradients. Preparative HPLC was performed using an Agilent 

Prep 1200 series with the UV detector set to 220 nm and 254 nm. Samples were injected onto 
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a Phenomenex Luna 250  30 mm, 5 µm, C18 column at room temperature. Mobile phases of 

A (H2O + 0.1% TFA) and B (MeOH or MeCN) were used with a flow rate of 40 mL/min. A 

general gradient of 0-15 minutes increasing from 10 to 100% B, followed by a 100% B flush 

for another 5 minutes. Small variations in this purification method were made as needed to 

achieve ideal separation for each compound. Analytical LCMS (at 220 nm) and NMR were 

used to establish the purity of targeted compounds. All compounds that were evaluated in 

biochemical and biophysical assays had >95% purity as determined by 1HNMR and LC-MS. 

Scheme 1. Synthesis of UNC10201652 and its analogs. 

 

Reagents and conditions: (i) malononitrile, CS2, Et3N, MeOH, reflux, 40% (ii) morpholine, 

EtOH, reflux, 76% (iii) 2-chloroacetonitrile, KOH, DMF, 69% (iv) conc. HCl, NaNO2, H2O, 

rt, 92% (v) NHR1R2, K2CO3, CH3CN, reflux, 19-43% (vi) 20% TFA in DCM , 0 oC, 99% 

(vii) AcOH, MeOH 59%  (viii) MeI, MeOH, 70 oC microwave, 14% 

 

General procedure A  

To a solution of 4 (85 mg, 0.23 mmol, 1.0 eq.) in CH3CN (2 mL) was added K2CO3 (300 mg) 

and the respective secondary amine reactant (0.59 mmol, 2.5 eq.), and the reaction mixture was 
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heated under reflux overnight. Upon completion, the reaction was quenched by addition of 20 

mL of sat. NaHCO3 solution. The aqueous phase was extracted with CH2Cl2 (3×20 mL) and 

the organic layers were combined, washed with brine, dried over anhydrous Na2SO4, and 

filtered. Solvent was removed by rotary evaporation to obtain a dark brown crude material. 

The crude material was adsorbed onto silica gel and purified by silica gel flash column 

chromatography (0 - 20% (5% NH4OH in MeOH) in DCM) to afford desired product in 

quantitative yields. 

3-amino-1-thioxo-5,6,7,8-tetrahydro-1H-isothiochromene-4-carbonitrile (1): To a 

solution of cyclohexanone (5.0 g, 5.3 mL, 51 mmol, 1.0 eq.) in 16 mL of methanol was slowly 

added carbon disulfide (7.8 g, 6.1 mL, 102 mmol, 2.0 eq.) and malononitrile (3.4 g, 51 mmol, 

1.0 eq.), and the mixture was stirred for 5 minutes while maintaining the temperature below 

20°C. Triethylamine (2.5 mL) was added, and the reaction mixture was stirred overnight at rt. 

Precipitated product was filtered, washed with methanol, and vacuum dried to provide 1 as an 

orange solid (4.3 g, 40%). 1H NMR (400 MHz, DMSO-d6) δ 8.69 (s, 2H), 2.68 (m, 2H), 2.59 

(m, 2H), 1.68 (m, 4H). LC-MS (λ = 254 nm): 99%, tR = 5.9 min. MS (ESI+): 223 [M+H]+.  

1-morpholino-3-thioxo-2,3,5,6,7,8-hexahydroisoquinoline-4-carbonitrile (2): To a 

suspension of 1 (4.0 g, 18 mmol, 1.0 eq.) in ethanol (15 mL) was added morpholine (8 mL, 90 

mmol, 5 eq.) and the mixture was heated under reflux overnight. Precipitated product was 

cooled to rt, degassed with nitrogen, filtered, washed with ethanol, and vacuum dried to obtain 

2 as an orange solid (3.8 g, 76%).  1H NMR (400 MHz, DMSO-d6) δ 4.33 – 4.27 (m, 1H), 3.74 

(m, 4H), 3.67 (m, 4H), 2.61 (t, J = 5.8 Hz, 2H), 2.41 (t, J = 5.8 Hz, 2H), 1.77 – 1.65 (m, 2H), 

1.62 – 1.52 (m, 2H). LC-MS (λ = 254 nm): 99%, tR = 4.9 min. MS (ESI+): 276 [M+H]+. 
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1-amino-5-morpholino-6,7,8,9-tetrahydrothieno[2,3-c]isoquinoline-2-carbonitrile (3): To 

a solution of 2 (3.0 g, 11 mmol, 1.0 eq.) in 22 mL of DMF was added 2-chloroacetonitrile (0.8 

mL, 11.99 mmol, 1.1 eq.), and the mixture was stirred at rt for 1 hr. Then the first portion of 

aq. KOH (10% w/v, 5.5 mL) was added to the reaction mixture and it was stirred at rt overnight, 

after which a second portion of aq. KOH (10% w/v, 5.5 mL) was added to the reaction mixture 

and stirred for another 4 hr at room temperature. Water (50 mL) was added to the precipitated 

solid product after which it was filtered and vacuum dried to obtain 3 as a pinkish yellow solid 

(2.36 g, 69%). 1H NMR (400 MHz, DMSO-d6) δ 6.35 (s, 2H), 3.84 – 3.70 (m, 4H), 3.27 (t, J 

= 6.5 Hz, 2H), 3.19 – 3.10 (m, 4H), 2.64 (t, J = 5.7 Hz, 2H), 1.88 – 1.75 (m, 2H), 1.70 – 1.58 

(m, 2H). LC-MS (λ = 254 nm): 99%, tR = 5.9 min. MS (ESI+): 315 [M+H]+.  

4-(8-chloro-1,2,3,4-tetrahydro-[1,2,3]triazino[4',5':4,5]thieno[2,3-c]isoquinolin-5-

yl)morpholine (4): A solution of sodium nitrite (1.5 g, 22 mmol, 3.0 eq.) in water (7.3 mL) 

was added dropwise to a suspension of 3 (2.3 g, 7.3 mmol, 1.0 eq.) in conc. HCl acid (15 mL) 

at 0-5 C over a period of 30min. The mixture was stirred for 1 hr at 0-5 C and then allowed 

to stir at rt overnight.  Water (100 mL) was added to the precipitated product after which it was 

filtered, washed with water, and vacuum dried to obtain 4 as a yellow solid (2.4 g, 92%). 1H 

NMR (400MHz ,CDCl3-d)  = 3.88 (t, J = 4.7 Hz, 4 H), 3.73 (t, J = 6.7 Hz, 2 H), 3.43 (t, J = 

4.7 Hz, 4 H), 2.72 (t, J = 5.7 Hz, 2 H), 2.07 - 1.96 (m, 2 H), 1.88 - 1.76 (m, 2 H)LC-MS (λ = 

254 nm): 99%, tR = 6.4 min. MS (ESI+): 362 [M+H]+.  

 

Tert-butyl 4-(5-morpholino-1,2,3,4-tetrahydro-[1,2,3]triazino[4',5':4,5]thieno[2,3-

c]isoquinolin-8-yl)piperazine-1-carboxylate (5):  To a solution of 4 (85 mg, 0.23 mmol, 1.0 

eq.) in CH3CN (2 mL) was added K2CO3 (300 mg) and 1-Boc-piperazine (110 mg, 0.59 mmol, 
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2.5 eq.) and the reaction mixture was heated under reflux overnight. Upon completion, the 

reaction was quenched by addition of 20 mL of sat. NaHCO3 solution. The aqueous phase was 

extracted with CH2Cl2 (3×20 mL) and the organic layers were combined, washed with brine, 

dried over anhydrous Na2SO4, and filtered. Solvent was removed by rotary evaporation to 

obtain a dark brown crude material. The crude material was adsorbed onto silica gel and 

purified by silica gel flash column chromatography (0 - 20% (5% NH4OH in MeOH) in DCM) 

to afford 5 as a pale yellow solid (50 mg, 43%).1H NMR (400 MHz, CDCl3-d) δ 4.08 – 4.02 

(m, 4H), 3.92 – 3.83 (m, 4H), 3.77 (t, J = 6.7 Hz, 2H), 3.68 – 3.60 (m, 4H), 3.38 – 3.30 (m, 

4H), 2.73 (t, J = 5.8 Hz, 2H), 2.03 – 1.94 (m, 2H), 1.85 – 1.76 (m, 2H), 1.49 (s, 9H). LC-MS 

(λ = 254 nm): 99%, tR = 6.5 min. MS (ESI+): 512 [M+H]+.  

4-(8-(piperazin-1-yl)-1,2,3,4-tetrahydro-[1,2,3]triazino[4',5':4,5]thieno[2,3-c]isoquinolin-

5-yl)morpholine (UNC10201652, 6): To a solution of 5 (50 mg, 0.098 mmol) in CH2Cl2 (1 

mL) at 0 C was added trifluoroacetic acid (1 mL) and the reaction mixture was stirred until 

completion at room temperature. The solution was washed with saturated NaHCO3 solution, 

dried over anhydrous Na2SO4, filtered, and vacuum concentrated to obtain 6 as a yellow solid 

(40 mg, 99%). 1H NMR (400 MHz, CDCl3-d) δ 9.91 (s, 1H), 4.36 (s, 4H), 3.92 – 3.79 (m, 4H), 

3.68 (t, J = 6.2 Hz, 2H), 3.48 (s, 4H), 3.40 – 3.31 (m, 4H), 2.71 (t, J = 5.6 Hz, 2H), 1.97 (m, 

2H), 1.79 (m, 2H). LC-MS (λ = 254 nm): 99%, tR = 5.0 min. MS (ESI+): 412 [M+H]+. 

4-(8-(4-methylpiperazin-1-yl)-1,2,3,4-tetrahydro-[1,2,3]triazino[4',5':4,5]thieno[2,3-

c]isoquinolin-5-yl)morpholine (UNC4510, 7): Compound 7 was synthesized using 1-

methylpiperazine by general procedure A to afford a pale yellow solid (74% yield). 1H NMR 

(400 MHz, CDCl3-d) δ 4.12 – 4.05 (m, 4H), 3.90 – 3.82 (m, 4H), 3.76 (t, J = 6.7 Hz, 2H), 3.37 
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– 3.28 (m, 4H), 2.72 (t, J = 5.9 Hz, 2H), 2.63 – 2.55 (m, 4H), 2.35 (s, 3H), 2.03 – 1.91 (m, 2H), 

1.84 – 1.74 (m, 2H). LC-MS (λ = 254 nm): 99%, tR = 5.7 min. MS (ESI+): 426 [M+H]+. 

4-(8-(piperidin-1-yl)-1,2,3,4-tetrahydro-[1,2,3]triazino[4',5':4,5]thieno[2,3-c]isoquinolin-

5-yl)morpholine (UNC10201651, 8)  Compound 8 was synthesized using piperidine by 

general procedure A to afford a pale yellow solid (Yield 54%). 1H NMR (400 MHz, CDCl3-d) 

δ 4.02 (dd, J = 6.0, 3.8 Hz, 4H), 3.90 – 3.82 (m, 4H), 3.76 (t, J = 6.6 Hz, 2H), 3.35 – 3.27 (m, 

4H), 2.72 (t, J = 5.9 Hz, 2H), 2.02 – 1.91 (m, 2H), 1.77 (m, 8H). LC-MS (λ = 254 nm): 99%, 

tR = 7.2 min. MS (ESI+): 411 [M+H]+. 

(2S,3S,4S,5R)-3,4,5-trihydroxy-6-(4-(5-morpholino-1,2,3,4-tetrahydro-

[1,2,3]triazino[4',5':4,5]thieno[2,3-c]isoquinolin-8-yl)piperazin-1-yl)tetrahydro-2H-

pyran-2-carboxylic acid (UNC5670, 9):  In a flame-dried 100 mL flask equipped with a stir 

bar were added 6 (200 mg, 0.485 mmol), sodium (2R,3R,4R,5S)-3,4,5,6-

tetrahydroxytetrahydro-2H-pyran-2-carboxylate (0.315 g, 1.46 mmol), and an acetic acid and 

methanol mixture (ratio 1:8; 15ml). The resultant mixture was allowed to stir at rt for 5 min 

before heating to 40 oC and stirred overnight. Upon consumption of 6 as indicated by the 

LC/MS, the mixture was cooled to rt and concentrated under reduced pressure. The mixture 

was azeotroped with toluene (5x) to evaporate residual acetic acid. A precipitate was formed 

upon addition of 1M aqueous sodium hydroxide (2ml) to the crude mixture. The crude mixture 

was filtered and the precipitate was subsequently washed with acetone (15ml) and DCM 

(15ml). The precipitate was dried under high-vacuum overnight to afford 9 as a pale white 

amorphous solid (170 mg, 59.52%). Compound 9 was isolated as an inseparable 1:1 mixture 

of α and β diastereomers. The diasteromeric ratio was determined using 1H NMR based on 

anomeric protons for α (5.13 (d, J = 3.5 Hz, 1 H)) and β (4.51 (d, J = 7.8 Hz, 1 H)). 1H NMR 
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(400MHz ,METHANOL-d4) d = 5.13 (d, J = 3.5 Hz, 1 H), 4.71 (d, J = 1.2 Hz, 1 H), 4.51 

(d, J = 7.8 Hz, 1 H), 4.34 (s, 1 H), 4.31 - 4.26 (m, 5 H), 4.25 (s, 1 H), 4.06 (d, J = 1.6 Hz, 1 H), 

3.86 (t, J = 4.3 Hz, 8 H), 3.79 (d, J = 9.8 Hz, 2 H), 3.76 - 3.63 (m, 4 H), 3.57 - 3.49 (m, 10 H), 

3.42 (d, J = 3.5 Hz, 1 H), 3.40 - 3.36 (m, 2 H), 3.20 - 3.15 (m, 1 H), 2.76 (t, J = 5.7 Hz, 4 H), 

2.01 - 1.91 (m, 4 H), 1.83 - 1.72 (m, 4 H). LC-MS (λ = 254 nm): 99%, tR = 1.33 min. MS 

(ESI+): 588.50 [M+H]+. 

1,1-dimethyl-4-(5-morpholino-1,2,3,4-tetrahydro-[1,2,3]triazino[4',5':4,5]thieno[2,3-

c]isoquinolin-8-yl)piperazin-1-ium (UNC5671, 10): In a flame dried 10 mL microwave vial 

equipped with a stir bar were added 6 (100 mg, 0.242 mmol) and K2CO3 (0.033 g, 0.242 

mmol) followed by  methanol (2 mL) and methyl iodide (0.103 g, 0.045 mL, 0.728 mmol). The 

resultant mixture was irradiated at 70 oC for 30 min, 250 W. The solvent was evaporated under 

reduced pressure and the crude mixture was first purified using silica gel flash column 

chromatography (0 - 20% (5% NH4OH in MeOH) in DCM)). The desired material was 

isolated, concentrated, and re-dissolved in methanol (0.5ml) and then purified further by 

preparative-HPLC ((H2O + 0.1% TFA)/MeCN) to afford 9 as a pale white solid (15.1 mg, 

14.2%). 1H NMR (400 MHz, CD3OD-d4) δ = 4.42 (t, J = 4.7 Hz, 4H), 3.87 (t, J = 4.3 Hz, 4H), 

3.78 (t, J = 4.7 Hz, 4H), 3.59 (t, J = 6.3 Hz, 2H), 3.38 (s, 6H), 3.34 (t, J = 4.3 Hz, 4H), 2.77 (t, 

J = 5.5 Hz, 2H), 2.04 - 1.94 (m, 2H), 1.84 - 1.75 (m, 2H). LC-MS (λ = 254 nm): 99%, tR = 4.56 

min. MS (ESI+): 440.25 [M+H]+. 
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1H NMR Spectra: 
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