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Abstract 

[Purpose] UDP-glucuronosyltransferases (UGTs) catalyze the glucuronidation reaction 

which has been increasingly recognized as an important metabolic and detoxification 

pathway. Contrasting with the functional significance of UGTs, little is known about the 

molecular mechanisms of how UGT recognizes its substrates. Therefore, the overall 

goal of this thesis is to elucidate the catalytic selectivity of human UGTs. To approach 

this goal, three specific aims are 1) to determine the regioselectivity of UGT1A isoforms 

via kinetic profiling (a) and to identify two in vitro probes for hepatic UGT1A1 based on 

the enzyme’s regioselectivity (b); 2) to determine the UGT1A9-mediated glucuronidation 

parameters for selected flavonols (n=30) and establish a pharmacophore-based in silico 

model using this dataset; 3) to determine UGT1A9-mediated glucuronidation parameters 

for a large class of structurally diverse phenolics (n=145) and to establish a more 

generalized in silico model based on this large database. 

[Methods] In the absence of a three-dimensional structure of the full-length enzyme, we 

employed a ligand-based QSAR approach in combination with experimentally 

determined “expert” knowledge. “Expert” knowledge was incorporated into a model to 

tackle the challenges in model construction and to ensure model quality. On the 

experimental side, the interaction of UGT-substrate was characterized by kinetic 

determination, which involves measuring glucuronidation rates at various concentrations 

of a substrate, and deriving the kinetic parameters (Km, Vmax, and CLint) by model fitting. 

On the in silico side, powerful QSAR techniques (Comparative Molecular Field Analysis 

(CoMFA) and/or Comparative Molecular Similarity Indices Analysis (CoMSIA)) combined 
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with protein homology modeling were used to analyze the structure-activity relationships 

and uncover the structural features for good or poor UGT substrates. 

[Results] 1a) UGT1A1 and 1A3 regioselectively metabolize 7-OH of flavonols, whereas 

UGT1A7, 1A8, 1A9 and 1A10 prefer to glucuronidate 3-OH group. UGT1A1 and 1A9 are 

the most efficient conjugating enzymes with Km values of ≤1 µM. 1b) UGT1A1 and 1A9 

are the main isoforms for glucuronidating the two flavonoid probes 3,3’,4’-

trihydroxyflavone (33’4’THF) and 3,6,4’-trihydroxyflavone (364’THF), where UGT1A1 

accounts for 92 ± 7 % and 91 ± 10 % of 4’-O-glucuronidation of 33’4’THF and 364’THF, 

respectively, and UGT1A9 accounts for most of the 3-O-glucuronidation. Highly 

significant correlations (R2� > 0.944, p < 0.0001) between the rates of flavonoids 4’-O-

glucuronidation and that of estradiol-3-glucuronidation or SN-38 glucuronidation are 

observed across 12 human liver microsomes (HLMs). 2) The derived CoMFA models for 

30 flavonols possess good internal and external consistency and show statistical 

significance and substantive predictive abilities (Vmax model: q2 = 0.738, r2= 0.976, r2
pred = 

0.735; CLint model: q2 = 0.561, r2= 0.938, r2
pred = 0.630). The contour maps derived from 

CoMFA modeling clearly indicate structural characteristics associated with rapid or slow 

3-O-glucuronidation of flavonols. 3) The 3D-QSAR analyses based on 145 phenolics 

produce statistically reliable models with good predictive power (CoMFA: q2 = 0.548, r2= 

0.949, r2
pred = 0.775; CoMSIA: q2 = 0.579, r2= 0.876, r2

pred = 0.700). The contour 

coefficient maps generated from CoMFA/CoMSIA are applied to elucidate structural 

features among substrates that are responsible for the selectivity differences. 

Furthermore, the contour coefficient maps are overlaid in the catalytic pocket of a 
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homology model of UGT1A9; this enabled us to identify the UGT1A9 catalytic pocket 

with a high degree of confidence. 

[Conclusion] The extensive kinetic characterization on the formation of multiple 

glucuronides from a UGT substrate indicates that multiple distinct binding modes within 

the catalytic domain are possible for a substrate molecule. Interestingly, in our study, 

formation of 4’-O-glucuronides from 33’4’THF and 364’THF is proven to be the excellent 

markers for hepatic UGT1A1, and for UGT1A1-mediated glucuronidation of SN-38. 

Further, we for the first time demonstrate that the approach of coupling CoMFA analysis 

with a pharmacophore-based structural alignment is viable for constructing a predictive 

model for regiospecific glucuronidation of flavonols by UGT1A9. In addition, based on a 

large set of structurally diverse molecules (including those with multiple glucuronidation 

sites), the 3D-QSAR techniques CoMFA/CoMSIA can be used to predict the substrate 

selectivity of UGT1A9. Our findings also provide a possible molecular basis for 

understanding UGT1A9 functions and its substrate selectivity. 
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Chapter 1 Review of the literature 

1.1. Introduction to the project 

UDP-glucuronosyltransferases (UGTs) catalyzed glucuronidation represents an 

important metabolic and detoxification pathway for numerous endogenous and 

exogenous compounds, including drugs (e.g., SN-38, mycophenolic acid, and 

raloxifene), dietary chemicals (e.g., hydroxycinnamic acids and flavonoids), 

environmental toxins (e.g., benzo(α)pyrene and nitrosamines), bile acids, and steroid 

hormones. In the glucuronidation reaction, glucuronic acid derived from the cofactor 

UDP-glucuronic acid (UDPGA) is conjugated to a functional group, mostly a hydroxyl, 

carboxyl, amine, or thiol group on the substrate (or aglycone), leading to the formation of 

O-, N-, S-glucuronides, respectively (Figure 1). Although it is rare, the acidic carbon can 

also be glucuronidated (e.g., sulfinpyrazone and phenylbutazone) (Kerdpin et al., 2006; 

Nishiyama, et al., 2008).  

Due to the nature of the reaction, UGT isoforms have a wide variety of different types 

(structurally unrelated) of substrates. In addition, one substrate is usually glucuronidated 

by several isoforms (i.e., overlapping substrate specificity). This kind of promiscuity is 

advantageous for enzymes involved in detoxification, but it poses significant challenges 

in identifying a selective UGT probe and in understanding of the mechanisms 

responsible for the substrate selectivity. In the present thesis, we found that various UGT 

isoforms display distinct regioselectivity towards flavonols (Study I), and then used the 

regiospecific glucuronidation of (two) flavonols to probe the activity of hepatic UGT1A1  



 

2 

 

 

 

 

Figure 1. The glucuronidation reaction catalyzed by UGT 
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(Study II). To elucidate the molecular mechanisms for the substrate selectivity, kinetic 

measurements, 3D-QSAR techniques, and homology modeling were employed (Studies 

III and IV). We have identified the chemical features (i.e., steric and electrostatic 

properties) for good or poor UGT1A9 substrates, and deduced a binding pocket for 

UGT1A9 that is largely consistent with experimental data (Studies III and IV). 

Glucuronidation is an important defense mechanism detoxifying drugs and protecting 

humans against toxic agents. However, extensive first-pass glucuronidation (or 

premature clearance by UGTs) can be a significant barrier to oral bioavailability of many 

phenolics including therapeutic drugs (e.g., phenylephrine and raloxifene) and dietary 

polyphenols (e.g., stilbenes and flavonoids) with “claimed” health benefits (Hu, 2007; 

Crozier et al., 2009). One major purpose of the studies in the present thesis is to 

establish in silico models that can be used to predict UGT1A9-mediated glucuronidation 

and to design a poor substrate with possibly improved bioavailability (Studies III and 

IV).  

1.2. Hyperbilirubinemia 

Glucuronidation should be the only clearance pathway for bilirubin, the neurotoxic 

product of hemoglobin. Approximately 250-350 mg/day of bilirubin is produced in human 

body (Kuntz and Kuntz, 2008). This bilirubin is transported to the liver, where it is 

conjugated with glucuronic acid prior to excretion into bile. UGT1A1 has been 

recognized as the main isoform responsible for glucuronidation of bilirubin (Beutler et al., 
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1998). Elevated levels of free (unconjugated) bilirubin in the serum result in jaundice and 

a disease state known as hyperbilirubinemia.  

At least three forms of hyperbilirubinemia have been classified on the basis of 

residual UGT1A1 activity or bilirubin level in the serum: Gilbert syndrome and two types 

of Crigler-Najjar syndrome, CN-I and CN-II (Bosma, 2003). Gilbert syndrome is a mild 

but very common form (with a penetration rate of 5-10% in Caucasians) of 

hyperbilirubinemia (Strassburg, 2008). A major cause of this syndrome is the UGT1A1 

polymorphism (also known as UGT1A1*28 allele) which has additional TA insertions in 

the promoter region. This allele reduces gene transcription and UGT1A1 activity to about 

20% and 30% of the normal levels, respectively (Bosma, 2003). CN-1 is a very rare, but 

life-threatening form of hyperbilirubinemia, in which UGT1A1 activity is undetectable. By 

contrast, CN-2 is a milder hyperbilirubinemia, in which UGT1A1 activity is below 10% of 

the normal level. Both CN-type are inherited and caused by mutations in UGT1A1 

coding exons. 

1.3. UDP-Glucuronosyltransferases 

1.3.1. The human UGT superfamily 

Human UGTs are classified into four families: UGT1, UGT2, UGT3, and UGT8, on the 

basis of amino acid sequence identity (Mackenzie et al., 2005). The most important 

drug-conjugating UGTs belong to UGT1 and UGT2 subfamilies or alternatively UGT1A, 

UGT2A, and UGT2B subfamilies. The human UGT1A gene cluster, located on 

chromosome 2q37, spans approximately 200 kb. It contains 13 distinct individual 

promoters/first exons and shared exons 2–5. Each exon 1 spliced to the same exons 2–
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5 is regarded as a unique gene which translates to the corresponding active UGT1A 

proteins excluding the pseudogenes (i.e., UGT1A2p, UGT1A11p, UGT1A12p and 

UGT1A13p). Since C-terminal half of the protein is encoded by exons 2–5, thus is 

identical between all UGT1A enzymes. On the other hand, the UGT2B subfamily 

isoforms are encoded individually and each consists of six exons clustered on 

chromosome 4q13 (Mackenzie et al., 2005). At present, 19 human UGT isoforms from 

UGT1 and UGT2 has been identified; their sequence comparison is presented (Figure 

2). 

1.3.2. Distribution of UGTs in GI tract and liver 

Human liver, as the major metabolic organ, are reported to express a panel of UGT 

isoforms, including UGT1A1, 1A3, 1A4, 1A5, 1A6, 1A8, 1A9, 2B4, 2B7, 2B10, 2B11, 

2B15, and 2B17 (Tukey and Strassburg, 2000). Recently, mRNA expression level of 

UGT isoforms in various human tissues was determined and quantitatively compared 

using an exhaustive (RT-PCR) method. The results (Figure 3) were generally consistent 

with previous findings, although the authors acknowledged some minor differences due 

to high inter-individual variability and perhaps low amplification efficiency (Ohno and 

Nakajin, 2009). Compared to UGT1As, UGT2Bs are much more abundantly expressed 

in the liver. Among UGT2Bs, UGT2B4 has the highest expression, followed closely by 

UGT2B15, which, respectively, had ~9 and 4~ times greater expression than UGT2B7 

(Figure 3). Among UGT1A isoforms, 1A1 and 1A9 are most abundantly expressed 

isoforms in the liver. By contrast, UGT1A10 and 2B17 were found predominantly in the 

intestines and colon. It is interesting to note that UGT1A7 is expressed only in the  
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Figure 2. Phylogenetic tree of human UGT enzymes showing evolutionary 
distances between different isoforms 

The sequence alignment was made by ClustalW (Larkin, et al., 2007) and the tree was 
constructed with the evolutionary Trace Server, TraceSuite II (Innis, et al., 2000). 
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proximal tissues of the gastrointestinal tract, such as the esophagus and stomach (Ohno 

and Nakajin, 2009). However, one should be more careful when interpreting data using 

the mRNA expression level, since one study showed that poor or no correlations were 

observed between the protein and mRNA levels of UGT isoforms (Izukawa et al., 2009).  

A panel of 10 Ugt1as (Ugt1a1, 1a2, 1a3, 1a4, 1a5, 1a6, 1a7, 1a8, 1a9, and 1a10) 

are expressed in rats (Mackenzie et al., 2005; Owens et al., 2005). Rat 2b subfamily 

consists of six members: Ugt2b1, 2b2, 2b3, 2b6, 2b8, and 2b12. The mRNA expression 

of rat Ugt1a isoforms is more predominant in both liver and intestine in comparison with 

other tissues (Shelby et al., 2003). Ugt isoforms in rat liver include Ugt1a1, 2b1, 2b2, 

2b3, 2b6, and 2b12. In contrast to the Ugt1 family, a few Ugt2b subfamily members are 

found in rat intestine. Ugt isoforms in rat intestine mainly include Ugt1a1, 1a2, 1a6, 1a7, 

and 2b8 (Shelby et al., 2003). 

In mice, the Ugt1a subfamily contains 14 first exons, coding nine enzymes (Ugt1a1, 

2, 5, 6a, 6b, 7c, 8, 9, and 10) and five pseudogenes (Ugt1a3, 4, 7a, 7b, and 11) 

(Mackenzie et al., 2005; Owens et al., 2005). The seven Ugt2b genes in mice include 

Ugt2b1, 2b5, 2b34, 2b35, 2b36, 2b37, and 2b38. UGT gene expression profiles in mice 

were determined by Buckley and Klaassen (2007).  All 2b members, as well as Ugt1a1, 

1a5, 1a6, 1a9, are highly expressed in mouse liver. Several Ugt isoforms were 

expressed in the gastrointestinal tract, including Ugt1a6, 1a7c, 2a3, 2b34, and 2b35. 

(Buckley and Klaassen, 2007) 



 

8 

 

 

Figure 3. Relative mRNA distribution level between human UGT1A isoforms (left) 
and between 2B isoforms (right) in human liver (A/B), small intestine 
(C/D) and colon (E/F) 

*The two most abundant isoforms in the organs. #The unique isoform in liver. $The 
unique isoform in GI tract. 
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1.3.3. Topology of UGTs in ER membrane 

Human UGT proteins are around 530 amino acids in length, consisting of two 

approximately similar-sized domains. The C-terminal domain binds the aglycone and the 

N-terminal domain the UDPGA (Mackenzie, 1990). UGT active site faces the lumen of 

endoplasmic reticulum (ER) where the conjugation occurs, different from CYP enzymes 

whose active site faces the cytosolic side (Magdalou et al., 2010). While the lipophilic 

compounds usually can passively permeate through ER membrane to access the active 

site of the enzyme, UDPGA is transported into the ER lumen using nucleotide sugar 

transporters (NSTs) (Figure 4A) (Kobayashi et al., 2005). NSTs act as antiporters 

requiring the counter-transport of UDP-N-acetyl glucosamine (UDPGlcNAC), which is a 

known positive, allosteric modulator of UGTs (Zakim and Dannenberg, 1992; Bossuyt 

and Blanckaert, 1995). The translocation of the formed glucuronide(s) to the cytosol 

domain appeared to be mediated by ER-localized organic anion transporters (ATER), 

which do not need ATP, but transport organic anions through ER membrane by 

facilitated diffusion (Figure 4C) (Csala et al., 2004). 

As shown in Figure 4B, a UGT monomer consists of the N-terminal aglycone 

substrate binding domain (or half) and the C-terminal UDP-glucuronic acid binding 

domain, and the latter contains one transmembrane fragment and a cytosolic tail. The 

membrane attached region in N-terminal domain is thought to facilitate the entry of 

aglycone to the active site (Radominska-Pandya et al., 2005; Finel and Kurkela, 2008). 

Single UGT enzyme has been demonstrated to operate by forming dimeric structures 

(either homodimers or heterodimers) (Radominska-Pandya et al., 2005; Finel and  
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Figure 4. Schematic representation of human UGT topology 

UGTs consist of two domains (panel B) and are predicted to function as dimers or 
oligomers. The amino-terminal domain binds the aglycone and the carboxy-terminal 
domain binds the UDPGA cofactor; the catalytic site is placed between the two 
domains. Most of the enzyme mass is located on the luminal side of the endoplasmic 
reticulum and the carboxy-terminal tail is on the cytosolic side of the membrane. 
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Kurkela, 2008). The tetramers of UGT dimers may also be formed to generate 

diglucuronide of bilirubin, benezo(α)pyrene and chrysene-3,6-quinols, as suggested from 

the radiation target analysis (Bock and Köhle, 2009). It was reasoned that, in the 

formation of diglucuronide, dimmers may loosely interact in ER membrane to form 

tetramers, which generate a compartment between two dimers in which 

monoglucuronides reach high enough levels to facilitate diglucuronide formation (Bock 

and Köhle, 2009). Whether these enzymes actually form such dimeric or oligomeric 

structures within the ER membrane is unproven, and more work is needed to 

characterize these homo- and hetero-oligomers and their functional implications. 

1.3.4. Structure and catalytic mechanisms 

Human UGTs belong to family 1 of glycosyltransferases (GTs) according to the CAZy 

database (http://www.cazy.org). Enzymes in GT1 adopt GT-B fold (i.e., consist of two 

α/β/α or Rossmann fold domains) (Figure 5) and an inverting catalytic mechanism 

(Figure 6). Approximately 50% of the GT1 family shares a highly conserved motif in the 

C-terminal domain, denoted as the UGT defining sequence or the UGT signature motif 

(Paquette et al., 2003; Bowles et al., 2006). Unlike mammalian UGTs, which are 

membrane-bound proteins, most plant or bacterial GT1 enzymes are soluble (Ross et 

al., 2001). Because of the exceeding difficulties in purifying them in an active form, there 

is no complete three-dimensional structure of any mammalian UGTs. Though, a partial 

crystal structure (C-terminal or UDPGA binding domain) of human UGT2B7 was 

determined and found to be consistent with other GT-B structures (Miley et al., 2007). In 

contrast to human UGTs, several complete 3D crystal structures of UGTs derived from 
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Figure 5. Cartoon representation of glycosyltransferase GT-A (a) and GT-B (b) 
folds 

N-terminal domain is colored cyan, C-terminal domain orange. a. Nucleotide-
diphospho-sugar transferase SpsA from Bacillus subtilis (PDB code: 1H7L). b. 
Triterpene UDP-glucosyl transferase UGT71G1 from Medicago truncatula (PDB code: 
2ACW). 
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Figure 6. Two main catalytic mechanisms of glycosyltransferases: retention (a) or 
inversion (b) of the anomeric configuration. 

Human UGTs are inverting glycosyltransferases, like all other members of the GT1 
family. X = -OH, -COOH, -NH, -NH2, or -SH. 
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 other organisms have been reported, including five from plants (Shao et al., 2005; Offen 

et al., 2006; Li et al., 2007a; Brazier-Hicks et al., 2007; Modolo et al., 2009) and seven 

from bacteria (Mulichak et al., 2001, 2003, 2004; Bolam et al., 2007; Mittler et al., 2007; 

Zhang et al., 2008). 

Numerous studies have been conducted to explore the nature of UDPGA or 

aglycone binding to mammalian UGTs in last decades. Understanding of the UDPGA 

binding has been significantly advanced with the aid of crystal structure of UGT2B7 C-

terminal. The UDPGA binding site is formed mainly by the residues from the signature 

motif in C-terminal domain (Radominska-Pandya et al., 1999, 2005, 2010). The sugar 

donor binding pocket is composed of three clusters: the residues interacting with 1) 

nucleotide, 2) diphosphate, or 3) glucuronic acid (Radominska-Pandya et al., 1999, 

2005, 2010). It was noted that mutations at one of the residues interacting with the 

nucleotides had less effects on enzyme function than those interacting with diphosphate 

or glucuronic acid moieties.  

In contrast to the sound understanding of UDPGA binding, knowledge about the 

residues interacting with the (acceptor) substrate is rather limited, mostly due to the lack 

of a N-terminal crystal structure. Various biochemical methods such as chemical 

modification, and application of technologies such photo-affinity labeling and site-

mutagenesis had identified some key amino acids that govern the substrate specificity of 

the enzymes. Among these, the mutagenesis and activity assays suggested Phe117 of 

UGT1A9 participates in 1-naphthol binding (Itäaho et al., 2010). The four amino acid 

motif of UGT1A10 [F(90)-M(91)-V(92)-F(93)] was identified as a key determinant of the 
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binding of phenolic substrates (Xiong et al., 2006; Starlard-Davenport et al., 2007).On 

the other hand, the presence of an aromatic amino acid residue at position 33 was 

important for the activity and substrate specificity of both UGT2B4 and 2B7 (Barre et al., 

2007). 

1.3.5. Homology structure models of UGTs 

For a better understanding of the UGT-substrate binding and of the reaction mechanism, 

scientists have simulated human UGT structures via homology modeling (or comparative 

modeling) using glycosyltransferases from plants or bacteria with solved crystal 

structures. Presently, four 2-domain homology models have been published for human 

UGTs: three for the human UGT1A1, and one for the human UGT1A9 (Li and Wu, 2007; 

Locuson and Tracy, 2007; Laakkonen and Finel, 2010; Fujiwara et al., 2009).  

1.3.5.1 Sequence alignment 

Due to their low sequence identity (~13%), human UGT1A1 sequence were aligned to 

the plant UGT templates with the aids of predicted secondary structures (Li and Wu, 

2007; Locuson and Tracy, 2007; Laakkonen and Finel, 2010; Fujiwara et al., 2009). 

Major portions of the human UGT sequences were highly conserved and easily matched 

to the plant UGTs. However, there are two regions presumed to make contact with the 

(acceptor) substrates are highly variable: the Nα3 helix and a region between Nα5 and 

Nβ6 that was defined as “loop 5” by Laakkonen and Finel (2010). In contrast to plant 

UGTs which have one relatively short helix Nα3, the Nα3 of human UGTs was divided 

into three helices (designated as Nα3-1 Nα3-2 and Nα3-3). It was reasoned that Nα3-1 
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may be more properly anchored at the interface between the N- and C-domains, and 

Nα3-2 should be matched to the Nα3 of plant UGTs (Laakkonen and Finel, 2010). The 

helices Nα3-1 and Nα3-3 were not modeled in the work of Locuson and Tracy (2007), 

and were shown as the random coils in the final generated structures. However, this 

sequence aligning approach was not favored by Li and Wu (2007), who match the Nα3-1 

(and a part of Nα3-2) to plant Nα3. The helix Nα3-1 was predicted to isolate the reaction 

site from bulk water, and move concertedly to allow the exit of the products; whereas it 

was thought that helix Nα3-3 packs to Nα4 and Nα5-2 (Laakkonen and Finel, 2010). In 

terms of “loop 5”, bacterial UGTs (1iir or 1rrv) were used as the extra templates in earlier 

works (Locuson and Tracy, 2007; Laakkonen and Finel, 2010). Since the predicted 

helical pattern immediately upstream of Nβ6 agrees well with the bacterial UGT proteins 

but not with the plant UGTs, Li and Wu (2007) relied more on sequence similarity in 

handing alignment for “loop 5”. It is recognized that the secondary structure of this area 

is the most divergent not only among the 5 plant UGTs with known structures, but also 

when compared to and between other GT-B fold GTs (Osmani et al., 2009). 

1.3.5.2 Substrate binding implications from the UGT1A1 homology models 

The substrate binding pocket was almost entirely formed by the N-terminal residues, 

although some C-terminal residues also contributed to the formation of the pocket (Li 

and Wu, 2007; Locuson and Tracy, 2007; Laakkonen and Finel, 2010; Fujiwara et al., 

2009). The pocket was primarily formed by LoopN1, Nα1, Nα3-2, LoopN4, Nα5-1, Nα5-

2, Loop C1 and Loop C5, which was consistent with the topological arrangement of β 

strands (3-2-1-4-5-6-7) of the enzymes. Nβ2, Nβ3, Nβ6 and Nβ7 twisted far away from 
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the core Nβ1 where the catalytic histidine is situated. The residues predicted to be in 

contact with aglycones were mainly hydrophobic, suggesting that hydrophobicity is one 

key characteristic for substrate recognition by the enzyme. The latter agrees well with 

the QSAR regression models (Sorich et al., 2002).  

The volume of UGT1A1 model binding pocket is estimated to be 700 Å3, which is ~ 

2 times as large as the biggest substrates such as bilirubin (~400 Å3) or ~4 times as 

large as the smaller flavonol myricetin (~170 Å3), respectively. The large aglycone-

binding domain might serve as the molecular basis for the generation of multiple 

metabolites from a single substrate (e.g, multi-hydroxyl flavonoids), because the 

sufficient space can permit multiple binding modes (distinct orientations) of the acceptor 

substrate for region-specific catalysis. 

1.3.6. Catalytic mechanism 

Human UGTs are proposed to use a serine hydrolase-like mechanism for catalysis 

(Radominska-Pandya et al., 2010). In this mechanism (Figure 7), a basic residue 

(usually histidine) deprotonates the nucleophilic group (e.g., -OH) of the substrate bound 

in the active site, which at the same time is stabilized by a neighboring acidic acid 

(usually aspartic acid) (Radominska-Pandya et al., 2010). The deprotonated substrate 

then attacks at the anomeric carbon (C1) of UDPGA, and completes the conjugative 

reaction. This is consistent with the fact that all known mutations of the two catalytic 

residues (also called “His-Asp” diad) abolish the UGT activity (Li et al., 2007b; Miley et 

al., 2007; Radominska-Pandya et al., 2010). On the other hand, it is found that UGT1A4 

and 2B10 do not have the equivalent histidine (replaced by proline and leucine,  
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Figure 7. Schematic representation of proposed catalytic mechanisms for human 
UGTs using UGT1A10 as an example 

R-OH, the substrates with a hydroxyl group for conjugation 
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respectively), and tend to specifically catalyze N-glucuronidation using a distinct catalytic 

mechanism (Patana et al., 2008; Kerdpin et al., 2009; Kaivosaari et al., 2011). The N-

nucleophiles are suggested to develop a formal positive charge during the N-

glucuronidation, and thus require a negatively charged (i.e., aspartic acid) residue to 

stabilize the transition state (Patana et al., 2008; Kerdpin et al., 2009).  

It is well established that glucuronidation reaction involves the formation of a ternary 

complex, namely, the complex of [enzyme•UDPGA•substrate] prior to product release 

(Figure 8). Furthermore, a compulsory ordered bi bi (i.e., two substrates and two 

products) kinetic mechanism was proposed based on the product and dead-end 

inhibition studies of expressed human UGT isoforms (Luukkanen et al., 2005). In this 

mechanism, UDPGA binds first to the enzyme, followed by the binding of aglycone 

substrate (Figure 8A). However, alternative mechanisms such as random ordered bi bi 

mechanism (Figure 8B) were also reported under similar experiments when partially 

purified rat UGTs were used (Yin et al., 1994). In this mechanism, binding of the 

substrate to the enzyme does not require prior binding of UDPGA. The above two 

mechanistic studies of UGTs using similar experiments provided two different catalytic 

mechanisms that are in conflict with each other (compulsory vs. random bi bi 

mechanism). Based on the analyses of Luukkanen et al. (2005), these ambiguous 

results were largely due to the presence of multiple UGT enzymes and/or inactivated 

UGT enzyme in the latter study. 
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Figure 8. Sequential kinetic mechanisms involving two substrate and two 
products. 

Panel a presents a compulsory ordered bi bi mechanism and panel b a random 
ordered bi bi mechanism. E = UGT, X= glucuronic acid, AX = UDP-glucuronic acid 
(UDPGA), B = aglycone substrate, BX = glucuronide or sulfate. Formation of the 
ternary dead-end complex of [E•A•B] (in box) contributes to the substrate inhibition 
displayed by UGT enzymes. 
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1.3.7. Regulation of UGTs by phosphorylation 

UGT gene expression is known to be regulated by a number of transcription factors 

including hepatocyte HNF1 and HNF2, Ah receptor, and nuclear receptors (Mackenzie 

et al., 2003; Zhou et al., 2005). The contribution of those regulators to the large inter-

individual variation of hepatic UGT levels has been discussed (Bock, 2010). In recent 

years, it is becoming increasing evident that UGT enzymes are also regulated via 

phosphorylation mediated by protein kinase C (PKC) or Src tyrosine kinase (SrcTK) 

(Basu et al., 2008; Mitra et al., 2010). Phosphorylation at serine/threonine by PKC is 

required for UGT1A activity, whereas tyrosine phosphorylation regulates UGT2B activity 

(Basu et al., 2003, 2004, 2005). The phosphorylation sites for UGT isoforms are 

summarized and their locations in UGT structure (UGT1A1 homology model from 

Laakkonen and Finel, 2010) are shown in Figure 9. It is not surprising that the 

phosphorylation sites all appear on the surface of the protein.  

In addition to the activity abolishment, it is also found that the PKC–mediated 

phosphorylation in UGT regulates substrate specificity; mutation of PKC sites in 

UGT1A7 demonstrated that S432G-UGT1A7 caused a major shift in the enzyme’s pH 

8.5 optimum to 6.4 with new substrate preferences, including 17β-estradiol (Mitra et al., 

2010). Alteration of the substrate selection by phosphorylation was also observed for 

UGT2B7. Non-Src phosphorylated 2B7 metabolizes both 4-OH-estradiol and 4-OH-

estrone, while Src-dependent phosphorylation of 2B7 allows metabolism of the former 

chemical , but not the latter (Mitra et al., 2009). 
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a

b c

 

Figure 9. Phosphorylation sites of UGT isoforms and their locations in UGT 
homology structure 

Panel a: The phosphorylation sites for UGT isoforms are summarized. Panel b: 
locations of phosphorylation sites in UGT 3D structure (UGT1A1 homology model). 
Green sphere: catalytic residue (histidine 39); red spheres: protein kinase C (PKC) 
mediated phosphorylation sites; blue spheres: Src tyrosine kinase (SrcTK) mediated 
phosphorylation sites. Panel c: alignment of UGT sequences, showing the 
phosphorylation amino acids (in red) in secondary structures. Sequence alignment 
was performed using Clustal W (http://www.clustal.org/) 
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Inhibition of UGT phosphorylation by PKC inhibitor(s) may represent a novel mechanism 

for drug-drug interactions (Volak et al., 2010). PKC-mediated inhibition of human 

UGT1A6 using different PKC inhibitors was characterized; PKC delta inhibitors could 

interfere with UGT1A6-mediated glucuronidation of several substrates (Volak et al., 

2010). In addition, the inhibitors of UGT phosphorylation may be applied to reduce the 

magnitude of first-pass glucuronidation, thus improving the oral bioavailability. A study 

by Basu et al. (2007) represented the first work to show that targeted inhibition of 

glucuronidation could lead to enhanced drug (i.e., mycophenolic acid) uptake and 

efficacy. The authors successfully utilized curcumin (a protein kinase C inhibitor) to 

down-regulate UGT phosphorylation reversibly, thus, suppress glucuronidation; and 

demonstrated between a 6- and 9-fold improvement in free-drug (mycophenolic acid) 

uptake and therapeutic efficacy (Basu et al., 2007). 

1.4. Glucuronidation of phenolics 

Phenolics refer to a very wide variety of compounds which structurally possess aromatic 

hydroxyl group(s), including the chemotherapeutic agents (e.g., SN-38 and flavopiridol), 

non-chemotherapeutic drugs (e.g., raloxifene and ezetimibe), and bioactive natural 

polyphenols (e.g., hydroxycinnamic acids and flavonoids). The complexity of UGT-

mediated metabolism of phenolics is highlighted with species-, gender-, organ- isoform- 

and region-dependent specificity, as well as functional compensation between UGT1A 

and 2B subfamily. 
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1.4.1. Species-dependent glucuronidation 

Species difference in glucuronidation activity was observed with human jejunum 

microsomes higher than rat intestinal microsomes for all hydroxyl-flavones except for 

3,7-dihydroxyflavone (Zhang et al., 2006). Glucuronidation of the isoflavone prunetin 

(CLint) in human intestinal microsomes was 3~6-fold higher than that in rat intestinal 

microsomes, but was similar in liver microsomes (Joseph et al., 2007). In addition, rat 

Ugts might be able to produce an unusually prunetin C-glucuronide (Joseph et al., 

2007). Emodin glucuronidation in liver microsomes was species dependent among mice, 

rats, guinea pigs, dogs, and humans, and Km values varied 5.7-fold (3.2–18.2 μM) in 

males and 2.8-fold (4.6–13.0 μM) in females (Liu et al., 2010). The male intrinsic 

clearance (CLint) values differed by 5-fold (27.6–138.3 ml/h/mg protein), and female CLint 

values differed by 4.3-fold (24.3–103.5 ml /h/mg protein). Raloxifene has a much lower 

bioavailability in humans (2%) than in rats (39%), which can be largely explained by the 

glucuronidation difference in the intestine. CLint value for raloxifene glucuronidation was 

7.5-fold (Dalvie et al., 2008) or 2~5-fold (Jeong et al., 2005a) higher in the human 

intestine as compared to rats. Also, it was shown that UGT1A10 (highly expressed in 

human intestine) is very proficient in glucuronidating raloxifene (Jeong et al., 2005a). 

Glucuronidation of acetaminophen was relatively slow in ferret livers compared with 

livers from all other species except cat (Court, 2001).  

1.4.2. Gender-dependent glucuronidation 

Liu et al. (2010) studied the disposition of emodin using rat intestine perfusion model, 

excretion rates of emodin-3-O-glucuronide were significantly different (p < 0.05) in four 
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regions of the intestine and were higher in males than in females (p < 0.01). Similarly, 

the same group of investigators found duodenal excretion of glucuronide was 

significantly higher in male than female rats for the isoflavone daidzein (p < 0.05), which 

coincided with a higher absorption of the parent compound in duodenum (Wu et al., 

2011). In contrast, biliary excretion of the glucuronide is significantly higher in female 

than male rats (p < 0.05). Gender differences were also apparent in glucuronidation of 

acetaminophen, with intrinsic clearance values (CLint) significantly higher in male 

compared with female ferret livers (Court, 2001). In mice model, the biliary excretion rate 

constant was 7-fold higher in males than in females for acetaminophen glucuronide (Lee 

et al., 2009). 

1.4.3. Intestinal vs. hepatic glucuronidation 

In rats or mice, intestine probably plays a more significant role than liver in first-pass 

disposition of flavonoids via glucuronidation (Chen et al., 2003). Glucuronidation of 

flavonoids using rat intestinal microsomes often times show higher catalytic efficiency 

than that using rat liver microsomes. In human, intestinal disposition may also be more 

important than hepatic disposition, because human intestinal microsomes were more 

efficient than liver microsomes in glucuronidating phenolic compound such as prunetin 

and raloxifene (Joseph et al., 2007; Mizuma, 2009).  

Regioselective glucuronidation differences were observed between human intestine 

and liver. Human intestine microsomes preferred to generate 4’-O-glucuronide for 

prunetin, while 5-O-glucuronide was mainly formed by human liver microsomes. In 

stereo- and region- glucuronidation studies of resveratrol (Aumont et al., 2001; Brill et 
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al., 2006), experiments using human intestine microsomes generated 3-O- and 4’-O-

glucuronide for both cis-resveratrol and trans-resveratrol, whereas those using human 

liver microsomes tend to form 3-O-glucuronides only. 

1.4.4. Isoform-specific glucuronidation 

The UGT isoforms that are responsible for glucuronidating phenolics are generally from 

UGT1A subfamily, especially, 1A1, 1A3, and 1A7~1A10 (Zhou et al., 2010; Tang et al., 

2010). Substrate specificity of the six main contributors often exhibits significant 

overlaps.  

For prunetin, UGT1A7, 1A8, and 1A9 were mainly responsible for the formation of 5-

O-glucuronide, whereas UGT1A1, 1A8, and 1A10 were mainly responsible for the 

formation of 4’-O-glucuronide (Joseph et al., 2007). UGT1A10 was also shown to be 

responsible metabolizing 4’-OH of raloxifene. UGT1A1 appears to be more selective on 

certain position of a phenolic molecule. For example, UGT1A1 predominantly 

metabolized the 3’-OH group of flavones or flavonols (Davis and Brodbelt, 2008), and 3-

OH of trans-resveratrol (Aumont et al., 2001; Brill et al., 2006). The strict regiospecificity 

was also observed with UGT1A9, which predominantly catalyzed glucuronidation at the 

3-OH group of either trans- or cis-resveratrol. 

Even though that the quantitative UGT protein level in the intestine and liver is 

unknown, investigators (Zhou et al., 2010; Tang et al., 2010) made attempts to correlate 

the isoform- with organ-specific glucuronidation rates considering the predominant 

isoforms only (intestine: UGT1A1, 1A8 and 1A10; liver: UGT1A1 and 1A9). Interestingly, 
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good correlations were observed in these studies. The results suggest that the 

differences in intestinal and hepatic glucuronidation might be ascribed to the presence of 

the organ-specific UGT isoforms (intestine: UGT1A8 and 1A10; liver: UGT1A9). 

1.4.5. Compensation between UGT1As and 2Bs  

Wang et al. (2009) showed that flavonoids (i.e., apigenin and genistein) are efficiently 

metabolized by Ugt1a-deficient Gunn rats at a comparable or even higher level, in 

contrast to the control Wistar rats. The equivalent or increased glucuronidation in Gunn 

rats was ascribed to the compensatory up-regulation of intestinal Ugt2bs and hepatic 

anion efflux transporters (Wang et al., 2009).This was the first report to show that 

activities of other Ugt isoforms (2b isoforms) had changed (i.e., elevated) to compensate 

for Ugt1a deficiency. 

1.4.6. Regioselective glucuronidation 

Regioselectivity refers to the preference for formation of one glucuronide isomer over 

another, when a substrate possesses more than one possible glucuronidation site. 

Regioselectivity of various UGTs has been examined for a number of compounds such 

as estradiol, estrone, morphine (Lépine et al., 2004; Ohno et al., 2008). Elucidation of 

UGTs regioselectivity would facilitate the understanding of UGT-substrates interaction 

with respect to binding property and catalytic mechanisms. In addition, typical generation 

of a particular glucuronide isomer from a substrate was used to probe UGT activity in 

human tissues in vitro. For example, β-estradiol 3-glucuronidation is considered an 

excellent marker of UGT1A1 activity (Court, 2005; Donato et al., 2010), and morphine 6-
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glucuronidation may be used as a selective probe for UGT2B7 activity (Stone et al., 

2003). 

1.4.6.1 Ester-acylglucuronidation vs. ether-O-glucuronidation 

Ester-acylglucuronidation occurs at the carboxylic acid group (e.g., bilirubin), resulting in 

an acyl-linked glucuronide, whereas ether-O-glucuronidation occurs at a hydroxyl group 

(e.g., phenolics). Selectivity between ester-acylglucuronidation and ether-O-

glucuronidation appears to be substrate- and isoform-dependent. Mouse ugt1a1 

predominantly generated ether-O-glucuronide from mycophenolic acid (Basu et al., 

2007). By contrast, glucuronidation of (-)-11-nor-9-carboxy-tetrahydrocannabinol only 

occurs at the carboxylic acid group (Mazur et al., 2009); the highest activity towards 

THC-COOH was observed with UGT1A3, though UGT1A1 and human liver microsomes 

(HLMs) also showed a significant amount of activity towards this substrate. An 

examination of kinetic parameters revealed that ferulic acid was mainly glucuronidated 

by UGT1A1 at the two nucleophilic groups (i.e., carboxylic acid and hydroxyl group) (Li 

et al., 2011). UGT1A3 was able to glucuronidate the two positions at about the same 

rate, but with a low efficiency. UGT1A6 and 1A8 were strictly involved in the formation of 

the ether glucuronide, whereas UGT1A7, 1A10 and 2B7 were principally responsible for 

glucuronidation of the carboxyl group (Li et al., 2011). 

1.4.6.2 Phenolic oxygen is more favored for glucuronidation 

It is generally agreed that phenolic hydroxyl groups are more prone to glucuronidation 

than alcoholic hydroxyl groups. When both phenolic and alcoholic hydroxyl groups are 

present in the structure, glucuronidation occurs primarily at the phenolic (-OH) groups. 
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This can be seen from the glucuronidation of a variety of UGT substrates such as SN38, 

ezetimibe and estradiol (Hanioka et al., 2001; Ghosal et al., 2004; Soars et al., 2003). 

1.4.6.3 Regioselective glucuronidation of phenolics 

Caffeic acid is a hydroxycinnamic acid that can be found in majority of plants. UGT1A1 

and UGT1A9 were active in glucuronidation of caffeic acid (50 µM), albeit at a low rate of 

4 ~ 8 pmol/min/mg (Wong et al., 2010). UGT1A1 specifically catalyzed the formation of 

caffeic acid-4-O-glucuronide, whereas UGT1A9 conjugated both 3-OH and 4-OH groups 

of caffeic acid (Wong et al., 2010). Furthermore, kinetic profiling demonstrated that 

UGT1A1 and UGT1A9 had lower affinity and activity towards caffeic acid, compared to 

its analogs such as ferulic and isoferulic acids (Wong et al., 2010). 

(-)-Epigallocatechin (EGC) and (-)-epigallocatechin gallate (EGCG) are major green 

tea polyphenols with antioxidant and anticancer activities. Lu et al. (2003) studied 

glucuronidation of EGC and EGCG in human, mouse, and rat liver microsomes and in 9 

human UGT isoforms expressed in insect cells. EGCG-4’’-O-glucuronide was the major 

EGCG glucuronide formed in all incubations, whereas EGC-3’-O-glucuronide was the 

major EGC glucuronide formed in all incubations. UGT1A1, 1A8 and 1A9 displayed high 

glucuronidation activities towards EGCG. Interesting, UGT1A8 had the highest Vmax/Km 

value with EGCG but low activity with EGC (Lu et al., 2003).  

Emodin is a major active anthraquinone present in the rhubarb. Emodin 3-O-

glucuronide was the only glucuronide formed, when incubating emodin with a panel of 

microsomal fractions prepared from mice, rats, guinea pigs, dogs, and humans (Liu et 
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al., 2010). The 1-OH and 8-OH groups of emodin were not metabolized at all, probably 

due to the formation of an intramolecular hydrogen bond between the neighboring 

carbonyl and 1-OH or 8-OH groups. 

Daphnetin is a dihydroxycoumarin that is being used in China for the treatment of 

coagulation disorders. UGT1A6 and UGT1A9 can rapidly conjugate both hydroxyl 

groups and generate 7-O-glucuronide and 8-O-glucuronide (Liang et al., 2010). Although 

less efficient, UGT1A3, 1A4, 1A7, 1A8, and 1A10 selectively metabolized the 7-OH 

position of daphnetin (Liang et al., 2010). 

1.5. Enteric and hepatoenteric recycling  

It is becoming evident that glucuronidation in vivo is a complex process involving three 

key players, namely, UGT enzymes, efflux transporters, and β-glucuronidase (Jeong et 

al., 2005b; Liu and Hu, 2007). Interactions between these players render the intricate 

phenomena, enteric and hepatoenteric recycling (illustrated in Figure 10). Consequently, 

first-pass metabolism of phenolics does not result in complete drug elimination. Rather, 

their apparent terminal elimination half-lives are significantly prolonged (~ 6-8 hours) 

despite of their poor bioavailabilities in vivo (< 5%). 
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Figure 10. Schematic presentation of the enteric and hepatoenteric recycling in 
glucuronidation pathway (D, aglycone; M, glucuronide) 

Enteric recycling (highlighted in the dashed box) is resulted from the interactions 
between enteric glucuronidation, glucuronide efflux, and glucuronide hydrolysis. For 
hepatoenteric recycling (indicated in red arrows), glucuronide formation occurs in 
the hepatocytes. The glucuronide is excreted into bile and reach the gut lumen 
following the bile flow. Question mark denotes whether glucuronide (produced from 
intestinal glucuronidation) can enter hepatocytes is uncertain. UGTs, UDP-
glucuronosyltransferases; BCRP, breast cancer resistance protein; MRPs, multidrug 
resistance proteins. 
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1.6. Deglucuronidation by β-glucuronidase  

For the majority of dietary polyphenols, it remains unclear that their glucuronide still 

retain the biological functions in vivo. However, accumulating evidence suggests that β-

glucuronidase -mediated deglucuronidation can occur in vivo, which converts the 

glucuronides back to free aglycones. This process was proposed to assist in the uptake, 

transport of the polar metabolite, and more importantly make the inactive metabolite 

active (Shimoi and Nakayama, 2005; Lee-Hilz et al., 2008). Deglucuronidation had been 

frequently reported in the gut contributing to the enteric/enterohepatic recycling (Liu and 

Hu, 2002; Jeong et al., 2005b; Liu and Hu, 2007), where the glucuronides excreted from 

enterocytes can be hydrolyzed by intestinal bacteria that have β-glucuronidase. Hepatic 

and/or renal deglucuronidation might also contribute to disposition of acetaminophen 

(Bohnenstengel et al., 1999). In the study of O'Leary et al. (2003), HepG2 cells can 

absorb and turnover quercetin glucuronides, and β-glucuronidase activity could 

modulate the intracellular biological activities of dietary antioxidant flavonoids.  

Shimoi et al. systematically investigated the β-glucuronidase activity in inflammation 

(Shimoi et al., 2000, 2001; Shimoi and Nakayama, 2005). Supernatants obtained from 

the neutrophils stimulated with ionomycin/cytochalasin B hydrolyzed luteolin (5,7,3’,4’-

tetrahydroxyflavone) monoglucuronide to free luteolin, suggesting that the β-

glucuronidase was secreted from the stimulated neutrophils (Shimoi et al., 2000, 2001). 

The β-glucuronidase activity in rat and mouse plasma also increased after iv injection of 

lipopolysaccharide (LPS) (Shimoi and Nakayama, 2005). Therefore, there is a possibility 

that the inactive glucuronides of exogenous compounds formed in vivo can be converted 
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back to the active parent compounds at the sites of inflammation (Mochizuki et al., 

2004). In addition, Caco-2 cells also showed a significant level of β-glucuronidase 

activity, suggesting that expression level of β-glucuronidase is higher in this cancerous 

cell (Shimoi and Nakayama, 2005). This finding and its metabolic implications remain to 

be confirmed. Nevertheless, the deglucuronidation process is less noted in Caco-2 

transport experiment (Sun et al., 2008), probably because the formed glucuronide is 

rapidly pumped out of the cells by efflux transporters. The efficient removal of 

glucuronide might preclude the occurrence of reverse reaction to a significant extent. 

1.7. Structure-glucuronidation relationships 

The significance pertaining structure-glucuronidation relationship is emphasized by 

Wong et al (2009). Briefly, the knowledge can usually be used to (but not limited to): (a) 

predict glucuronidation-mediated drug interactions that include both xenobiotics or 

endogenous compounds; (b) screen for compounds that are exclusively metabolized by 

a particular UGT isoform, which might be utilized as probe substrates for a particular 

UGT isoform; and (c) assist in the biosynthesis of flavonoid (or other compounds) 

glucuronides conjugated at desired position(s) for pharmaceutical and/or analytical 

purpose.  

The existence of structure-glucuronidation relationship for flavonoids was first noted 

in the study of Chen et al. (2005a),which showed that the intestinal glucuronidation is 

slower in isoflavones without an additional A-ring substitution (electro-donating groups:-

OH or –OCH3). Zuo and coworkers further evaluated the glucuronidation of mono- and 
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di-hydroxyflavones using intestinal microsomes and S9 fraction (Zhang et al., 2006; 

Wong et al., 2009). Glucuronidation activity of 6- and 3'-mono-hydroxyflavones was 

much greater than that of 3-, 4'-, 7- and 2'-HF, with 5-HF to be the lowest (Zhang et al., 

2006). Increasing the number of hydroxyl groups on A- or B-ring (except for 4'-OH) 

would enhance the glucuronidation activity of flavones, whereas adding a 3-OH group on 

C-ring might not (Zhang et al., 2006). Furthermore, the existence of a hydroxyl group at 

the 3' position may enhance the glucuronidation activity of flavonoids (Zhang et al., 

2006). 

1.8. Summary  

This suvey of the literature reveals that glucuronidation is a metabolic reaction of great 

importance and limits the bioavailability of many phenolics. The high complexity of 

glucuronidation has also been widely recognized. Most notably, the patterns in substrate 

selection for UGT isoforms are difficult to decipher. For example, there is no explanation 

yet for the distinct positin preference displayed by UGT isoforms. The reasons why 

divergent activities are observed for UGTs towards structurally similar chemical analogs 

are largely unknown. In the absence of a UGT 3D structure, attempts to solving this 

problem have been made using 2D/3D-QSAR technques, pharmacophore models, and 

crystal structures of plant UGTs. However, the resulting models are insufficient to 

explain experimental data. Therefore, a better methodology to unraveling the 

mechanisms for substrate recognition by UGTs is of considerable interest in this context. 
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Chapter 2  Hypotheses and specific aims 

2.1. Central hypothesis 

Glucuronidation is a major determinant of the in vivo fate of phenolics. Understanding 

the mechanisms of drug recognition by UGTs can help identify a structure with favorable 

pharmacokinetics. We hypothesize that 3D-quantitative structure activity relationship 

(QSAR) techniques, and protein homology modeling can be employed to elucidate UGT-

phenolics interactions. 3D-QSAR models that are statistically significant with a predictive 

power can be established. 

2.2. Specific aims 

2.2.1. Aim I (Studies I + II) 

To determine the regioselectivity of various UGT isoforms via kinetic profiling and 

identify the main isoform(s) responsible for glucuronidation of flavonoids (with multiple 

hydroxyl groups (-OHs)) (Study I). We will also use regioselective glucuronidation of 

flavonoids to probe activity of hepatic UGT1A1. It is hypothesized that a regioselective 

pattern exists for each UGT isoform. 

2.2.2. Aim II (Study III) 

To determine UGT1A9-mediated glucuronidation parameters for selected flavonols 

(n=30) and to establish a pharmacophore-based CoMFA model using this dataset. In 

this aim, we will focus on UGT1A9-mediated glucuronidation at the 3-OH position of 

flavonols. It is hypothesized that flavonols use a unique binding mode for 3-O-

glucurondiation that differs from those for glucuronidation at other positions (e.g., 7-OH). 
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2.2.3. Aim III (Study IV) 

To determine glucuronidation parameters for a large class of structurally diverse 

phenolics (n=145) and to establish a more generalized computational model based on 

this large database. It is hypothesized that multiple binding modes are adopted by a 

same substrate (with multiple hydroxyl groups (-OH)) to form multiple glucuronides. 

Predictive models derived from QSAR analyses can be established. 

2.2.4. General strategy 

Due to the lack of a complete crystal structure of human UGTs, we proposed a ligand-

based approach combined with “expert” knowledge to elucidate the mechanisms of 

substrate recognition by the enzymes. In aim 1, glucuronidation of several polyphenolic 

compounds (flavonoids) by human UGT1A isoforms is evaluated experimentally. The 

finding that UGT isoforms display distinct regioselectivity were subsequently explored 

and applied in the identification of probe substrates for UGT1A1. Further, the “expert” 

knowledge indicated from the kinetic characterization of regioselective metabolism in 

aim 1, namely, a multi-hydroxyl substrate uses multiple binding models to generate 

different glucuronide isomers, is used to guide model construction in aims 2 and 3 

(Figure 11). This enables us to derive the predictive molecular filed (i.e., CoMFA and/or 

CoMSIA) models, and a possible protein binding pocket for UGT1A9. 
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Figure 11. General research strategy 

The numbers ❶❷❸ are aims. 
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Chapter 3 Regioselective glucuronidation of flavonols 
by six human UGT1A isoforms (Study I) 

3.1. Abstract 

Flavonols, a class of polyphenols, show a variety of biological activities such as 

antioxidant and anticancer. However, rapid in vivo O-glucuronidation posed a challenge 

to develop them as therapeutic agents. The objective of this study is to determine the 

regioselective glucuronidation of flavonols by UGT1A isoforms (i.e., UGT1A1, 1A3, 1A7, 

1A8, 1A9 and 1A10). The kinetics of UGT1A1-, 1A3-, 1A7-, 1A8-, 1A9- and 1A10-

mediated metabolisms of four flavonols that contain 7-OH group were characterized and 

kinetic parameters (Km, Vmax and CLint = Vmax/Km) were determined. UGT1A1 and 1A3 

regioselectively metabolized 7-OH, whereas UGT1A7, 1A8, 1A9 and 1A10 preferred to 

glucuronidate 3-OH group. UGT1A1 and 1A9 were the most efficient conjugating 

enzymes with Km values of ≤1 µM and relative catalytic efficiency ratio of ≥ 5.5. 

Additionally, the four flavonols generally strongly self-inhibited the UGT1A1-mediated 

glucuronidation, with Ksi (substrate inhibition constant) of �≤ 5.4 µM. In conclusion, 

UGT1A isoforms displayed distinct positional preferences between 3-OH and 7-OH in 

the glucuronidation of flavonols. The differentiated kinetics properties between 3-O- and 

7-O- glucuronidation indicated that the at least two distinct binding modes within the 

catalytic domain were responsible for the formation of these two glucuronide isomers. 
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3.2. Introduction 

Dietary flavonoids such as flavonols, flavones and isoflavones are linked to health 

benefits against ailments such as cancer and heart diseases (Birt et al., 2001; Ross and 

Kasum, 2002). However, rapid glucuronidation of flavonoid in both liver and intestine 

leads to dominant presence of phase II conjugates such as glucuronides and sulfates 

rather than the parent compound in the systemic circulation (Chen et al., 2003). As a 

consequence, flavonoids have very poor (less than 5%) in vivo bioavailabilities in 

animals and humans (Setchell et al., 2001; Busby et al., 2002), which limit their uses as 

therapeutic agents. 

Glucuronidation is a major metabolic pathway either as a primary or secondary 

(sequential) process in the disposition of xenobiotics (Tukey and Strassburg, 2000). It is 

catalyzed by UDP-glucuronosyltransferases (UGTs), following a SN2 mechanism 

(Radominska-Pandya et al., 2005). On the basis of amino acid sequence identity, human 

UGTs are classified into four families: UGT1, UGT2, UGT3, and UGT8 (Mackenzie et al., 

2005). The most important drug-conjugating UGTs belong to UGT1 and UGT2 families. 

The human UGT1A gene cluster, located on chromosome 2q37, spans approximately 

200 kb. It contains 13 individual promoters/first exons and shared exons 2–5. Each exon 

1 spliced to exons 2–5 is regarded as a unique gene which translates to the 

corresponding active UGT1A isoform excluding the pseudogenes (i.e., UGT1A2p, 

UGT1A11p, UGT1A12p and UGT1A13p). Among the UGT1A family, 1A8 and 1A10 are 

expressed almost exclusively in the gastrointestinal tract, 1A3, 1A4 and 1A9 are 

primarily present in liver, and 1A7 is mainly distributed in stomach or esophagus. In 
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contrast, 1A1 and 1A6 are ubiquitously present in many tissues including liver and 

gastrointestinal tract (Fisher et al., 2001; Ohno and Nakajin, 2009). 

Glucuronidation phenotyping using recombinant UGT isoforms had been widely 

applied in variety of areas: (a) determining the major metabolic pathway of a particular 

drug (Miners et al., 2006, 2010); (b) identifying the main isoform(s) responsible for 

glucuronidation of a drug (Aprile et al., 2010); (c) correlating glucuronidation between 

organ and isoform levels (Tang et al.,2009; Zhou et al., 2010); and (d) in silico modeling 

of various UGT isoforms and discovering the critical structural characteristics of the 

substrates that recognized by the isoforms (Sorich et al., 2008). The QSAR regression 

models indicated that substrate hydrophobicity was essential for glucuronidation, which 

agreed with the location of UGT on the luminal side of endoplasmic reticulum (Sorich et 

al., 2002). Pharmacophore models identified two key hydrophobic regions adjacent from 

the site of glucuronidation as the substrate features for UGTs recognition (Smith et al., 

2003). 

UGT1A subfamily (except UGT1A4 and 1A6) was mainly responsible for 

glucuronidating flavonoids and the substrate specificities showed extensive overlaps 

(Tang et al., 2009, 2010). UGT1A4 exclusively metabolized amines containing 

compounds (Chohan et al., 2006), whereas UGT1A6 exhibit limited substrate specificity 

for flavonoids (Wong et al., 2009). UGTs biotransform flavonoids into their metabolic 

derivatives (i.e. glucuronides) by transferring glucuronic acid from the cofactor UDP-

glucuronic acid (UDPGA) to the nucleophilic oxygen in the hydroxyl group of the 

aglycones. Mono-glucuronide isomers are often generated from single flavonoid that 
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bears more than one conjugation site (Boersma et al., 2002; Davis and Brodbelt, 2008), 

because the aglycone-binding domain might permit multiple binding modes of the 

acceptor substrate (Miners et al., 2004). Some key structural features that govern 

regioselectivity had also been uncovered. For example, 3′-OH group is the major 

determinant of the regioselectivity of flavonoid glucuronidation by UGT1A1. Flavonoids 

lacking a 3′-hydroxyl were glucuronidated only at position 7, while those containing this 

group also formed 3′-O-glucuronides and sometimes 4′-O-glucuronides (Davis and 

Brodbelt, 2008). Consistent with this observation, human intestine UGTs including 

UGT1A1and 1A8 were especially effective in conjugating the 3',4' catechol unit of 

flavonoids (Boersma et al., 2002). 

Most of flavonoids bear more than one potential glucuronidation sites (i.e., aromatic 

hydroxyl groups), which challenges the computational modeling of substrate specificity in 

UGT metabolism. More efforts will be needed to clarify the differences between isoform-

specific metabolism (including regioselectivity) of flavonoids (so called “expert 

knowledge”), which can be used to guide the predictive model establishment in UGT 

metabolism. As a part of the continuing efforts, this study investigated the kinetics of six 

important UGT1A isoforms (UGT1A1, 1A3, 1A7, 1A8, 1A9 and 1A10) using selected 

flavonoids having both 3-OH and 7-OH groups. Substrate specificities and 

regioselectivity were evaluated for each UGT isoform on the basis of the derived kinetics 

parameters (Zhou et al., 2010; Tang et al., 2009, 2010). 
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3.3. Materials and methods 

3.3.1. Materials 

Expressed human UGT isoforms (SupersomesTM, i.e., UGT1A1, 1A3, 1A7~1A10) were 

purchased from BD Biosciences (Woburn, MA). Rabbit anti-human UGT1A polyclonal 

antibody (H-300) and rabbit anti-goat IgG-HRP were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). Uridine diphosphoglucuronic acid (UDPGA), 

alamethicin, D-saccharic-1,4-lactone monohydrate, and magnesium chloride were 

purchased from Sigma-Aldrich (St Louis, MO). Ammonium acetate was purchased from 

J.T. Baker (Phillipsburg, NT). Four (4) flavonols (Figure 12) containing both 3-OH and 7-

OH groups (i.e., 3,7-dihydroxyflavone (3,7DHF), 3,5,7-trihydroxyflavone, (3,5,7THF) 

3,7,4’-tryhydroxyflavone (3,7,4’THF), and 3,5,7,4’-tetrahydroxyflavone(3,5,7,4’QHF)) 

were purchased from Indofine Chemicals (Somerville, NJ). All other materials (typically 

analytical grade or better) were used as received. 

3.3.2. Immunoblotting 

The recombinant UGT Supersomes (20 µg) were analyzed by SDS-polyacrylamide gel 

electrophoresis (10% acrylamide gels) and transferred onto PVDF membranes 

(Millipore, Bedford, MA). Blots were probed with anti-UGT1A antibody (H-300) (Santa 

Cruz Biotechnology, Santa Cruz, CA), followed by horseradish peroxidase-conjugated 

rabbit anti-goat IgG (Santa Cruz Biotechnology, Santa Cruz, CA). Membranes were 

analyzed on FluorChem FC Imaging system (Alpha Innotech), and intensities of UGT 

bands were measured by densitometry using the AlphaEase software. 
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Figure 12. A structural comparison of the model flavonols in Study I 

3-OH of C-ring and 7-OH of A-ring are the more favorable positions for 
glucuronidation by UGT1As. 
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3.3.3. UGTs kinetics 

Enzyme kinetics parameters of glucuronidation by selected UGT1A isoforms (i.e., 

UGT1A1, 1A3, 1A7, 1A8, 1A9, and 1A10) were determined by measuring initial 

glucuronidation rates of flavonols at a series of concentrations. The experimental 

procedures of UGT assays were exactly the same as our previous publications (Tang et 

al., 2009, 2010). Glucuronide(s) formation was verified to be linear with respect to 

incubation time and protein concentration. Glucuronidation rates were calculated as 

nmol glucuronide(s) formed per Supersomes protein amount per reaction time (in unit of 

nmol/mg protein/min), as the actual enzyme concentration is unknown. The aglycone 

substrate concentrations in the range of 0.039-40 μM were used unless method 

sensitivity or substrate solubility necessitated otherwise. All experiments were performed 

in triplicates. 

3.3.4. UPLC analysis of flavonols and glucuronides: 

The Waters ACQUITY UPLC (Ultra performance liquid chromatography) system was 

used to analyze the parent compounds and the formed glucuronides (see AppendixB/C).  

3.3.5. Glucuronide structure identification 

Glucuronide structures were identified via a 3-step process as summarized in our earlier 

publication (Singh et al., 2010). First, the glucuronides were hydrolyzed by �β-D-

glucuronidase to the aglycones. Second, the glucuronides were identified as mono-

glucuronides which showed mass of [(aglycone’s mass)+176] Da using UPLC/MS/MS. 

176 Da is the mass of single glucuronic acid. Finally, the sites of glucuronidation were 

confirmed by the “UV spectrum maxima ( λmax) shift method”. In general, if a 3-, 5- or 4’-
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hydroxyl group on the flavonol nucleus was glucuronidated, hypsochromic shifts (i.e. to 

shorter wavelength) were observed in either Band I (300~380nm) or Band II (240~280 

nm). The shift in Band I associated with the substitution of 3-hydroxyl group was in the 

order of 13 ~ 30 nm. Substitution of 5-hydroxl group resulted in a 5 ~ 15 nm shift in Band 

II, and glucuronidation of 4’-hydroxyl group produced a 5 ~ 10 nm shift in Band I. In 

contrast, substitution of the hydroxyl group at position C7 had minimal or no effect on the 

λmax of the UV spectrum. 

3.3.6. Data analysis 

Kinetic parameters (Vmax, Km and Ksi (substrate inhibition constant)) were estimated 

by fitting the Michaelis-Menten and/or substrate inhibition equations to the substrate 

concentrations and initial rates. Similar to glucuronidation rates, Vmax values were also 

determined as nmol glucuronide formed/mg Supersomes protein/min (or nmol/mg 

protein/min). Eadie-Hofstee plots were used as diagnostics for model selection. Data 

analysis was performed by GraphPad Prism V5 for Windows (GraphPad Software, San 

Diego, CA). The goodness of fit was evaluated on the basis of R2 values, RSS (residual 

sum of squares), RMS (root mean square) and residual plots.  

For a better inter-enzyme comparisons, catalytic efficiencies (or CLint values) of 

various UGT isoforms-mediated glucuronidation were normalized to UGT1A1 using the 

relative UGT protein expression level. Then, relative catalytic efficiencies were 

determined by arbitrarily assigning the calibrated CLint as 1 for the 3-O-glucuronidation of 

3,7DHF by UGT1A1. 
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3.3.7. Statistical analysis 

Significance of mean comparison was examined base on student's t-test using 

GraphPad Prism V5 for Windows (GraphPad Software, San Diego, CA). Statistical 

significance was demonstrated with p < 0.05. 

3.4. Results 

3.4.1. Relative expression level between the UGT1A enzymes 

Relative expression level between the six UGT1A isoform was estimated by Western 

blot analysis using anti-UGT1A antibody (UGT1A proteins). Each of the isoforms 

expressed as a protein of apparent molecular mass of approximately 55 kDa (Figure 13). 

Expression of UGT1A1, 1A3, 1A7, 1A8, 1A9, and 1A10 relative to UGT1A1 was 

1:0.82:0.94:1.15:0.87:0.93. 

3.4.2. Regioselective glucuronidation of flavonols by UGT1A1 

The model flavonols (3,7DHF, 3,5,7THF, 3,7,4’THF and 3,5,7,4’QHF) present four 

possible glucuronidation sites (i.e., 3-OH, 5-OH, 7-OH and 4’-OH). Only 3-O- and 7-O-

glucuronides were observed at all studied concentrations for all four compounds. This is 

consistent with the fact that 4’-OH and 5-OH are typically inactive positions for UGT1As, 

when they are co-present with 3-OH or 7-OH (Tang et al., 2010). The kinetics 

parameters of 3,7,4’THF glucuronidation by UGT1A3, 1A7, 1A8 and 1A10 were not 

determined, because the compound was not found to be metabolized by these UGT 

isoforms. 
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Figure 13. Relative protein quantification of UGT isoforms 

Panel a: Western blot analysis of UGT expression levels in recombinant human 
UGT SupersomesTM. Panel b: UGT band intensities for the six UGT isoforms. 
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UGT1A1 consistently generated much more flavonol-7-O-glucuronides than 3-O-

glucuronides over the tested concentration range for 3,7DHF, 3,5,7THF and 3,5,7,4’QHF 

(Figure 14). The formation ratios of 7-O-glucuronides/3-O-glucuronides fell into the 

narrow ranges of 3.0~4.2 and 2.3~4.1 for 3,7DHF and 3,5,7THF, respectively. In the 

cases of 3,7DHF and 3,5,7THF, Km values were similar between the formation of 3-O- 

and 7-O-glucuronides, but the differences of Vmax values were more than 3 folds in favor 

of 7-O-glucuronidation. Therefore, UGT1A1 had much higher catalytic efficiency (as 

reflected by CLint = Vmax/Km,) for 7-OH than that for 3-OH group (greater than 3.4 folds). 

Together with the fact that the enzyme had the highest binding affinity with 3,5,7,4’QHF 

but showed medium Vmax, the results suggested that higher binding affinity was not as 

necessarily associated with higher catalytic capacity. For 3,7,4’THF, the formation rates 

of 7-O-glucuronide were slightly higher than those of 3-O-glucuronide (Figure 14), and 

the derived kinetics parameters for the positional glucuronidation were similar to each 

other. 

Surprisingly, strong substrate inhibition pattern characterized by Ksi values in the 

range of 0.60 ~ 5.41 µM was observed for both 3-O-glucuronidation and 7-O-

glucuronidation. The Km values were in the range of 0.13~1.57 µM, which were much 

smaller than reported Km value (49.8 µM) for ethinylestradiol (Luukkanen et al., 2005). 

UGT1A1 kinetics towards ethinylestradiol also presented substrate inhibition profile at 

high concentrations of UDPGA, which gave the Ksi/Km ratio of 1.61. By contrast, Ksi/Km 

ratio for 3,7DHF was much less than this number, at 0.38 and 1.16 for 3-O- and 7-O-

glucuronidation, respectively. 
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Figure 14. Kinetic profiles for UGT1A1-mediated glucuronidation of four flavonols 
(3,7DHF, 3,5,7THF, 3,7,4’THF and 3,5,7,4’QHF) 

For figures 14~19, solid and dashed lines denote formation rates of flavonol 3-O-
glucuronides and 7-O-glucuronide respectively. Each data point represents the 
average of three replicates. Experimental details are presented under Materials and 
Methods. 
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3.4.3. Regioselective glucuronidation of flavonols by UGT1A3 

Similar to UGT1A1, UGT1A3 also produced much more flavonol 7-O-glucuronides than 

3-O-glucuronides (Figure 15). The formation ratios of 7-O-glucuronides/3-O-

glucuronides ranged from 8.6~11.9 for 3,7DHF, whereas they spanned from 7.2 to 17 for 

3,5,7THF. Likewise, UGT1A3 displayed substrate inhibition kinetics with the 

regiospecific metabolism (Figure 15). The substrate inhibition constants (Ksi) lied within 

7.52~100.05 µM that are significantly larger than those of UGT1A1 (p < 0.05). Km values 

of the UGT1A3-flavonols interaction ranged from 0.84 to 8.81 µM. Comparing to 

UGT1A1, UGT1A3 seemed to have even higher preference for 7-OH metabolism, since 

the catalytic efficiency ratios (i.e., 7-OH over 3-OH) were up to 13.5 and 8.1 for 3,7DHF 

and 3,5,7THF, respectively. However, UGT1A3 was generally less efficient than 

UGT1A1 in glucuronidating flavonols, as evidenced by lower relative catalytic 

efficiencies for each flavonol (Table 1). It is also noted that, for 3,5,7,4’QHF, UGT1A1 

and 1A3 only generated 7-O-glucuronide. These two enzymes were also shown to very 

efficiently metabolize flavones that contain 7-OH (data not shown). 

3.4.4. Regioselective glucuronidation of flavonols by UGT1A7 

In contrast to UGT1A1 and 1A3, UGT1A7 more specifically catalyzed formation of 

flavonol 3-O-glucuronide (Figure 16). The rate differences between 3-O- and 7-O-

glucuronidation decreased markedly with increasing concentration of flavonols. The 

formation ratios of 3-O-glucuronide over 7-O-glucuronide at 1.25 µM were 24.7, 11.0 and 

5.6 for 3,7DHF, 3,5,7THF and 3,5,7,4’QHF respectively, whereas those corresponding  
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Figure 15. Kinetic profiles for UGT1A3-mediated glucuronidation of three 
flavonols (3,7DHF, 3,5,7THF and 3,5,7,4’QHF) 
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Table 1. Normalized catalytic efficiencies (based on the relative UGT1A expression 
levels) of six recombinant human UGT1As in glucuronidation of 
flavonoids. Relative catalytic efficiency (Vmax/Km = 1.0) was arbitrarily 
assigned for the 3-O-glucuronidation of 3,7DHF by UGT1A1. 

UGT1A 
3,7DHF 3,5,7THF 3,7,4’THF 3,5,7,4’QHF 

3-O-G* 7-O-G* 3-O-G* 7-O-G* 3-O-G* 7-O-G* 3-O-G* 7-O-G*

1A1 1.0 4.5 4.1 13.8 3.5 3.9 0.0 16.3 

1A3 0.0 0.5 0.4 3.0 0 0 0.0 0.5 

1A7 2.1 0.0 6.7 0.2 0 0 0.9 0.2 

1A8 0.1 0.0 0.8 0.2 0 0 0.4 0.3 

1A9 36.8 2.4 19.2 8.4 12.8 0.8 10.6 0.4 

1A10 0.0 0.0 0.7 0.3 0 0 1.0 0.5 

*3-O-G: 3-O-glucuronidation; 7-O-G: 7-O-glucuronidation 

 

 



 

53 

 

 

Figure 16. Kinetic profiles for UGT1A7-mediated glucuronidation of three 
flavonols (3,7DHF, 3,5,7THF and 3,5,7,4’QHF). 
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values were 5.9, 1.1 and 1.0 at 40 µM. CLint differences between 3-O- and 7-O-

glucuronidation hit 63.5-, 37.2- and 5.3-folds for 3,7DHF, 3,5,7THF and 3,5,7,4’QHF, 

respectively. Km values for 7-O-glcuronidation (11.56~23.17 µM) were much higher than 

that for 3-O-glucuronidation (0.82~1.61 µM), which suggested that UGT1A7 binding 

pocket might favor more the binding mode of flavonols for producing 3-O-glucuronides 

than that for generating 7-O-glucuronides.  

3.4.5. Regioselective glucuronidation of flavonols by UGT1A8 

The comparisons between formation of flavonol 3-O- and 7-O-glucuronides revealed that 

UGT1A8 recognized 3-OH better than 7-OH (Figure 17). The degree of regioselectivity 

between 3-OH and 7-OH varied with the concentration of flavonols. The ranges of the 

glucuronidation ratios of 3-OH over 7-OH were 1.5~3.8, 2.6~4.4 and 0.81~2.59 for 

3,7DHF, 3,5,7THF and 3,5,7,4’QHF, respectively. The differences in catalytic efficiency 

of 3-OH and 7-OH were >4-fold for 3,7DHF and 3,5,7THF, >2-fold for 3,5,7,4’QHF.  

3-O-/7-O-glucuronidation were enhanced more than 5.7 times in the presence of 5-

OH (3,7DHF vs. 3,5,7THF), however, additional 4’-OH decreased the catalytic efficiency 

of 3-O-glucuronidation from 0.60 to 0.31 ml/min/mg protein. The catalytic capacities 

(Vmax) for 3,7DHF and 3,5,7,4’QHF were as low as 0.74~0.76 nmol/mg protein/min, 

whereas for the analog 3,5,7THF, the enzyme showed a much higher Vmax value of 3.89 

nmol/mg protein/min (3-O-glucuornidation alone). 
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Figure 17. Kinetic profiles for UGT1A8-mediated glucuronidation of three 
flavonols (3,7DHF, 3,5,7THF and 3,5,7,4’QHF). 
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3.4.6. Regioselective glucuronidation of flavonols by UGT1A9 

UGT1A9 also preferentially glucuronidated 3-OH of flavonols (Figure 18). The 3-OH 

preference was more obvious at lower concentration. The formation ratio of 3-O- over 7-

O-glucuronide was typically larger than 2 at concentrations of < 2 µM. The catalytic 

efficiencies of UGT1A9 for 3-OH were more than 14.4-folds higher than that for 7-OH 

(except 3,5,7THF which showed a smaller difference at 2.3-fold). The Km values of 7-O-

glucuronidation were generally significantly (p < 0.05) larger than those of 3-O-

glucuornidation (except 3,5,7THF that had similar Km values). UGT1A9 showed the 

highest catalytic efficiency among the tested UGT1A isoforms (Table 1), and the CLint 

values were no less than 6 ml/min/mg protein (3-O-glucuornidation alone). Interestingly, 

the Vmax values appeared negatively correlated with the Km values, the Km values that 

were less than 1 µM coincided with Vmax values of higher than 1.9 nmol/mg protein/min 

(except 7-O-glucruonidation of 3,7DHF). Additionally, 3,7,4’THF was a good substrate 

for UGT1A9, a fair substrate for UGT1A1, but a non-substrate for 1A3, 1A7, 1A8 or 

1A10. 

3.4.7. Regioselective glucuronidation of flavonols by UGT1A10 

UGT1A10 was another 3-OH preferred enzyme (Figure 19). This was observed in the 

regioselective glucuronidation of 3,5,7THF and 3,5,7,4’QHF. The ratio of 3-O- over 7-O-

glucuronidation rate were ~2.3 and 1.1~1.9 for 3,5,7THF and 3,5,7,4’QHF, respectively. 

The CLint values for 3-O-/7-O-glucuronidation were 0.45/0.19 ml/min/mg protein for 

3,5,7THF, 0.60/0.33 ml/min/mg protein for 3,5,7,4’QHF. In the absence of 5-OH, 3,7DHF 

was a very poor substrate of UGT1A10 having Vmax value of 0.19~0.26 nmol/mg  
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Figure 18. Kinetic profiles for UGT1A9-mediated glucuronidation of four flavonols 
(3,7DHF, 3,5,7THF, 3,7,4THF and 3,5,7,4’QHF). 
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Figure 19. Kinetic profiles of UGT1A10-mediated glucuronidation of three 
flavonols (3,7DHF, 3,5,7THF and 3,5,7,4’QHF). 



 

59 

 

protein/min and CLint value of 0.03 ml/min/mg protein, and 3,7,4’THF was a non-

substrate of the enzyme. This indicated that 5-OH was essential for the interaction 

between UGT1A10 and flavonols, although this group itself was not glucuronidated. It is 

also reflected that the model compounds bind much weaker to UGT1A10 than to 

UGT1A9. UGT1A10 exhibited similar Km values for 3-O-/7-O-glucuronidation, which 

ranges from 3.96 to 8.74 µM and were significantly larger than the Km values of UGT1A9 

(p < 0.05) (0.22~0.68 µM for 3-O-glucuronidation alone). 

3.4.8. Relative catalytic efficiencies between UGT1A enzymes 

Relative catalytic efficiencies of the six UGT1As are summarized in Table 1. Based on 

protein sequence identity counting the substrate binding domain, UGT1A1 and 1A3, on 

average, are only approximately 50% identical to each other and to the polypeptides of 

UGT1A7–1A10 cluster. By contrast, the polypeptides within UGT1A7–1A10 cluster are 

75–92% identical (Mackenzie et al., 2005). Interestingly, with less shared amino acids, 

UGT1A1 and 1A3 showed great similarity in regioselective glucuronidation of flavonols 

(7-OH preference), despite of the existing gaps in relative catalytic efficiency (CLint) 

(Table 1). On the other hand, UGT1A7–1A10 cluster which share �much higher 

sequence identities commonly preferred to metabolize 3-OH of flavonols. Nevertheless, 

these isoforms exhibited divergent catalytic efficiency towards the aglycones (Table 1). 

UGT1A9 showed relative CLint ratio of >11, whereas the rest of enzymes generally 

glucuronidated flavonols at relative CLint ratio of < 2.1 with the exception of 3-O-

glucuronidation of 3,5,7THF by UGT1A7. 
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3.5. Discussion 

In this paper, we for the first time elucidated regioselective glucuronidation of four 

multi-hydroxyl flavonols by six human UGT1A isoforms via kinetics determination 

utilizing a normalized expressed level. The “hallmarks” (i.e., distinct regioselectivity 

and/or substrate selectivity) as presented by the glucuronidation patterns (Table 1), 

helped uncover the fact that these UGT1A isoforms do not always have overlapping 

substrate specificities with respect to regiospecific glucuronidation. The findings are 

novel in contrast to previous reports that showed extensive overlapping of UGT1A 

substrate specificity towards flavonoids (Tang et al., 2009, 2010; Miners et al., 2010). 

For example, 3-hydroxyflavone at 2.5 µM was similarly metabolized by UGT1A1, 1A7, 

1A8, 1A9 and 1A10 (Tang et al., 2010). The current approach holds great promises on 

identifying those substrates (probes) that are exclusively metabolized by a particular 

UGT isoform. Because of the prevalence of UGT generic variants, understanding of 

regiospecificity of UGT isoform-mediated glucuronidation is also very important to 

anticipate metabolism in vivo, and modeling/prediction of glucuronidation in silico. 

Moreover, results here would greatly assist in enzymatically synthesizing flavonoid 

glucuronides conjugated at desired position(s) for pharmaceutical and/or analytical 

purposes, as accumulating in vitro and in vivo evidences point to the ability of various 

(regiospecific) flavonoid glucuronides to retain biological activities (Williamson et al., 

2005). 

The above observations were made using kinetics profiling (specificity and/or 

regioselectivity) over a wide concentration range. This approach appears to be superior 
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to the more commonly used method of measuring the enzyme activities at a single high 

substrate concentration (>100 µM) (Boersma et al., 2002; Davis and Brodbelt, 2008). 

Although the latter approach has the advantages of less cost and labor, this practice 

might generate an erroneous conclusion, if the concentration was not properly chosen. 

For example, the formation of 3-O-glucuronide by UGT1A9 was much faster than that of 

7-O-glucuronide for 3,7DHF at concentrations of less than 20 µM (Figure 18). However, 

no significant regioselectivity between 3-OH and 7-OH was visible, if glucuronidation 

rates were only determined at a concentration of over 40 µM. The similar observations 

were made with UGT1A7 metabolism of 3,5,7THF, as well as glucuronidation of 

3,5,7,4’QHF by UGT1A7, 1A8 and 1A10. In addition, the kinetics profiling included 

substrate concentrations less than 1 µM, which is close to the in vivo plasma 

concentration of flavonoids after they are taken orally (Setchell et al., 2001). Therefore, 

the data might have greater potential to correlate with in vivo especially hepatic 

metabolism. 

The kinetics profiling studies indicate that all UGT1A isoforms have more than one 

binding site for flavonoids, since their glucuronidation of flavonols displayed strong 

substrate inhibition patterns. To explain this pattern, one model was proposed by Hutzler 

and Tracy, who advocate a hypothetical two-site binding model, in which one binding 

site is productive, whereas the other site is inhibitory and operable only at high substrate 

concentrations (Hutzler and Tracy, 2002). Another group of investigators proposed a 

compulsory ordered bi bi (two substrates and two products) kinetic model to explain 

substrate inhibition of UGT1As (Luukkanen et al., 2005). We used a similar approach 
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and showed that UGT1A9 catalyzed glucuronidation of 3,7,4’-trihydroxyflavone indeed 

followed the identical kinetic model (data not shown). Therefore, one reasonable 

explanation of the substrate inhibition was that binding of the aglycone substrate to the 

enzyme-UDP complex led to a nonproductive dead-end complex that slows the 

completion of the catalytic cycle (Segel, 1993).  

The hypothesis that there are at least two distinct binding modes present in 

UGT1As is also strongly supported by the fact that positional (3-O- or 7-O-) 

glucuronidation always has different kinetic parameters (Miners et al., 2004). The 

differentiated Km (binding affinity) or Vmax (reflecting turnover Kcat) values in production of 

the regiospecific glucuronides indicate that the enzymes provide two divergent 

interacting environments within which a single flavonol may orient differently. This most 

likely resulted from one very large active site, instead of two separate small active sites, 

as supported by the use of UGT1A1 homology models (Li and Wu, 2007; Laakkonen 

and Finel, 2010). Taken together, this body of evidences is in strong support of the 

theorem that there are at least two binding modes for UGT1A-mediated glucuronidation 

of flavonols, which can be used as the “expert knowledge” for in silico modeling of 

UGT1A-mediated glucuronidation. 

Structure of flavonols could significantly impact the regioselective glucuronidation 

rates, regardless of how many modes of bindings are present in UGT1As. In general, the 

preference order was 3-OH or 7-OH > 4’-OH > 5-OH among the model flavonols, where 

the 5-OH and 4’-OH groups were relatively inactive for glucuronidation. These two 

positions remain poorly active even in the absence of more active -OH groups, as 
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reaction rates of eight flavones with only 5 or 4’-OH available for conjugation was much 

slower than those shown in this study (data not shown). Even though 5-OH or 4’-OH was 

not glucuronidated itself, the presence of a -OH group at the C4’ or C5 had major but 

opposite effects on glucuronidation at the 3 or 7-OH position. The addition of 5-OH 

generally enhanced the UGT1A-mediated conjugation (excluding UGT1A9), as 

evidenced by the comparisons between 3,7DHF and 3,5,7THF, or between 3,7,4’THF 

and 3,5,7,4’QHF in catalytic efficiency (Table 1). The enhancement was largely ascribed 

to more efficient formation of the regioselective conjugates (7-O-glucuronide for UGT1A1 

and 1A3; 3-O-glucuronide for UGT1A7, 1A8 and 1A10). The significance of 5-OH in 

isoform-specific glucuronidation at the 3-OH or 7-OH positions were also observed for 

compounds such as chrysin, wogonin, oroxylin A, and 3,5-dihydroxyflavone (Zhou et al., 

2010; Tang et al., 2010). On the contrary, the addition of 4’-OH compromised UGT1A3-, 

1A7-, 1A8-, and 1A9-mediated glucuronidation by substantially reducing their respective 

positional glucuronidation (Table 1). The fact that 3-O- or 7-O-glucuronidation was 

reduced in the presence of 4’-OH was also supported by the observation that 3-O-

glucuronidation of 3,4’-dihydroxyflavone was slower than 3-hydroxyflavone at three 

different concentrations (Tang et al., 2010). 

In conclusion, among the six UGT1As (UGT1A1, 1A3, 1A7, 1A8, 1A9 and 1A10), 

UGT1A1 and UGT1A9 were the most efficient conjugating enzymes with the smallest Km 

values (≤1µM) and highest intrinsic clearance values. Regardless of their distinctive 

substrate specificities towards the flavonols, UGT1A1 and 1A3 favored 7-O-

glucuornidation, whereas UGT1A7, 1A8, 1A9 and 1A10 preferred 3-O-glucuronidation. 
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The highly different kinetic parameters between 3-O- and 7-O- glucuronidation 

suggested that the (at least) two distinct binding modes within the catalytic domain were 

responsible for the formation of these two glucuronide isomers, which should be 

considered as useful “expert knowledge” for modeling and predicting UGT1A-mediated 

glucuronidation. Studies are ongoing to explore these binding modes using homology-

based approaches and plant UGT crystal structures. 
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Chapter 4 Evaluation of 3,3’,4’-trihydroxyflavone and 
3,6,4’-trihydroxyflavone as the in vitro functional 
markers for hepatic UGT1A1 (Study II) 

4.1. Abstract 

Identifying UDP-glucuronosyltransferase (UGT)-selective probes� (substrates that are 

primarily glucuronidated by a single isoform) is complicated by the enzymes’ large 

overlapping substrate specificity. In this study, regioselective glucuronidation of two 

flavonoids 3,3’,4’-trihydroxyflavone (33’4’THF) and 3,6,4’-trihydroxyflavone (364’THF) is 

used to probe the activity of hepatic UGT1A1. The glucuronidation kinetics of 33’4’THF 

and 364’THF was determined using 12 recombinant human UGT isoforms and pooled 

human liver microsomes (pHLM). The individual contribution of main UGT isoforms to 

the metabolism of the two flavonoids in pHLM was estimated using the relative activity 

factor approach. UGT1A1 activity correlation analyses using flavonoids-4’-O-

glucuronidation vs. β-estradiol-3-glucuronidation (a well-recognized marker for UGT1A1) 

or vs. SN-38 glucuronidation were performed using a bank of HLMs (n=12) including 

three UGT1A1-genotyped HLMs (i.e., UGT1A1*1*1, UGT1A1*1*28 and UGT1A1*28*28). 

The results showed that UGT1A1 and 1A9, followed by 1A7, were the main isoforms for 

glucuronidating the two flavonoids, where UGT1A1 accounted for 92 ± 7 % and 91 ± 10 

% of 4’-O-glucuronidation of 33’4’THF and 364’THF, respectively, and UGT1A9 

accounted for most of the 3-O-glucuronidation. Highly significant correlations (R2� > 

0.944, p < 0.0001) between the rates of flavonoids 4’-O-glucuronidation and that of 

estradiol-3-glucuronidation or SN-38 glucuronidation were observed across 12 HLMs. In 

conclusion, UGT1A1-mediated 4’-O-glucuronidation of 33’4’THF and 364’THF were 
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highly correlated with glucuronidation of estradiol (3-OH) and SN-38. This study 

demonstrated for the first time that regioselective glucuronidation of flavonoids can be 

applied to probe hepatic UGT1A1 activity in vitro. 

4.2. Introduction 

UDP-glucuronosyltransferases (UGTs)-mediated glucuronidation is a major phase II 

metabolic pathway that facilitates efficient elimination and detoxification of structurally 

diverse groups of xenobiotics (e.g., SN-38 and nitrosamines) and endogenous 

compounds (e.g., bilirubin and estradiol). UGT genetic deficiency and polymorphisms 

are associated with inherited physiological disorders, whereas inhibition of 

glucuronidation by the concomitant use of certain drugs is related to drug induced 

toxicities (Tukey and Strassburg, 2000; Kiang et al., 2005; Wu et al., 2011). On the other 

hand, extensive glucuronidation can be a barrier to oral bioavailability as rapid and 

extensive first-pass glucuronidation (or premature clearance by UGTs) of orally 

administered agents usually results in the poor oral bioavailability and/or lack of 

efficacies (Gao and Hu, 2010; Wu et al., 2011).  

Human UGTs are classified into four families: UGT1, UGT2, UGT3, and UGT8 

(Mackenzie et al., 2005).  The most important drug-conjugating UGTs belong to UGT1 

and UGT2 families. At present, 16 human UGT isoforms from UGT1A (9 members) and 

UGT2B (7 members) subfamilies are identified: namely, UGT1A1, 1A3, 1A4, 1A5, 1A6, 

1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B10, 2B11, 2B15, 2B17 and 2B28 (Mackenzie et al., 

2005). Their distribution (probed by mRNA level) in major metabolizing organs, as well 
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as other organs/tissues were well studied (Ohno and Nakajin, 2009; Izukawa et al., 

2009). Compared to UGT1As, UGT2Bs are much more abundantly expressed in human 

liver. UGT2B4 has the highest expression, followed by UGT2B15. Among the UGT1A 

isoforms, UGT1A1, 1A4, 1A6 and 1A9 have moderate expression in the liver (Ohno and 

Nakajin, 2009).  

Within the 9 UGT1A isoforms, UGT1A1 is perhaps the most significant one for 

maintaining human health. Its genetic deficiency may impair the metabolism of bilirubin, 

resulting in severe hyperbilirubinemia disorders such as Crigler-Najjar Syndrome and 

Gilbert's syndrome (Radominska-Pandya et al., 1999; Emoto et al., 2010).  Moreover, 

UGT1A1 is mainly responsible for SN-38 clearance (Fujita and Sparreboom, 2010). SN-

38 is the active metabolite of irinotecan (CPT-11), a widely used anticancer drug, 

especially for the treatment of colorectal cancer. Generic polymorphisms in UGT1A1 

(e.g., UGT1A1*28 variant with low UGT1A1 expression) has been linked to irinotecan 

toxicity (O'Dwyer and Catalano, 2006). The frequency of UGT1A1*28 allele (promoter 

(TA)6/7TAA mutation) varies by ethnic and racial origin, and is ∼10% in a white population 

(Beutler et al., 1998). This high penetration rate necessitates the UGT1A1 genotyping of 

patients prior to the irinotecan treatment, a protocol recommended by the FDA (O'Dwyer 

and Catalano, 2006). 

Flavonoids are a class of natural polyphenols, consumption of which is linked to 

numerous health benefits such as antioxidant and anticancer (Crozier et al., 2009). It is 

well-known that flavonoids are subjected to extensive glucuronidation, resulting in poor 

oral bioavailabilities (Jeong et al., 2005b; Hu, 2007). Although UGT1A isoforms showed 
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vast overlapping substrate specificities (as evaluated by counting all metabolites) 

(Joseph et al., 2007; Tang et al., 2009, 2010; Zhou et al., 2010), regioselective 

glucuronidation of multi-hydroxyl flavonoids has been demonstrated to be highly isoform-

dependent for many flavonoids (Wu et al., 2011). In the study of quercetin 

glucuronidation, UGT1A3’s highest glucuronidation preferred 3’-O-glucuronide, whereas 

UGT1A9 favored 3-O-glucuronidation (Chen et al., 2005b). 

Regioselectivity refers to the preference for formation of one glucuronide isomer over 

another, when a substrate possesses more than one possible glucuronidation site. 

Regioselectivity of various UGTs has been examined for a number of compounds such 

as estradiol, estrone, morphine and resveratrol (Lépine et al., 2004; Brill et al., 2006; 

Ohno, et al., 2008). In particular, typical generation of a particular glucuronide isomer 

from a substrate was used to probe UGT activity in human tissues in vitro. For example, 

β-estradiol 3-glucuronidation is considered an excellent marker of UGT1A1 activity 

(Court, 2005; Donato et al., 2010), and morphine 6-glucuronidation may be used as a 

selective probe for UGT2B7 activity (Stone et al., 2003).  

As stated by Court (2005) and Miners et al (2010), UGT-selective probes have many 

significant applications in the study of drug glucuronidation. For example, they can be 

used to (1) identify a specific functional UGT in human tissues; (2) predict possible UGT-

mediated drug-drug interactions; and (3) elucidate the functional significance of genetic 

polymorphisms. In this study, we characterized two flavonoids (3,3’,4’-trihydroxyflavone 

and 3,6,4’-trihydroxyflavone) as the UGT1A1 probes based on initial screening (i.e., 

selectivity evaluation by phenotyping each compound with a panel of recombinant UGT 
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isoforms) of ~ 67 flavonoid compounds derived from 5 subclasses (flavones, isoflavones, 

flavonones, chalcones and flavonols) (published and unpublished data) (Joseph et al., 

2007; Tang et al., 2009, 2010; Zhou et al., 2010; Singh et al., 2011). The individual 

contributions of UGT1A1 and/or 1A9 to metabolism of the two flavonoids and SN38 in 

pooled human liver microsomes were estimated using enzyme kinetic experiments 

combined with the relative activity factor (RAF). The selectivity of UGT1A1 towards the 

flavonoids, estradiol and SN-38 were further evaluated in a bank of 12 HLMs based on 

activity correlation analysis. 

4.3. Materials and methods 

4.3.1. Materials 

Twelve recombinant human UGT isoforms (SupersomesTM, i.e., UGT1A1, 1A3, 1A4, 

1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15 and 2B17), pooled human liver microsomes 

(from 50 donors), three UGT1A1 genotyped human liver microsomes (i.e., UGT1A1*1*1 

(Wild-type), UGT1A1*1*28 (allelic variant) and UGT1A1*28*28 (allelic variant), and 

rabbit anti-human UGT1A1 polyclonal antibody were purchased from BD Biosciences 

(Woburn, MA). A bank of individual human liver microsomes with diverse UGTs activities 

(n=8, designated as HLM-1, HLM-2,…, HLM-8�) was purchased from Xenotech (Lenexa, 

KS). Rabbit anti-goat IgG-HRP was purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA). Two flavonoids (see Figure 20 for chemical structures) (i.e., 3,3’,4’-

trihydroxyflavone (33’4’THF), and 3,6,4’-trihydroxyflavone (364’THF)) were purchased 

from Indofine Chemicals (Somerville, NJ). 17β-estradiol (also referred as estradiol in this 

paper, see Figure 24 for chemical structure), β-estradiol-3-glucuronide, 7-ethyl-10-
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hydroxycamptothecin (SN-38, see Figure 24 for chemical structure), SN-38-glucuronide, 

propofol, and propofol-glucuronide were obtained from Toronto Research Chemicals 

(North York, Ontario, Canada). Uridine diphosphoglucuronic acid (UDPGA), alamethicin, 

D-saccharic-1,4-lactone monohydrate, and magnesium chloride were purchased from 

Sigma-Aldrich (St Louis, MO). Ammonium acetate was purchased from J.T. Baker 

(Phillipsburg, NT). All other materials (typically analytical grade or better) were used as 

received. 

4.3.2. Immunoblotting 

The recombinant UGT1A1 and human liver microsomes were analyzed by SDS-

polyacrylamide gel electrophoresis (10% acrylamide gels) and transferred onto PVDF 

membranes (Millipore, Bedford, MA). Blots were probed with anti-UGT1A1 antibody (BD 

Biosciences, Woburn, MA), followed by horseradish peroxidase-conjugated rabbit anti-

goat IgG (Santa Cruz Biotechnology, Santa Cruz, CA). Membranes were analyzed on a 

FluorChem FC Imaging System (Alpha Innotech), and intensities of UGT bands were 

measured by densitometry using the AlphaEase software. 

4.3.3. Glucuronidation assay and kinetics 

The experimental procedures of glucuronidation assays were exactly the same as our 

previous publications (Singh et al., 2010). Glucuronide(s) formation was verified to be 

linear with respect to incubation time (5-60 min) and protein concentration (13-53 µg/ml). 

Glucuronidation rates were calculated as nmol glucuronide(s) formed per reaction time 

per protein amount (or nmol/min/mg protein), as the actual enzyme concentration is 

unknown. Enzyme kinetics parameters for glucuronidation were determined by 
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measuring initial reaction rates at a series of substrate concentrations. All experiments 

were performed in triplicates. 

4.3.4. UPLC analysis: 

The Waters ACQUITY™ UPLC (Ultra performance liquid chromatography) system was 

used to analyze parent compounds (or aglycones) and their respective glucuronides 

(see Appendix B/C) 

4.3.5. Identification of the structure of flavonoid glucuronide  

Glucuronide structures were identified using 3 independent methods in a sequential 

process as summarized in our earlier publication (Singh et al., 2010). First, the 

glucuronides were hydrolyzed by �β-D-glucuronidase to the aglycones. Second, the 

glucuronides were identified as mono-glucuronides which showed mass of (aglycone’s 

mass+176) Da using UPLC/MS/MS. 176 Da is the mass of a single attached glucuronic 

acid.  

Finally, the sites of glucuronidation were confirmed by the “UV spectrum maxima 

(λmax) shift method”.29-31 Substitution of 3-hydroxyl group led to a hypsochromic shift 

(i.e. to shorter wavelength) in band I (300~380nm), the shift was in the order of 13 ~ 30 

nm, whereas glucuronidation of 4’-hydroxyl group produced a 5 ~ 10 nm shift. In 

contrast, substitution of the hydroxyl group at position C6 or C3’ had minimal or no effect 

on the λmax of the UV spectrum. 
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4.3.6. Data analysis 

Kinetic parameters were estimated by fitting the proper models (Michaelis-Menten, 

substrate inhibition or Hill equations) to the substrate concentrations and initial rates with 

a weighting of 1/y. Similar to glucuronidation rates, Vmax values were also determined as 

nmol glucuronide formed /min/mg Supersomes protein (or nmol/mg protein/min). Eadie-

Hofstee plots were used as diagnostics for model selection. Data analysis was 

performed by GraphPad Prism V5 for Windows (GraphPad Software, San Diego, CA). 

The goodness of fit was evaluated on the basis of R2 values, RSS (residual sum of 

squares), RMS (root mean square) and residual plots.  

Maximal clearances (CLmax) were estimated using eq. I (Houston and Kenworthy, 

2000; Uchaipichat et al., 2004), where Vmax is the maximal velocity rate, S50 is the 

substrate concentration resulting in 50% of Vmax, and n is the Hill coefficient: 
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Correlation (Pearson) analysis was performed by GraphPad Prism V5 for Windows 

(GraphPad Software, San Diego, CA). 

4.3.7. UGT1A1 and 1A9 relative activity factor determination 

The relative activity factor (RAF) approach was used for scaling UGT activities obtained 

using cDNA-expressed enzymes to HLM (Rouguieg et al., 2010). RAFs (eq. II) here 

were defined as the HLM/recombinant enzyme activity (e.g., CLint, the intrinsic 

clearance) ratio of a particular isoform toward a probe substrate (Rouguieg et al., 2010). 
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The relative amount of specific substrate metabolism attributed to an individual UGT 

enzyme was estimated by multiplying glucuronidation parameters (i.e., CLint) observed 

with this enzyme by the corresponding RAF. In this study, we calculated RAFs for 

UGT1A1 and UGT1A9 using selective probe substrates for UGT1A1 and 1A9 (1A1: 

estradiol, 3-glucuronide; 1A9: propofol). Estradiol 3-glucuronidation is an excellent 

marker for UGT1A1, showing a good correlation with bilirubin glucuronidation (Zhou et 

al., 2011). Propofol is considered as an appropriate probe substrate for UGT1A9 in 

human liver, insomuch as a concentration of below 100 µM (lower than Km value) is used 

for activity measurement, because of the potential to be glucuronidated by other UGT 

isoforms (Court, 2005).  

4.4. Results 

4.4.1. UGTs involved in 33’4’THF and 364’THF glucuronidation. 

As shown in Figure 20, UGT1A1, 1A7 and 1A9 were the main isoforms glucuronidating 

both flavonoids. UGT1A9 showed the highest activities, followed by UGT1A1 and 1A7. 

In terms of the number of glucuronides formed, UGT1A7 and 1A9 only generated a 

single 3-O-glucuronide, demonstrating a strict 3-OH regioselectivity. By contrast, multiple 

glucuronide isomers were formed by UGT1A1 (two for 33’4’THF: 3’-O- and 4’-O-

glucuronide; three for 364’THF: 3-O-, 6-O-, and 4’-O-glucuronide). UGT1A7 was not 

considered in further studies, because it expresses only in extrahepatic tissues (i.e., 

stomach or esophagus) (Ohno and Nakajin, 2009). We also determined the relative  
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Figure 20. Phenotyping of 33’4’THF (top) and 364’THF (bottom) using 12 
recombinant UGTs 

UGT1A1, 1A7 and 1A9 were the main isoforms glucuronidating both 
flavonoids. Intrinsic clearances (CLint = Vmax/Km) were obtained from kinetic 
determination. OG: O-glucuronide. Insets show corresponding chemical 
structures for each flavonoid probe. 



 

75 

 

expression level between the 8 UGT1A isoforms by Western blot analysis using anti-

UGT1A antibody (Santa Cruz Biotechnology, Santa Cruz, CA), as described previously 

(Uchaipichat et al., 2004). There was only <1.3-fold variability in the apparent expression 

of the UGT1A isoforms. Thus the UGT1A activity was not normalized using the relative 

expression. It is acknowledged though that the inter-enzyme activity comparison 

between UGT1As and UGT2Bs might be affected by the actual enzyme levels which 

could not be determined due to the lack of a specific antibody for the majority of human 

UGT isoforms. 

4.4.2. Contribution of UGT1A1 and 1A9 to metabolism of 33’4’THF in 
pHLM 

Glucuronidation kinetic profiles and constants derived from incubation of 33’4’THF with 

pHLM, UGT1A1 and UGT1A9 were shown in Figure 21. The intrinsic clearance (CLint) 

obtained with recombinant UGT1A1 and UGT1A9 were scaled to pHLM using the RAFs 

calculated from the UGT1A1-mediated 3-glucuronidation of estradiol (RAF = 0.83, Figure 

22a) and UGT1A9-mediated glucuronidation of propofol (RAF = 0.14, Figure 22b). As 

can be seen in Figure 21, the scaled CLint of UGT1A1 and UGT1A9 represented 92 ± 

7% (4’-O-glucuronidation) and 95 ± 9% (3-O-glucuronidation) of the CLint values in 

pHLM, respectively. In addition, UGT1A1 contributed a less percentage (77%) of 3’-O-

glucuronidation in pHLM. The residual (approximately 23%) 3’-O-glucuronide production 

in pHLM might be attributable to UGT2B15, which is second most abundant in human 

liver 6 and showed some 3’-O-glucuronidation activity (Figure 20). 
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Figure 21. Kinetic profiles (panel a) and parameters (panel b) of glucuronidation 
derived from incubation of 3,3’,4’-trihydroxyflavone (33’4’THF) with 
pooled human liver microsomes (pHLM), recombinant UGT1A1 and 
UGT1A9 

Insets show corresponding Eadie-Hofstee plots for each kinetic profile. Circles and 
solid lines denote observed and predicted formation rates of flavonoid 3’-O-
glucuronides, respectively; diamonds and dashed lines denote observed and 
predicted formation rates of flavonoid 4’-O-glucuronides, respectively; squares and 
dash-dotted lines denote observed and predicted formation rates of flavonoid 3-O-
glucuronides, respectively. Predicted rates were from Michaelis-Menten or substrate 
inhibition models. Each data point represents the average of three replicates. 
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Figure 22. Kinetic profiles (top) and parameters (bottom) of glucuronidation of 
estradiol (a) and propofol (b) using recombinant UGTs and pooled 
human liver microsomes, 

Relative activity factors (RAFs) of UGT1A1 ( = 0.83) and UGT1A9 ( = 0.14) were 
derived. Insets show corresponding Eadie-Hofstee plots for each kinetic profile. 
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4.4.3. Contribution of UGT1A1 and 1A9 to metabolism of 364’THF in 
pHLM 

Glucuronidation kinetic profiles and constants derived from incubation of 364’THF with 

pHLM, UGT1A1 and UGT1A9 were shown in Figure 23. The scaled CLint values of 

UGT1A1 and UGT1A9 accounted for 91 ± 10% (4’-O-glucuronidation) and 94 ± 7% (3-

O-glucuronidation) of the CLint values in pHLM, respectively. Although 3-O-glucuronide 

was primarily generated by UGT1A9, a minor contribution (9%) from UGT1A1 was also 

observed. For 6-O-glucuronide formation, a large portion (68%) was attributed to 

UGT1A1. However, it remains to be identified as to the other contributor(s) responsible 

for the remaining 32% of 6-O-glucuronide formation. 

4.4.4. Expression-activity correlation for UGT1A1 in human livers  

The expression levels of UGT1A1 in 12 human liver microsomes were determined by 

Western blot analysis (Figure 24a). In the product datasheet, it is described that the 

UGT1A1 antibody does not cross-react with UGT1A4, UGT1A6, UGT1A9, UGT1A10, 

and UGT2B15, which was also confirmed by Izukawa et al (2009). We verified that the 

UGT1A1 antibody did not have co-reactivity with UGT1A9 (data not shown). The 

variability of UGT1A1 protein in HLMs was 8.2-fold (Figure 24). The UGT1A1 protein 

levels were significantly correlated with the UGT1A1 activities probed with 4’-O-

glucuronidation of 33’4’THF and 364’THF (R2 > 0.811; p < 0.0001) (Figure 24b). 

Substantial correlations between the UGT1A1 protein and UGT1A1-mediated estradiol 

(3-OH) glucuronidation and SN-38 glucuronidation were also observed (R2 > 0.811; p < 

0.0001) (Figure 24c). 
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Figure 23. Kinetic profiles (panel a) and parameters (panel b) of glucuronidation 

derived from incubation of 3,6,4’-trihydroxyflavone (364’THF) with 
pooled human liver microsomes (pHLM), recombinant UGT1A1 and 
UGT1A9. 

Insets show corresponding Eadie-Hofstee plots for each kinetic profile. Diamonds 
and dashed lines denote observed and predicted formation rates of flavonoid 4’-O-
glucuronides, respectively; triangle and dotted lines denote observed and predicted 
formation rates of flavonoid 6-O-glucuronides, respectively; squares and dash-
dotted lines denote observed and predicted formation rates of flavonoid 3-O-
glucuronides, respectively. Predicted rates were from Michaelis-Menten or substrate 
inhibition models. Each data point represents the average of three replicates. 
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Figure 24. Expression-activity correlation for UGT1A1 in human livers  

Panel a: Western blots of recombinant UGT1A1 and HLMs. Panels B-C: the 
correlation analyses (n=12) were performed between the UGT1A1 protein and 
33’4’THF glucuronidation (4’-OH) (b, left), 364’THF glucuronidation (4’-OH) (b, right), 
estradiol glucuronidation (3-OH) (c, left), and SN-38 glucuronidation (c, right). The 8 
individual HLMs from XenoTech were indicated in numbers. R2: Pearson correlation 
coefficient. In panel b-c, insets show corresponding chemical structures for each 
UGT1A1 substrate. The arrows indicate the sites of glucuronidation. 
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4.4.5. UGT1A1 activity correlation analysis  

We chose estradiol and SN-38 glucuronidation rates for correlation analysis because 

estradiol is the most important female hormone, and also a prototypical substrate of 

human UGT1A1.  In contrast, SN-38 is the active moiety for the widely used anticancer 

drug irinotecan, and UGT1A1 activities are inversely correlated to its intestinal toxicities 

(O'Dwyer and Catalano, 2006).  

Highly significant correlations (R2 ≥ 0.970, p<0.0001) were observed between rates 

of estradiol-3-O-glucuronidation and rates of 4’-O-glucuronidation of 33’4’THF or 

364’THF measured in a panel of HLMs (n=12) (Figure 25). Please note that the activity 

correlation here was made between reaction rates measured at substrate concentrations 

that were lower than or near Km (S50 for estradiol) values (for pHLM-mediated 

glucuronidation), which best approximate the intrinsic activity of a specific UGT isoform 

in HLMs (Zhang et al., 2007).  

Glucuronidation of SN-38 in pHLM appeared to be fully (103 ± 8%) correlated with 

UGT1A1 activities (Figure 26a), based on the RAF approach. As expected, rates of SN-

38 glucuronidation was highly correlated (R2 > 0.965, p < 0.0001) with rates of 4’-O-

glucuronidation of 33’4’THF or 364’THF in the same 12 HLMs bank (Figure 26c/d). 

Additionally, similar pattern of kinetic profile (substrate inhibition) was observed between 

4’-O-glucuronidation of 33’4’THF or 364’THF and SN-38 glucuronidation (Figure 26b). 

To rule out the possibility that the observed correlations between the flavonoids and 

known UGT1A1 probes were due to the differences in the quality of the liver 

microsomes, we demonstrated that there was a lack of correlation (p > 0.5) between 
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Figure 25. UGT1A1 activity correlation between flavonoid-4’-O-glucuronidation 
(top: 33’4’THF; bottom: 364’THF) and estradiol-3-glucuronidation in a 
bank of HLMs (n=12). 

The 8 individual HLMs from XenoTech were indicated in numbers. The borders of 
the 95% confidence intervals were plotted as dashed lines. R2: Pearson correlation 
coefficient 
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Figure 26. Rate correlations between SN-38 glucuronidation and flavonoid 
glucuronidation (4’-OH) 

Panel a: Kinetic profiles (top) and parameters (bottom) of glucuronidation derived 
from incubation of SN-38 with pHLM and recombinant UGT1A1. Panel b: Kinetic 
profile of 33’4’THF-4’-O-glucuronidation (top) and 364’THF-4’-O-glucuronidation 
(bottom) mediated by pHLM. Panels c/d: UGT1A1 activity correlation between 
flavonioid-4’-O-glucuronidation (c: 33’4’THF; d: 364’THF) and SN-38 glucuronidation 
in a bank of HLMs (n=12). The borders of the 95% confidence intervals were plotted 
as dashed lines. In Panels a-b, insets show corresponding Eadie-Hofstee plots for 
each kinetic profile. 
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 the flavonoid-4’-O-glucuronidation and testosterone-O-glucuronidation (a UGT2Bs 

probe (Sten et al., 2009) in the same set of 12 HLMs. Lastly, we confirmed that 

recombinant UGT1A9 had no measurable activity towards SN-38 at lower 

concentrations (0.625-5 µM), and limited activity (10 ± 0.8 pmol/min/mg protein, ~5-folds 

less than that of UGT1A1) at a higher concentration of 10 µM, somewhat similar to the 

early observation (Hanioka et al., 2001). Considering the fact that the in vivo 

concentration of SN-38 is quite low (< 0.1 µM) after a standard therapy (Mathijssen et 

al., 2001), we believe that UGT1A9’s contribution to SN-38 glucuronidation is likely to be 

quite limited. 

4.5. Discussion 

We have shown that 33’4’THF and 364’THF may be used as probe substrates for 

UGT1A1 because UGT1A1 displayed high degree of selectivity toward their 4’-O-

glucuronidation, and rates of their 4’-O-glucuronidation are highly correlated with 

UGT1A1 expression and activities in human liver microsomes. The evidence is strong 

and includes four sets of independent results: (1) the probes were predominantly 

glucuronidated (at 4’-OH) by UGT1A1 based on phenotyping of commercially available 

recombinant UGTs; (2) metabolism (at 4’-OH) of the probes in human liver microsomes 

was mainly contributed by the targeted UGT isoform; (3) the selectivity of UGT1A1 

towards the flavonoid probes (4’-O-glucuronidation) were comparable to the known 

selective substrates (estradiol and SN-38) derived from activity correlation analysis; and 

(4) The polymorphic variants (UGT1A1*28) with decreased UGT1A1 protein expression 

showed markedly lower UGT1A1 activity towards the probes. Therefore, the interference 
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of other untested hepatic isoforms (e.g., UGT2B10) on the use of the two probes was 

presumed to be negligible, which was supported in part by the poor correlation between 

4’-O-glucuronidation of these 2 flavonoids and that of testosterone, an important 

substrate of UGT2Bs. 

Utilities of UGT-selective probes are multifaceted in the area of glucuronidation 

during the drug development process (Court, 2005; Miner et al., 2010). Firstly, they can 

be used to substantiate the identification of specific UGTs involved in glucuronidation of 

drug candidates in human tissues via activity correlation analysis. Secondly, UGT-

selective probes can be used to evaluate and predict the role of particular UGTs in drug-

drug interactions through enzyme induction or inhibition (Donato et al., 2010). Thirdly, 

glucuronidation measured using UGT-selective probe in tissues from different individuals 

can be used as a phenotype measure to elucidate the functional significance of genetic 

polymorphisms (Court, 2005). Fourthly, UGT probes can be used to screen the potential 

inhibitors of individual UGT enzymes (Miner et al., 2010). Finally, they can be used to 

establish selective functional assays to assess functionality of individual UGT isoforms 

(can be reflective of metabolic status) in vitro (e.g., hepatocytes), and provide guidance 

for clinical dosing regimen (Donato et al., 2010; Bonora-Centelles et al., 2010).  

Current available UGT1A1 probes are limited to three compounds: bilirubin, estradiol 

and etoposide (Miners et al., 2010). Bilirubin and estradiol are endogenous compounds, 

whereas etoposide is cytotoxic, precluding their use in in vivo glucuronidation studies. In 

this regard, the flavonoid probes here hold greater potential for in vivo prediction of 

UGT1A1 activity, because they are exogenous and non-toxic (Hu, 2007). As a proof of 
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principle, UGT1A1-selective probes (in vivo) would be of clinical value for predicting SN-

38 glucuronidation and determining the proper dose and dosing regimen (O'Dwyer and 

Catalano, 2006). SN-38 glucuronidation has been shown repeatedly to be an important 

factor for its gastrointestinal side effects; deficiency in UGT1A1 activity is correlated with 

more severe side effects in humans (O'Dwyer and Catalano, 2006). It is acknowledged 

whether these 2 flavonoid probes can be used as a UGT1A1 selective probe in human 

remains uncertain until appropriate demonstration in vivo.   

Interestingly, 3-O-glucuronidation rates of 33’4’THF and 364’THF are also well 

correlated with hepatic UGT1A9 activities as measured by the glucuronidation rates of 

propofol at 25 µM using the same set of HLMs (n=12). High significant correlation (R2 ≥ 

0.944, p<0.0001) were observed between the glucuronidation of these two flavonoid 

probes at the 3-OH position and that of propofol (Figure 27). Attempt to quantify 

UGT1A9 using antibody against UGT1A9 obtained from Abnova (Taipei City, Taiwan) 

was unsuccessful, as the antibody cross-reacted with UGT1A1 (data not shown) and 

other UGT1A isoforms (Izukawa et al., 2009). Therefore, we could not determine the 

UGT1A9 levels in human liver microsomes. This technical difficulty means that we 

cannot determine unequivocally if 3-O-glucuronidation rates of 33’4’THF and 364’THF 

could be used as activity indicators for human UGT1A9, although it could be used as an 

indicator for glucuronidation rates of propofol, a clinically useful drug. 
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Figure 27. UGT1A9 activity correlation between flavonioid-3-O-glucuronidation 
(top: 33’4’THF; bottom: 364’THF) and propofol glucuronidation in a 
bank of HLMs (n=12). 

The 8 individual HLMs from XenoTech were indicated in numbers. R2: Pearson 
correlation coefficient 
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In addition to correlation analysis, we also used the Km values to determine if 

regiospecific glucuronidation was similar in expressed UGTs and HLMs. We found that 

Km values for recombinant UGT1A1 (4’-O-glucuronidation of 33’4’THF and 364’THF) 

were essentially identical to those for pooled HLM, which indicated UGT1A1 was likely 

the predominant enzyme that catalyzed the 4’-O-glucuronidation. With this additional 

criterion, 4’-O-glucuronide of two flavonoids were considered the excellent markers for 

UGT1A1. By contrast, The Km values for recombinant UGT1A9 (3-O-glucuronidation of 

33’4’THF and 364’THF) were, respectively, ~17 (33’4’THF) and ~ 2.5 (364’THF) times 

lower than those for pooled HLM. The strikingly higher Km value of HLM than the target 

recombinant UGT, as also had been found for propofol (Soars et al., 2003; Shimizu et 

al., 2007), could arise from the “membrane effect” (or “albumin effect”) proposed by 

Miners et al (2010). It might also suggest that other UGT isoforms could contribute to the 

metabolism (Court, 2005). These isoforms most likely are UGT2B7 (for 33’4’THF) and 

UGT1A1 (for 364’THF), inferred from the reaction-phenotyping data (Figure 20). Hence, 

it is necessary to reduce the low background glucuronidation activities resulted from the 

off-target UGTs, and to use these flavonoid probes at lower concentrations (e.g., 0.625 

µM for the flavonoid probes, much lower than their reported Km values in HLMs). 

It is noteworthy that UGT1A1 expression-activity correlation did not hold between 

recombinant UGT1A1 and HLMs. Compared to pHLM, recombinant UGT1A1 had 

notably higher UGT1A1 expression in Western blot, but similar activities towards 

estradiol (3-glucuronide), 33’4’THF and 364’THF (4’-O-glucuronides). The catalytic 

differences might be contributed by UGT protein-protein interactions (hetero-dimerization 
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or hetero-oligomers) in HLMs (Fujiwara et al., 2007, 2010). There are another two 

possibilities that cannot be ruled out: 1) protein separation and/or binding to the 

membrane during Western blotting were affected by the differences in the sample 

matrices; 2) over-expression of UGT1A1 in insect cells may lead to the accumulation of 

inactive enzyme. Further studies are warranted to address this discrepancy. 

In conclusion, this study presented two flavonoids (4’-O-glucuronidation), whose 

regioselective glucuronidation can be used as in vitro selective probes for hepatic 

UGT1A1, and hold great promise for use as in vivo probes as well. The selectivity of 

UGT1A1 towards the proposed probes was systematically evaluated via studies 

including recombinant UGT phenotyping, individual UGT contribution estimation, and 

activity correlation analysis. UGT1A1 and 1A9 are the main isoforms responsible for 

glucuronidating 33’4’THF and 364’THF, but at different positions (1A1, 4’-OH; 1A9, 3-

OH). Glucuronidation of these 2 flavonoid probes at 4’-OH position by UGT1A1 were 

well correlated with estradiol-3-glucuronidation (a well-recognized and widely used 

UGT1A1 probe) and SN-38 glucuronidation (drug’s toxicity is associated with UGT1A1 

function). The results indicated that 4’-O-glucuronidation of 33’4’THF and 364’THF is 

excellent markers for UGT1A1, and for UGT1A1-mediated glucuronidation of SN-38. 

Future work should assess the selectivity of these probes in in vivo glucuronidation 

studies. 
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Chapter 5 3D-QSAR studies on UGT1A9-mediated 3-O-
glucuronidation of flavonols using a pharmacophore-
based CoMFA model (Study III) 

5.1. Abstract 

Glucuronidation is often recognized as one of the rate-determining factors that limit the 

bioavailability of flavonols. Hence, design and synthesis of more bioavailable flavonol(s) 

would benefit from the establishment of predictive models of glucuronidation using 

kinetic parameters (e.g., Km, Vmax, CLint=Vmax/Km) derived for flavonols. This study aims to 

construct position (3-OH) specific CoMFA models to describe UGT1A9-mediated 

glucuronidation of flavonols, which can be used to design poor UGT1A9 substrates. The 

kinetics of UGT1A9-mediated 3-O-glucuronidation of 30 flavonols was characterized and 

kinetic parameters (Km, Vmax, and CLint) were obtained. The observed Km, Vmax and CLint 

values of 3-O-glucuronidation ranged 0.04~0.68 µM, 0.04~12.95 nmol/mg/min and 

0.06~109.60 ml/mg/min, respectively. To model the UGT1A9-mediated glucuronidation, 

30 flavonols were splitted into the training (23 compounds) and test (7 compounds) sets. 

These flavonols were then aligned by mapping the flavonols to a specific common 

feature pharmacophore, which were used to construct CoMFA models of Vmax and CLint, 

respectively. The derived CoMFA models possessed good internal and external 

consistency and showed statistical significance and substantive predictive abilities (Vmax 

model: q2 = 0.738, r2= 0.976, r2
pred = 0.735; CLint model: q2 = 0.561, r2= 0.938, r2

pred = 

0.630). The contour maps derived from CoMFA modeling clearly indicated structural 

characteristics associated with rapid or slow 3-O-glucuronidation. In conclusion, the 

approach of coupling CoMFA analysis with a pharmacophore-based structural alignment 
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is viable for constructing a predictive model for regiospecific glucuronidation rates of 

flavonols by UGT1A9. 

5.2. Introduction 

Flavonols are widely distributed in regular human diets (D'Archivio et al., 2007). There 

are nearly 400 natural flavonols reported, and majority of them have flavonol structural 

scaffold with hydroxyl (-OH) and/or methoxy (-OMe) substitutions (Andersen and 

Markham, 2006). It is well-known that this class of natural-occurring compounds is linked 

to a variety of health-promoting activities such as antioxidant and anticancer (Birt et al., 

2001; Ross and Kasum, 2002). However, the undesired biopharmaceutical properties of 

flavonols (e.g., quercetin and kaempferol), which undergo particularly rapid and 

extensive phase II metabolism, produced low levels of the parent compounds but high 

levels of the conjugated forms (e.g., glucuronides or sulfates to a lesser extent) being 

found in the blood (Erlund et al., 2006; Barve et al., 2009). 

UDP-glucuronosyltransferases (UGTs) is a family of enzymes that mediate the 

glucuronidation of endogenous or exogenous compounds. The substrates need to 

contain one or more nucleophilic groups (e.g., hydroxyl, alcohol, amine, thiol or 

carboxylic acid groups) to which the cofactor UDP-glucuronic acid (UDPGA) is 

covalently linked (Jancova et al., 2010). This pattern of structural recognition explains 

the broad substrate specificity of UGTs, and underpins its wide detoxification 

functionality by turning the substrates to hydrophilic metabolite, which can be readily 

eliminated (Iyanagi, 2007). In the UGTs superfamily, the enzymes of the UGT1A and 
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UGT2B subfamilies contribute significantly to phase II metabolism (Wong et al., 2009). 

To date, a total of 16 functional isoforms were identified (9 for UGT1A and 7 for 2B 

family): UGT1A1, 1A3, 1A4, 1A5, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B10, 2B11, 

2B15, 2B17 and 2B28 (Mackenzie et al., 2005). Liver, as the major first-pass 

metabolizing organ, expresses a variety of UGT isoforms including UGT1A1, 1A3, 1A4, 

1A5, 1A6, 1A9, 2B7 and 2B15. In contrast, UGT1A7, 1A8 and 1A10 are primarily 

present in gastrointestinal tract or esophagus (Fisher et al., 2001; Ohno and Nakajin, 

2009). 

UGT1A9 is a unique enzyme among the 9 UGT1A isoforms. UGT1A9 is resistant to 

detergent and is stable in response to heat treatment at 57°C for 15 min (Fujiwara et al., 

2009). Consistent with this observation, our earlier study showed that UGT1A9 was 

thermostable in metabolizing prunetin (an isoflavone) at 37°C for more than 8 hours 

(Joseph et al., 2007). Moreover, UGT1A9 demonstrated greater proficiency in 

glucuronidating flavonoids. In the study of Chen et al. (2008), the catalyzing efficiency 

(Vmax/Km) of UGT1A9 was higher than that of UGT1A3. It is also observed that UGT1A9 

ranks within the top three isoforms that most effectively metabolize isoflavones, flavones 

and flavonols (Tang et al., 2009, 2010). The good correlation between glucuronidation 

rates derived from UGT isoforms (UGT1A9 plus 1A1) and those from human liver 

microsomes highlighted the fact that UGT1A9 contribute significantly to the 

glucuronidation activity of liver microsomes in metabolizing flavonoids (Tang et al., 

2010). 



 

93 

 

It is therefore hypothesized that a poor flavonol substrate of UGT1A9 will have less 

efficient glucuronidation in vivo and higher bioavailability. One approach to find the poor 

substrate (with potential for high bioavailability) is to test every compound 

experimentally, which is labor and cost extensive. Alternatively, quantitative structure 

activity relationship (QSAR) can be established. Approaches to predict biological 

activities by building QSAR models are usually from two directions: structure-based or 

ligand-based. Due to lack of mammalian UGTs crystal structures, ligand-based 

approaches (e.g., 2D/3D-QSAR, pharmacophore modeling and CoMFA) had been 

applied to establish quantitative or qualitative structure-glucuronidation relationships 

(Sorich et al., 2008). Predictive regression and pharmacophore models were generated 

with UGT1A1 and UGT1A4 using structurally diverse compounds (Sorich et al., 2002; 

Smith et al., 2003). However, attempts to develop predictive QSAR for substrates of 

UGT1A9 were unsuccessful (Miners et al., 2004). On the other hand, the comparative 

molecular field analysis (CoMFA) was used to examine a series of 18 compounds 

(triphenylalkyl carboxylic acid analogue) that inhibited glucuronidation of bilirubin by 

UGT1A1, the resulting model allowed good prediction of inhibitory potency (Said et al., 

1996). 

CoMFA is a 3D QSAR technique (Cramer et al., 1988) which aims to derive a 

correlation between the biological activity of ligands and their structural characteristics 

(i.e., steric and electrostatic properties). The final validated CoMFA model can be used 

for the design of novel ligands and to predict the biological activities thereof. CoMFA 

methodology had been widely and successfully utilized to model interactions between 
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proteins and many types of biological ligands such as enzyme inhibitors (Barreca et al., 

1999; Holder et al., 2007), CYP2D6 substrates (Haji-Momenian et al., 2003), and 

antifungal agents (Wei et al., 2005). 

It is still not fully understood what characteristics make flavonol a good or poor 

UGT1A9 substrate. UGT1A9 often generated multiple mono-glucuronide isomers from 

single flavonoid that bears more than one conjugation site. For example, 2 glucuronides 

were generated from 3,7-dihydroxylfavone (Tang et al., 2010), 3 glucuronides from 

galangin and luteolin (Chen et al., 2008; Otake et al., 2002), and 4 glucuronides from 

quercetin (Chen et al., 2008). Currently, there is no method that can be used to predict 

kinetic parameters of glucuronidation for polyphenolic compounds such as flavonols. It is 

assumed that the difficulties arose from the approach that seeks to build a single model 

that will predict the rates of glucuronidation at multiple sites. We hypothesize that a new 

predictive algorithm is needed to account for glucuronidation at all phenolic groups (-OH) 

in flavonols. This algorithm must consist of multiple regiospecific (position-specific) 

models, which can separately predict the glucuronidation rates on a particular position 

(e.g., 3-O-glucuronidation in flavonols), and the addition of glucuronidation rates from the 

multiple positions will represent the total glucuronidation rates or overall metabolic 

susceptibility. Therefore, the objective of this study is to construct a position (3-OH) 

specific CoMFA model to predict 3-O-glucuronidation. 3-O-glucuronidation is chosen 

because it is the most active position in UGT1A9-mediated glucuronidation (Otake et al., 

2002; Tang et al., 2010), Kinetics parameters (Km, Vmax, CLint) of UGT1A9-mediated 3-O-

glucuronidation with 30 flavonols were determined. The Vmax and CLint datasets were 
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used to construct their respective position specific (3-OH) CoMFA models, based on 

molecular alignments generated from a defined pharmacophore search. Contour maps 

from CoMFA provided insightful structural characteristics associated with rapidly or 

slowly metabolized flavonol substrates for 3-O-glucuronidation. 

5.3. Materials and methods 

5.3.1. Materials 

Expressed human UGT1A9 isoform (SupersomesTM) were purchased from BD 

Biosciences (Woburn, MA). The recombinant UGT1A9 is characterized using the probe 

substrate propofol with Km value of 25.8 ± 4.47 µM and Vmax value of 148 ± 7.03 

pmol/mg/min. Uridine diphosphoglucuronic acid (UDPGA), alamethicin, D-saccharic-1,4-

lactone monohydrate, and magnesium chloride were purchased from Sigma-Aldrich (St 

Louis, MO). Ammonium acetate was purchased from J.T. Baker (Phillipsburg, NT). Thirty 

(30) flavonols (Figure 28 & Table 2) were purchased from Indofine Chemicals 

(Somerville, NJ). The flavonols structurally differ in numbers and position of substituents 

(hydroxyl (-OH) or methoxy (-OMe)) on the A-ring or B-ring. Particularly, compound 16 

and 27 have methyl groups at C6. C3’ and C4’ of compound 16 are co-substituted by 

methylenedioxy group. The All other materials (typically analytical grade or better) were 

used as received.  
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Figure 28. Backbone of flavonol structures (See Table 2 for the definitions of the 
substituents) 

Comparing with flavonols, flavones lack 3-OH on the 2-phenylbenzopyran scaffold. 
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Table 2. Flavonols used in the work (see Figure.28 for chemical structures) 

No. Flavonols Abbrev. R1 R2 

1 3,2’-dihydroxyflavone 32’DHF 2’-OH 

2 3,3’,4’-trihydroxyflavone 33’4’THF 3’-OH;4’-OH 

3 3,4’-dihydroxyflavone 34’DHF 4’-OH 

4 3,6,4’-trihydroxyflavone 364’THF 6-OH 4’-OH 

5 3,6-dihydroxyflavone 36DHF 6-OH  
6 3,7-dihydroxyflavone 37DHF 7-OH  
7 3-hydroxy-2’-methoxyflavone 3H2’MF 2’-OMe 

8 3-hydroxy-3’-methoxyflavone 3H3’MF 3’-OMe 

9 3-hydroxy-4’-methoxyflavone 3H4’MF 4’-OMe 

10 3-hydroxy-5,7-dimethoxyflavone 3H57DMF 5-OMe; 7-OMe  
11 3-hydroxy-5-methoxyflavone 3H5MF 5-OMe  
12 3-hydroxy-6,4’-dimethoxyflavone 3H64’DMF 6-OMe 4’-OMe 

13 3-hydroxy-6-methoxyflavone 3H6MF 6-OMe  
14 3-hydroxy-7-methoxyflavone 3H7MF 7-OMe  
15 3-hydroxyflavone 3HF  
16 3-hydroxy-6-methyl-3’,4’-methylenedioxyflavone Dioxy 6-Me 3’,4’-methylenedioxy 

17 Isorhamnetin Iso 5-OH; 7-OH 4’-OH; 3’-OMe 

18 Kaempferol 3574’QHF 5-OH; 7-OH 4’-OH 

19 Morin / 5-OH; 7-OH 2’-OH; 4’-OH 

20 Myricetin Myr 5-OH; 7-OH 3’-OH; 4’-OH; 5’-OH 

21 Quercetin 3573’4’PHF 5-OH; 7-OH 3’-OH; 4’-OH 

22 Resokaempferol 374’THF 7-OH 4’-OH 

23 Rhamnetin Rha 5-OH; 7-OMe 4’-OH; 3’-OH 

24 3,3’-dihydroxyflavone 33’DHF 3’-OH 

25 3,5-dihydroxyflavone 35DHF 5-OH  
26 3-hydroxy-2’,3’-dimethoxyflavone 3H2’3’DMF 2’-OMe;3’-OMe 

27 3-hydroxy-6-methylflavone 3H6MeF 6-Me  
28 3-hydroxy-7,4’-dimethoxyflavone 3H74’DMF 7-OMe 4’-OMe 

29 Fisetin / 7-OH 3’-OH; 4’-OH 

30 Galangin 357THF 5-OH; 7-OH  
-OH: hydroxyl group; -Me: methyl group; -OMe: methoxyl group. 
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5.3.2. UGT1A9 enzyme kinetics 

Enzyme kinetics parameters of glucuronidation by UGT1A9 were determined by 

measuring initial glucuronidation rates of flavonols at a series of concentrations. The 

experimental procedures of UGT assays were exactly the same as our previous 

publications (Joseph et al., 2007; Tang et al., 2009 & 2010; Singh et al., 2010). 

Glucuronidation rates were calculated as the amount of glucuronide(s) formed per 

enzyme quantity per reaction time (or nmol/mg/min). The aglycone substrate 

concentrations in the range of 0.039-40 μM were used unless method sensitivity or 

substrate solubility necessitated otherwise. All experiments were performed in triplicates. 

5.3.3. UPLC analysis of flavonols and their glucuronides: 

The Waters ACQUITY UPLC (Ultra performance liquid chromatography) system was 

used to analyze the parent compounds and their corresponding glucuronides (see 

Appendix B/C).  

5.3.4. Glucuronide structure confirmation 

Glucuronide structures were confirmed via a 3-step process as summarized in our early 

publication (Singh et al., 2010). First, the glucuronides were hydrolyzed by �β-D-

glucuronidase to the aglycones. Second, the glucuronides were identified as mono-

glucuronides which showed mass of [(aglycone’s mass)+176] Da using UPLC/MS/MS. 

176 Da is the mass of single glucuronic acid. The same UPLC/MS/MS instruments and 

methods in earlier publication (Singh et al., 2010) were applied in this paper. Finally, the 

3-O-glucuronides were confirmed by the “UV spectrum maxima (λmax) shift method” 

(Singh et al., 2010). This method is based on the characteristic UV shifts caused by 
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glucuronic acid substitution on a particular hydroxyl group. Briefly, if 3-hydroxyl group on 

the flavonol nucleus was glucuronidated, disappearance of UV maxima or hypsochromic 

shifts (i.e., to shorter wavelength) were observed in Band I (300~400nm). The shift in 

Band I associated with the substitution was in the order of 13 ~ 30 nm.  

5.3.5. Kinetics analysis 

Kinetic parameters (Vmax, Km or Ksi (substrate inhibition constant)) were estimated by 

fitting the initial rate data to Michaelis-Menten and substrate inhibition rate equations by 

nonlinear least-squares regression. Data analysis was performed by GraphPad Prism 

V5 for Windows (GraphPad Software, San Diego, CA). The goodness-of-fit was 

evaluated on the basis of R2 values, RSS (residual sum of squares), RMS (root mean 

square) and residual plots. 

5.3.6. Pharmacophore generation and conformation search 

Pharmacophore modeling was performed using Molecular Operating Environment 

(MOE) software, version 2008.10 (Chemical Computing Group, Canada). All the 

compounds were drawn on the builder module of MOE and subjected to energy 

minimization at RMS gradient of 0.00001. The conformational database was created by 

“conformation import” using MMFF94x forcefield for every compound. The forcefield 

parameters were kept at their default values of the strain limit of 4 Kcal/mol and the 

conformations limit of 250 conformations/molecule. Compound 15 (3-hydroxyflavone) 

was used as a reference molecule to develop the pharmacophore query with the 

“pharmacophore query editor”. Pharmacophore search using the created query was run 

against the conformational database of flavonols. The best matched conformer for each 
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flavonol (lowest RMSD) was selected and the alignments were used for CoMFA 

analysis.  

5.3.7. Comparative molecular field analysis (CoMFA) 

The 30 flavonol molecules were divided into training (23 compounds) and test (7 

compounds) sets, as shown in Table 3. The test set compounds were arbitrarily 

assigned by considering the fact that test set compounds reflect the variations in 

glucuronidation activity similar to that of the training set, and indicate a moderate 

diversity in their chemical structures. The training set (compounds 1-23, Table 3) was 

used for CoMFA modeling. The molecular alignments generated from the 

pharmacophore model were used in CoMFA studies utilizing Sybyl8.0 software (Tripos, 

US). Partial charges were re-calculated using the MNDO (modified neglect of diatomic 

overlap) method. The molecules were placed in a three-dimensional grid (2.0 Å 

spacing). At each grid point, steric energy (Lennard-Jones potential) and electrostatic 

energy were calculated. Cross-validated partial least squares (PLS) analysis was 

performed to determine the optimal number of components. Maximal number of 

components was limited to 8 to avoid over-fitting. The definitive CoMFA model, which 

was used for prediction of activity, was built by non-cross-validated PLS analysis using 

the optimal number of components. The q2 (cross-validated r2), SEP (cross-validated 

standard error of prediction), r2 (non-cross-validated r2), F values, and standard error of 

estimate (SE) values were computed and shown in Table 4. Pr2 denotes the probability 

of obtaining the observed F ratio value by chance alone. 
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5.4. Results 

5.4.1. Kinetic parameters for UGT1A9-mediated 3-O-glucuronidation 

The derived kinetics parameters were listed in Table 3. The Km values of 3-O-

glucuronidation ranged from 0.042 to 0.68 µM (~1 log unit difference). The unanimous 

low Km values (< 0.7 µM) suggested that the flavonol analogs bind strongly to the 

UGT1A9 for 3-OH catalysis. The structural elements contributing to lower Km values (or 

higher binding affinity) were identified as: substitutions of -OH at positions of C3’ or C4’; -

OMe groups at C3’, C4’, C5 or C6; and -Me group at C6 (Figure 29a). 3H64’DMF 

(compound 12) had the lowest Km value of 0.04 in the presence of two Km contributing 

elements (i.e., -OMe at both C4’ and C6). In contrast, -OH substitution at 2’- or 6 position 

increased the Km values by >1-fold (Figure 29b). 

The Vmax and CLint values of 3-O-glucuronidation ranged 0.04~12.95 nmol/mg/min and 

0.06~109.60 ml/mg/min, respectively (Table 3). The turnover of the enzyme (reflected by 

Vmax) varied more towards the flavonols (~2.5 log folds) than the Km values. Poor 

correlation between Km and Vmax was observed (r2 = 0.000). Moreover, the ratio of Vmax 

over Km, CLint displayed greater divergence (~3.3 log folds). Because Vmax best 

describes the measured susceptibility of chemicals to be glucuronidated, while CLint 

defines the catalytic efficiency of the enzyme towards its substrates at low 

concentrations. Both Vmax and CLint were used to construct CoMFA models. 
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Table 3. Kinetics parameters of UGT1A9 mediated 3-O-glucuronidation with 
flavonols, together with the predicted Vmax and CLint values from their 
respective CoMFA models. 

No. Flavonols 
Km Vmax CLint(Vmax/Km) Log(Vmax) Log(CLint) 
μM nmol/mg/min ml/mg/min Obsa Calcdb Obsa Calcdb 

1 32’DHF 0.67 0.052 0.078 1.72 1.68 1.89 2.31 
2 33’4’THF 0.10 2.2 22 3.34 3.41 4.34 4.37 
3 34’DHF 0.13 1.8 14 3.25 3.30 4.14 4.06 
4 364’THF 0.31 6.8 22 3.84 3.94 4.34 4.29 
5 36DHF 0.62 13 21 4.11 4.08 4.32 4.31 
6 37DHF 0.22 4.6 21 3.66 3.51 4.32 4.07 
7 3H2’MF 0.21 3.8 18 3.58 3.59 4.25 4.08 
8 3H3’MF 0.063 2.9 46 3.47 3.44 4.66 4.47 
9 3H4’MF 0.059 1.9 32 3.28 3.33 4.51 4.59 
10 3H57DMF 0.13 3.3 26 3.52 3.70 4.40 4.52 
11 3H5MF 0.082 1.9 24 3.29 3.24 4.36 4.11 
12 3H64’DMF 0.043 2.2 51 3.34 3.33 4.71 4.73 
13 3H6MF 0.074 5.4 73 3.73 3.66 4.86 4.84 
14 3H7MF 0.27 10 37 4.01 4.00 4.57 4.62 
15 3HF 0.30 2.1 7.0 3.32 3.45 3.84 4.16 
16 Dioxy 0.066 6.0 91 3.78 3.69 4.96 5.20 
17 Iso 0.32 12 38 4.09 4.17 4.59 4.81 
18 3574’QHF 0.32 1.9 6.0 3.28 3.24 3.78 3.51 
19 Morin 0.68 0.040 0.060 1.60 1.62 1.77 1.86 
20 Myr 0.61 0.49 0.80 2.69 2.88 2.90 3.24 
21 3573’4’PHF 0.36 3.3 9.2 3.52 3.32 3.97 3.77 
22 374’THF 0.36 2.6 7.3 3.42 3.35 3.86 3.98 
23 Rha 0.23 10 45 4.01 3.92 4.65 4.38 
24c 33’DHF 0.11 3.1 29 3.50 3.47 4.44 4.27 
25c 35DHF 0.25 1.9 7.4 3.27 3.48 3.87 3.74 
26c 3H2’3’DMF 0.52 4.4 16 3.91 3.15 3.92 3.84 
27c 3H6MeF 0.0616 6.75 110 3.83 3.61 5.04 4.76 
28c 3H74’DMF 0.19 8.7 46 4.25 3.80 4.66 5.02 
29c Fisetin 0.63 1.5 2.3 3.16 3.34 3.38 4.01 
30c 357THF 0.68 7.4 11 3.87 3.95 4.04 3.83 
a Experimental determined activities. b Calculated activities using the CoMFA models. c These compounds 

were used as a test set and not included in the derivation of equations. 
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Figure 29. Structural modifications affect the Km values of UGT1A9-mediated 3-O-

glucuronidation. 

Panel a: Km values were decreased in the presence of (1). substitutions of -OH at 
positions of C3’ or C4’; (2). -OMe groups at C3’, C4’, C5 or C6; or (3). -Me group at 
C6. Panel b: Km values were increased by > 1 folds with the additions of 2’-OH or 6-
OH. The compound numbers (#) are labeled above the abbreviated chemical 
names. 
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Table 4. Summary of modeling parameters from CoMFA analysis 

 Vmax model CLint model 
q2a 0.738 0.561 

SEPb 0.383 0.561 

r2c 0.976 0.938 

rpred
d 0.735 0.630 

S.E.e 0.116 0.229 

Componentsf 6 4 

Fg 108.836 68.436 

Pr2=0h 0.000 0.000 

Fraction   

Steric 0.395 0.450 

Electrostatic 0.605 0.550 
a Cross-validated correlation coefficient after the leave-one-out procedure. 
b Cross-validated standard error of prediction. 
c Non-cross-validated correlation coefficient. 
d Correlation coefficient for test set predictions. 

e Standard error of estimate 
f Optimum number of components. 
g F-test value. 
h Probability of obtaining the observed F ratio value by chance alone. 
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5.4.2. Pharmacophore modeling 

Aside from glucuronidation site (i.e. hydroxyl group), hydrophobic features were 

considered in developing UGT isoform-specific pharmacophore, since they had been 

demonstrated to be critical for interactions between UGTs and its substrates (Sorich et 

al., 2002, 2008). In the flavonol structures, the prominent hydrophobic feature is the 

aromatic rings: B ring and A/C bicyclic ring. Conformation analysis revealed that two 

distinct orientation modes of flavonol were required to generate 3-O-glucuronide or 7-O-

glucuronide, respectively (Figure 30). In this study, the pharmacophore model was built 

based on 3-hydroxyflavone to capture the common interaction poses for 3-O-

glucuronidation. The final pharmacophore query consisted of three features: one 

glucuronidation site (i.e. hydroxyl group) which is represented by “Don & Acc“ (F1) and 

two neighboring aromatic regions (F2 & F3), as illustrated graphically (Figure 31). The 

“Don & Acc” feature was able to distinguish hydroxyl oxygen from other types of 

oxygen(s) in the flavonol structures. The distances from the glucuronidation feature to 

the aromatic regions are 3.9 Å and 4.2 Å respectively, and the angle between the 

glucuronidation feature and the two aromatic regions is 84.2°. The pharmacophore query 

was used to search against conformation database of 67 flavonoids including those from 

flavonoid subclasses of flavones, isoflavones, flavanone, chalcone and flavonols. All the 

flavonols were hit to match the three defined pharmacophoric features, whereas other 

flavonoids did not conform to this pharmacophore model. 
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Figure 30. Two hypothetically distinct flavonol orientations that are required to 
generate 3-O-glucuronide (panel 1 or 3) and 7-O-glucuronide (panel 2 
or 4). 

Arrows indicate the site of glucuronidation. In panels 3 & 4, G stands for site of 
glucuronidation. A, B and C are short for A-ring, B-ring, and C-ring, respectively. 
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5.4.3. CoMFA models 

CoMFA modeling was performed using flavonol alignments based on a 3-OH specific 

pharmacophore (Figure 32). The flavonol conformers were presumed to be in the 

bioactive poses which interact with UGT1A9 to produce 3-O-glucuronides. CoMFA 

analysis resulted in high quality models for UGT1A9 (Vmax: q2 = 0.738, r2 = 0.976; CLint: 

q2=0.561, r2=0.938) (Table 4). For Vmax model, the steric field descriptors explained 

39.5% of the variance, while the electrostatic descriptors explained 60.5%. For CLint 

model, the contributing proportions of steric and electrostatic fields to the variance were 

45% and 55%, respectively. These models were validated by an external test set of 7 

compounds not included in the model construction. The predicted r2 values from the Vmax 

and CLint CoMFA models were found to be 0.735 and 0.630, respectively (Table 4). The 

predicted activity and experimental activity are listed in Table 3, and the correlations 

between them are depicted in Figure 33.  

The steric (in green and yellow) and electrostatic (in blue and red) contours of 

CoMFA were generated. The green contour defines an area where the presence of 

steric bulky groups would facilitate the UGT reaction. In contrast, the yellow contour 

indicates a region where bulky groups would diminish glucuronidation (not shown 

because it is unimportant). The blue contour denotes a space where UGT1A9 

metabolism would benefit from electropositive atoms. On the opposite, the red contour is 

a space where the presence of electronegative atoms would favor glucuronidation. 

Apparently, no sterically disfavored regions (i.e. yellow areas) surrounding the indicated 

that the cavities of possible active site of UGT1A9 was very large. This was not  
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Figure 31. 3-OH specific pharmacophore model 

Panel A, 3-OH specific pharmacophore model, it is composed of one 
glucuronidation site (red sphere with radius of 1 Å) and two aromatic regions (yellow 
spheres with radius of 1.2 Å and 1.5 Å respectively); Panel B, 3-OH specific 
pharmacophore model superimposed with 3HF (compound 15). 
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Figure 32. Structural alignment for constructing 3D-QSAR CoMFA model 
generated from the 3-OH specific pharmacophore. 
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surprising, because UGT1A9 also efficiently catalyzed compounds which were 

structurally much larger than flavonols (Luukkanen et al., 2005). 

5.4.4. Vmax CoMFA model of UGT1A9 

The contour map obtained from the Vmax CoMFA model are illustrated together with the 

compound 19 (poor substrate, left panel) and compound 17 (good substrate, right panel) 

(Figure 34a). In the CoMFA contour map, the green (sterically favorable) and yellow 

(sterically unfavorable) contours represent 80% and 20% contributions, respectively. 

Similarly, the blue (electropositive atom favorable) and red (electronegative atom 

favorable) contours in the CoMFA electrostatic field make 80% and 20% contributions, 

respectively. Four regions (designated as region I, II, III and IV) that contain the 

contours, indicating the relations between the properties of the substrates and Vmax 

values, were elucidated as follows. 

In region I, the steric favorable green contour near the C6 indicates that bulky group 

in the contour is important for glucuronidation. This can explain why the Vmax values of 

36DHF (6-OH), 3H6MF (6-OMe) and 3H6MeF (6-Me) are generally higher than that of 

3HF (6-H) (Figure 34.b.I). There is also a red contour positioned (near the green 

proportion) a bit further from the C6. This contour can be reached and occupied by the 

hydrogen(s) (electropositive atom) of methoxy group substituted at C6. The placement of 

electropositive atom(s) in this red area would disfavor the glucuronidation, which is 

consistent with the fact that 3H6MF (6-OMe) had lower Vmax than those of 36DHF (6-

OH) and 3H6MeF (6-Me) (Figure 34.b.I).  
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Figure 33. Correlation between the experimental glucuronidation parameters and 
the predicted ones from the CoMFA models for the training and test 
sets (a, Vmax; b, CLint). 
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Figure 34. Steric and electrostatic maps from the UGT1A9 CoMFA model of Vmax. 

Panel a: Morin is shown inside the molecular fields for reference. Green: Areas in 
which bulky groups are sterically favorable for glucuronidation; Blue: Areas in which 
electropositive atoms are favorable for glucuronidation; Red: Areas in which 
electronegative atoms are favorable for glucuronidation. Panel b: Matching of the 
CoMFA to experimental data: I, bulky groups at C6 increased Vmax values; II, 7-OH 
or 7-OMe increased Vmax values; III, 2’-OMe increased Vmax values; IV.1, 3-OH or 3-
OMe increased Vmax values; IV.2, 4-OH or 4-OMe decreased Vmax values.  
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In region II, a small red polyhedron (occupied by electronegative oxygen of 7-OH or 

7-OMe) and a blue contour (occupied by hydrogen(s) of 7-OMe) aligned diagonally 

along the C7. It suggests that an electronegative atom(s) in the red polyhedron, and/or 

electropositive atom(s) in the blue contour are favorable for UGT1A9 glucuronidation. 

Therefore, the presence of 7-OH or 7-OMe would contribute to higher Vmax values. This 

is supported by the comparisons between the structures and Vmax values: 3HF (7-H) < 

37DHF (7-OH) < 3H7MF (7-OMe); 34’DHF (7-H) < 374’THF (7-OH); 35DHF (7-H) < 

357THF(7-OH); 3H5MF(7-H) < 3H57DMF (7-OMe) and 3H4’MF (7-H)< 3H74’DMF (7-

OMe) (Figure 34.b.II). 

In region III, The red contour slightly further away from the C2’ suggested an 

electropositive atom (or hydrogen attached to –OH) substitution would compromise the 

glucuronidation, as seen from the data that compound 1, 32’DHF and compound 19, 

morin (with 2’-OH) had the smallest Vmax values (Table 3). A nearby large blue area 

which is occupied by multiple electropositive hydrogen atoms of 2’-OMe, indicated that 

2’-OMe contribute significantly to the glucuronidation. For this reason, 3H2’MF (2’-OMe) 

and 3H2’3’DMF (2’-OMe) had bigger Vmax values than those of 3HF (2’-H) and 3H3’MF 

(2’-H), respectively (Figure 34.b.III). 

For region IV, the big red contour is in the close vicinity of C3’, suggesting that 

glucuronidation would benefit from electronegative atoms such as oxygen in hydroxyl or 

methoxy group placed in this area. This is consistent with the fact that Vmax values are 

increased in the presence of 3’-OH or 3’-OMe: 3HF (3’-H) < 33’DHF (3’-OH) or 3H3’MF 

(3’-OMe); 3H2’MF (3’-H) < 3H2’3’DMF (3’-OMe); and 3574’QHF (3’-H) < 3573’4’PHF (3’-
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OH) (Figure 34.b.IV.1). There is a small red contour (close to the hydrogen of 4’-OH) 

that can be occupied by electropositive hydrogen(s) of 4’-OMe. It is suggested that 

electropositive atoms in or near this contour will be detrimental to the glucuronidation. 

Therefore, 4’-OH or 4’-OMe most likely would reduce the value of Vmax, which is 

evidenced from the observations: 3HF (4’-H) > 34’DHF (4’-OH) or 3H4’MF(4’-OMe); 

37DHF (4’-H) > 374’THF (4’-OH); 36DHF (4’-H) > 364’THF (4’-OH); 3H6MF(4’-H) > 

3H64’DMF(4’-OMe); 3H7MF (4’-H) > 3H74’DMF (4’-OMe); and 357THF (4’-H) > 

3574’QHF (4’-OH) (Figure 34.b.IV.2). 

5.4.5. CLint CoMFA model of UGT1A9 

The contour map obtained from the CLint CoMFA model are shown together with the 

compound 19 (poor substrate, left panel) and compound 16 (good substrate, right panel) 

(Figure 35.a). It is observed that five regions (designated as region I, II, III, IV and V) 

contain the contours, indicating the relationships between the properties of the 

substituents and CLint values. In region I, the blue contour near C5 suggested that 

electropositive entities placed in this area would result in higher CLint value. This can be 

demonstrated by the fact that 3H5MF (5-OMe) is more efficiently metabolized than 3HF 

(5-H) or 35DHF (5-OH) (Figure 35.b.I). However, 3H57DMF (5-OMe) had a smaller CLint 

than that of 3H7MF (5-H), indicating some uncertainties at this position. 

In region II, a green contour presents around C6. It was reasoned that steric bulks 

substituted at C6 would enhance conjugation activity with higher CLint. This is supported 

by the fact that 36DHF (6-OH), 3H6MF (6-OMe) and 3H6MeF (6-Me) showed much 
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higher catalytic efficiency than that of 3HF (6-H), and 364’THF (6-OH) had higher CLint 

value than that of 34’THF (6-H) (Figure 35.b.II).  

In region III, the blue polyhedron near C7 suggested that placement of 

electropositive atoms (e.g., hydrogen(s) of 7-OMe) would increase the metabolism. This 

is in agreement with the observations (ordered in term of CLint values): 3H7Me (7-OMe) 

> 3HF (7-H); 3H74’DMF (7-OMe) > 3H4’MF (7-H); and 3H57DMF (7-OMe) > 3H5MF (7-

H) (minor difference) (Figure 35.b.III). 

In region IV, a red contour appears in the vicinity of C2’, which indicated 

electropositive atoms placed in this volume would be metabolism unfavorable. This 

might explain why 32’DHF (2’-OH) and morin (2’-OH) showed poorest glucuronidation 

with the smallest CLint values (Table 1Table 3). A nearby large blue area is shown to 

cover the electropositive hydrogen(s) of 2’-OMe. The presence of 2’-OMe therefore is 

predicted to enhance the glucuronidation, which is experimentally interpreted by the fact 

that 3H2’MF (2’-OMe) was more efficiently glucuronidated than 3HF (2’-H). 

Unexpectedly, the 3H2’3’MF (2’-OMe) had a CLint value smaller than that of 3H3’MF (2’-

H) (Figure 35.b.IV). 

In region V, a big red contour shows around C3’/C4’. There is also a small red 

contour that is occupied by oxygen of 3’-OH. This can be translated to that 

glucuronidation would benefit from the electronegative atoms (e.g., oxygen of -OH) in 

the area, as evidenced by that 3HF (3’-H), 34’DHF (3’-H) and 3574’QHF (3’-H) were less  
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Figure 35. Steric and electrostatic maps from the UGT1A9 CoMFA model of CLint 

Panel a: Green: Areas in which bulky groups are sterically favorable; Blue: Areas in 
which electropositive atoms are favorable for glucuronidation; Red: Areas in which 
electronegative atoms are favorable for glucuronidation. Panel b: Matching of the 
CoMFA to experimental data: I, effect of 5-OMe on CLint was not well defined; II, 
bulky groups at C6 increased CLint values; III, 7-OMe increased CLint values; IV, 
effect of 2’-OMe on CLint was not well defined; V.1, 3-OH increased CLint values; 
V.2, effect of 4’-OMe on CLint was not well defined.  
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metabolized (smaller CLint values) than 33’DHF (3’-OH), 33’4’THF (3’-OH) and 

3573’4’PHF (3’-OH), respectively (Figure 35.b.V.1). A blue contour situates in the vicinity 

of C4’, which can be occupied by electropositive hydrogen(s) of 4’-OMe group. It is 

suggested that CLint will be increased in presence of 4’-OMe, as supported by the fact 

that 3HF (4’-H) and 3H7MF (4’-H) were less efficiently glucuronidated by 3H4’MF (4’-

OMe) and 3H74’DMF (4’-OMe), respectively. However, addition of 4’-OMe in 3H64’MF 

did not result in higher CLint value, comparing to 3H6MF (4’-H) (Figure 35.b.V.2). 

5.5. Discussion 

We have constructed successfully for the first time in silico models for glucuronidation of 

flavonols by human UGT1A9 that focused on predicting Vmax and CLint of 3-O-

glucuronidation. 2D/3D-QSAR models developed for UGTs in literatures (Sorich et al., 

2002, 2008; Smith et al., 2004) predicted the substrate selectivity and/or binding affinity 

of inhibitors (as reflected by low apparent inhibitor constant (Ki,app)). However, Vmax or 

CLint is more relevant to define the susceptibility of chemicals to be metabolized and 

reflect the in vivo biotransformation efficiency by individual human UGT isoforms (at low 

physiological concentrations at or below 1 µM), because higher substrate affinity towards 

UGTs does not always translate to faster glucuronidation rates. For example, 3-

hydroxyflavone (Ki,app = 3.5 µM) binds much strongly to UGT1A9 than naringenin (Ki,app = 

219 µM) (Smith et al., 2004), but 3-hydroxyflavone (1.99 ± 0.09 nmol/mg/min) was 

glucuronidated slower than naringenin (3.26 ± 0.07 nmol/mg/min) at 10 µM by UGT1A9.  
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This study validates our approach of quantitatively describe the position (3-OH) 

specific (or regiospecific) glucuronidation using in silico models. It directly tackles the 

challenges of predicting UGT metabolism of flavonols in silico that potentially generate 

multiple conjugates. Successful implementation of this approach to other hydroxyl 

groups will allow the estimation of overall glucuronidation of multi-hydroxyl flavonols (by 

summation of predicted values from the separate position specific models). It is 

consistent with the hypothesis of Miners et al., who stated that “multiple binding modes 

within the aglycone-binding domain are required to generate multiple metabolites from 

single substrate that bears more than one nucleophilic group” (Miners et al., 2004). 

Since available 3D QSAR algorithms are based on only one presumed bioactive 

conformation corresponding to each ligand (i.e. one binding mode), it hinders one-step 

prediction of formation of multiple mono-glucuronides from a single substrate with more 

than one nucleophilic site. This limitation can be readily observed in the pharmacophore 

models. Mapping of quercetin into UGT1A9 pharmacophore generated by using the 

substrates with great structural diversity (Miners et al., 2004) indicates 3’-OH is the only 

site of glucuronidation, which is in conflict with the fact that UGT1A9 generates multiple 

glucuronides from quercetin (Chen et al., 2005; Singh et al., 2010).  

We chose to model 3-O-glucuronidation of flavonols using CoMFA, a widely 

recognized 3D-QSAR technique for modeling biological properties. Main advantages of 

CoMFA include (1) the ability to display the model graphically and (2) it allows inference 

regarding binding pocket geometry. Up to 3155 hits were generated by PubMed search 

(conducted on August 20, 2010) using “Comparative molecular field analysis or CoMFA” 
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as keywords. In contrast, linear or non-linear regression models based on 2D/3D 

descriptors showed good predictability, but the interpretation of important features and 

descriptors is difficult (Sorich et al., 2008). As stated by Chohan et al. (2006), QSAR 

model is more like a “black box”, with only computers able to interpret which molecular 

properties modulate the metabolism.  

The predictive CoMFA models of UGT1A9 can be used to guide the design of novel 

flavonol with desired UGTs metabolism or predict 3-O-glucuronidation of untested 

analogs. From the perspective of reducing metabolism, introduction of multiple 

electropositive atoms or groups (e.g., hydrogen(s) of –OH) to B-ring would result in poor 

3-O-glucuronidation by UGT1A9. On the contrary, fast conjugation of 3-OH may be 

resulted from substrates with bulky substituents at C6 or electronegative atoms or 

groups (e.g., –Cl, –F and –O of methoxy group) around B ring. As advancement is made 

of quantitation technologies of specific UGT isoforms, it is envisioned that successful 

prediction of glucuronidation by major metabolizing isoforms would enable the precise 

estimation of the UGT metabolism at tissue/organ level (e.g., liver, intestine and kidney) 

(Tang et al., 2010). In addition, the CoMFA model highlighted the significant role of 

electrostatic potential (i.e., electronegative vs. electropositive entity) in determining 

UGT1A9-mediated glucuronidation. This structural property was also shown to be the 

key descriptor in the successfully modeling of UGT1A9 catalyzed glucuronidation of 

phenols (Ethell et al., 2002). This important information will be used to guide future 

descriptors selection or model refinement in 2D/3D-QSAR modeling of UGT1A9 using 
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more diverse dataset, as UGT1A9 was shown to present more challenges for in silico 

modeling (Smith et al., 2004). 

The success of CoMFA modeling in turn corroborated the underlying assumption 

about the alignment of bioactive poses, suggesting the aglycones interact with UGT1A9 

protein using similar mode to generate 3-O-glucuronide. Hence, it lends strong support 

to the hypothesis that multiple distinct binding modes are required to generate different 

glucuronide isomers by 1A9, if not all UGT1A isoforms. Interesting, plant UGTs (e.g., 

UGT71G1, VvGT1 and UGT78G1) with crystal structures do possess the big catalytic 

cavities in aglycone-binding domain. The binding pocket with sufficient space permits the 

distinct orientations from single flavonoids that rendering the respective hydroxyl groups 

for conjugation (Osmani et al., 2009). Due to the marked similarity of catalytic 

mechanism between human and plant UGTs (Patana et al., 2008), UGT1A9 may also 

have large aglycone-binding domain that serves as the molecular basis for the 

generating multiple metabolites. This assumed large binding pocket is also supported by 

the CoMFA contours that did not show any steric disfavoring areas. Therefore, only an 

algorithm which considers all the active conjugation sites will allow acceptable prediction 

of the overall glucuronidation rates of flavonols with multiple hydroxyl groups. Because 

different hydroxyl group of a flavonol or other flavone may be predominantly metabolized 

by a particular isoform, this type of modeling must be extended to multiple UGT isoforms 

if we were able to successfully extend this approach to predict the metabolism of 

flavonols at all sites. 



 

121 

 

An interesting discovery is that the linkage between Km and the enzyme turnover is 

weak if they are present at all (Figure 33). Our data clearly showed that comparing with 

Vmax or CLint, Km is less susceptible to minor structural changes. Also, kinetics profiling of 

positional (3-O- and 7-O-) glucuronidation in our lab showed identical Km but divergent 

Vmax (data not shown). This might indicate that the UGT1A9 protein adopt distinct 

conformations for aglycone binding and product expelling/releasing, since the turnover is 

determined in a large part by the departure of product (3-O-glucuronides). This 

hypothesis is supported by the fact that UGTs undergo dramatic conformation changes 

during the catalysis (Laakkonen and Finel, 2010). Therefore, as mentioned earlier, 

conventional use of Km or Ki as an indicator of substrate selectivity might lead to 

erroneous interpretation of interaction between substrates and UGT1As. Although being 

independent from Vmax, Km influenced the modeling results between Vmax and CLint. For 

example, 4’-OMe is unfavorable for Vmax, but favorable for CLint (Figure 34.b.IV.2 & 

Figure 35.b.V.2). 

The predictability of current model might be compromised by the unevenly distributed 

activity (e.g., existing gap of 1.8-2.8 for Log (Vmax)), especially when those compounds 

that are to be predicted have activities fall into the gaps. Refinement of the model 

appears to be essential by adding those flavonols whose activity can fill in those gaps. 

However, considering the remarkable similarity of the chemical structures between the 

modeled compounds, but divergent activity spanning ~ 3 log orders, the model seemed 

to be able to sufficiently capture the key chemical characteristics associated with the 

modeled parameters. This is evidenced by the establishment of a predictive model with 
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strong statistical significance, as well as the consistency between experimental results 

and the contour maps. Therefore, the current CoMFA models are insightful with 

acceptable predictability. 

In conclusion, 3D-QSAR study of UGT1A9-flavonols was carried out using 

pharmacophore-based CoMFA. The constructed CoMFA models possessed good 

internal and external consistency and showed statistical significance and predictive 

abilities (Vmax model: q2 = 0.738, r2= 0.976, r2
pred = 0.735; CLint model: q2 = 0.561, r2= 

0.938, r2
pred = 0.630). The contour maps from CoMFA clearly indicated key structural 

characteristics (e.g., electropositive entities at C2’ or C3’) that were associated with poor 

3-O-glucuronidation. The results suggested that the approach of coupling CoMFA 

analysis with pharmacophoric alignments is viable for constructing predictive models 

regarding regiospecific or 3-O- glucuronidation of flavonols by UGT1A9. 
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Chapter 6 Accurate prediction of glucuronidation of 
structurally diverse phenolics by human UGT1A9 using 
combined experimental and in silico approaches (Study 
IV) 

6.1. Abstract 

UDP-glucuronosyltransferase 1A9 (UGT1A9) is an important membrane protein that 

catalyzes glucuronidation of xenobiotics including many drugs. However, the molecular 

mechanism of drug recognition by UGT1A9 has remained elusive. The purpose of this 

study is to elucidate the catalytic selectivity of UGT1A9 by experimentally determining 

the activities of a large number of phenolics and applying three-dimensional quantitative 

structure-activity relationship (3D-QSAR) methods (i.e., Comparative Molecular Field 

Analysis (CoMFA) and Comparative Molecular Similarity Indices Analysis (CoMSIA)). 

The catalytic efficiency of UGT1A9 (expressed as log(Vmax/Km)) was carefully determined 

by kinetic profiling for structurally diverse phenolics (n = 145). Molecular alignment of the 

substrate structures was made to superimpose the glucuronidation site and its adjacent 

aromatic ring. In the case of a substrate with multiple active glucuronidation sites, more 

than one structural pose was aligned corresponding to the glucuronidation at each site. 

The 3D-QSAR analyses produced statistically reliable models with good predictive 

power (CoMFA: q2 = 0.548, r2= 0.949, r2
pred = 0.775; CoMSIA: q2 = 0.579, r2= 0.876, r2

pred 

= 0.700). The contour coefficient maps generated from CoMFA/CoMSIA were applied to 

elucidate structural features among substrates that are responsible for the selectivity 

differences. Furthermore, the contour coefficient maps were overlaid in the catalytic 

pocket of a homology model of UGT1A9; this enabled us to identify the UGT1A9 
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catalytic pocket with a high degree of confidence. In conclusion, based on a large set of 

structurally diverse molecules (including those with multiple glucuronidation sites) we 

have experimentally investigated, the 3D-QSAR techniques CoMFA/CoMSIA are used to 

predict the substrate selectivity of UGT1A9. Our findings also provide a possible 

molecular basis for understanding UGT1A9 functions and its substrate selectivity. 

6.2. Introduction 

The high rate of attrition in drug development has become a conundrum in 

pharmaceutical industry. One root cause for attrition is the unfavorable absorption, 

distribution, metabolism, and elimination (ADME) characteristics (Kola and Landis, 

2004). Accordingly, there are considerable interests in developing either computational 

(in silico) or in vitro ADME methods to aid the lead compound selection (Wishart, 2007; 

Emoto et al., 2010). A main advantage of a computational model is that it allows the 

ADME properties predicted for a new structure without experimental determination. This 

merit is rather tempting when thousands of (even more) drug candidates need to be 

screened. In fact, the use of ADME modeling/prediction has become an effective 

approach for industry to reduce late-stage attrition in drug discovery (Wishart, 2007). 

Predicting the metabolic fate of a drug candidate is an indispensible component of 

ADME evaluation. Extensive metabolism may result in poor bioavailability and/or drug 

inefficacy, whereas poor metabolism can be associated with drug toxicity. Significant 

advances have been made to predict cytochrome p450 (CYPs)-mediated metabolism 

using molecular modeling techniques such as two dimensional/three dimensional 
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(2D/3D) quantitative structure-activity relationships (QSAR), pharmacophore, and 

homology modeling (Wang and Chou, 2010; Mendieta-Wejebe et al., 2011). And a 

number of software packages to predict CYP metabolism have been commercialized 

(e.g., MetaSite, Simcyp). However, relatively fewer efforts are directed to develop such 

models and to characterize structural features of substrates for other important drug 

metabolizing enzymes such as UDP-glucuronosyltransferases (UGTs) (Smith et al., 

2003). 

UGTs catalyze the glucuronidation reaction which has been recognized as a 

prevailing metabolic and detoxification pathway for many drugs, sometimes targeting the 

products (hydroxylated phenols) of CYP-mediated metabolism (Emoto et al., 2010). 

Human UGTs constitute a large family of enzymes, and are systematically classified into 

four subfamilies, UGT1, UGT2, UGT3, and UGT8 (Mackenzie et al., 2005). One unique 

feature about human UGTs is that these enzymes show remarkably broad substrate 

specificity. A UGT substrate usually contains one nucleophilic group (i.e., hydroxyl (-OH) 

group, carboxylic acid (-COOH), and amines) to which the glucuronic acid derived from 

the cofactor UDP-glucuronic acid (UDPGA) is transferred. Although it is rare, the acidic 

carbons and thiol group can also be glucuronidated (Radominska-Pandya et al., 1999). 

Another important feature of human UGTs is that they exhibit vast overlapping substrate 

specificity; this has challenged the identification of specific probe substrates (and 

possibly inhibitors) for a particular UGT enzyme (Court, 2005). Lacking of an in vivo 

selective UGT probe is a significant barrier to in vivo glucuronidation studies with respect 

to evaluation of the role of a UGT enzyme (Miners et al., 2010). 
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A complete three dimensional structure of human UGTs is not yet available. Only a 

partial crystal structure of UGT2B7 (C-terminal domain) was resolved in 2007 (Miley et 

al., 2007). This structure, combined with molecular modeling studies, provides 

substantial insights into the UDPGA binding and possible catalytic mechanism 

(Radominska-Pandya et al., 2010). Due to the lack of structural information of the N-

terminus (for substrate binding), relatively little is known about the specific molecular 

interactions that govern UGT selectivity for its substrates. Nonetheless, Miners and 

colleagues demonstrate that substrate hydrophobicity and the spatial arrangement of 

two hydrophobic regions (close to the glucuronidation site) are important for substrate 

recognition by several human UGT isoforms based on (2D/3D) regression models and a 

pharmacophore model (Smith et al., 2003; Sorich et al., 2002, 2004). 

UGT1A9 is a major UGT1A isoform in human liver. Its role in clearance of both 

chemotherapeutic and non-chemotherapeutic drugs (e.g., SN-38, tamoxifen and 

acetaminophen) and in detoxification of carcenogens (e.g., NNAL and benzo[a]pyrene) 

has been widely recognized (Fang et al., 2002; Olson et al., 2009; Lazarus et al., 2010). 

Moreover, UGT1A9 polymorphisms (e.g., M33T, C183G and V167A) are being 

identified; those genetic variants have impaired glucuronidation activity that might have 

clinical implications (Villeneuve et al., 2003; Olson et al., 2009). Given its importance in 

clearance of many xenobiotics/drugs, UGT1A9 has received considerable studies in 

recent years (Kurkela et al., 2003; Patana et al., 2008; Fujiwara et al., 2009; Itäaho et 

al., 2010). The aim of this work is to enhance our understanding of molecular 

interactions of UGT1A9 with its substrates, and to develop a more generalized model 
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that can be used to predict UGT1A9-mediated glucuronidation of novel drug candidates. 

To this end, ligand-based three-dimensional quantitative structure-activity relationship 

(3D-QSAR) methods (i.e., Comparative Molecular Field Analysis (CoMFA) and 

Comparative Molecular Similarity Indices Analysis (CoMSIA)) were applied to yield 

statistically reliable models with good predictive power. The correlation results obtained 

by CoMFA/CoMSIA were graphically interpreted in terms of field contribution maps. The 

catalytic pocket (or binding pocket) geometry and its physiochemical properties indicated 

from the CoMFA/CoMSIA analyses were compared with that from a homology model of 

UGT1A9. 

6.3. Materials and methods 

6.3.1. Materials 

Expressed human UGT1A9 isoform (SupersomesTM) was purchased from BD 

Biosciences (Woburn, MA). 4-Methylumbelliferone-glucuronide, baicalin (baicalein-7-O-

glucuronide), uridine diphosphoglucuronic acid (UDPGA), alamethicin, D-saccharic-1,4-

lactone monohydrate, and magnesium chloride were purchased from Sigma-Aldrich (St 

Louis, MO). Ammonium acetate was purchased from J.T. Baker (Phillipsburg, NT). SN-

38-glucuronide, and propofol-glucuronide were obtained from Toronto Research 

Chemicals (North York, Ontario, Canada). Wogonoside (wogonin-7-O-glucuronide) was 

purchased from Chengdu Mansite Pharmaceutical Co. Ltd. (Chengdu, China). All (145) 

UGT1A9 substrates (Table 5) were obtained from commercial sources. The chemical 

structures of these UGT1A9 substrates are shown in appendix A. 
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6.3.2. Enzyme Assays 

Enzyme assays using expressed UGT1A9 were conducted following a standard protocol 

as described in our earlier publications (Tang et al., 2009, 2010; Singh et al., 2010). 

Briefly, the incubation procedures were as follows: [1] UGT1A9 (13-53 µg/ml as optimum 

for the reaction), magnesium chloride (0.88 mM), saccharolactone (4.4 mM), alamethicin 

(0.022 mg/ml), different concentrations of substrates in a 50 mM potassium phosphate 

buffer (pH 7.4), and UDPGA (3.5 mM, added last) were mixed; [2] the mixture (final 

volume, 200 μl) was incubated at 37°C for a predetermined period of time (15-120 min); 

and [3] the reaction was stopped by the addition of 50 μl of 94% acetonitrile/6% glacial 

acetic acid. Great effort was made to ensure that the rates of metabolite formation were 

linear with respect to time (15-120 min) and protein concentration (13-53 µg/ml), so we 

can obtain accurate and reliable initial metabolism rates. Apparent glucuronidation rates 

were calculated as the amount of glucuronide(s) formed per protein concentration per 

reaction time (or pmol/mg/min). All experiments were performed in triplicates. 

6.3.3. UPLC analysis 

The Waters ACQUITY UPLC (Ultra performance liquid chromatography) system was 

used to analyze the UGT1A9 substrates and their glucuronides (Appendix B/C).  

6.3.4. Identification of glucuronide and glucuronidation site 

Glucuronide formation by UGT1A9 was confirmed via the hydrolysis (by ��-D-

glucuronidase) experiment and the molecular weight detection by UPLC/MS/MS, a 

standard procedure in our lab (Singh et al., 2010). The site (-OH group) of 

glucuronidation is an important information that was incorporated into CoMFA/CoMSIA 



 

129 

 

analyses (see later section). However, regular MS/MS is unable to probe the site of 

glucuronidation (or deduce the exact structure of a glucuronide); because the glucuronic 

acid moiety is readily detached from a glucuronide once collision energy is applied. For a 

substrate with a single -OH group, the site of glucuronidation has to be this -OH group 

and no addition effort is needed. By contrast, for a substrate containing multiple -OH 

groups, three methods were used to elucidate a glucuronidation site. That is (1) for 

flavones and flavonols, the site of glucuronidation was assigned by the “UV spectrum 

maxima (λmax) shift method” (Singh et al., 2010). This method is based on the 

characteristic UV shifts caused by glucuronic acid substitution on a particular -OH group; 

(2) the information regarding site of glucuronidation was collated from the literature; (3) 

the site of glucuronidation was arbitrary assigned for 7 phloretin and 23 tyrphostin B42 

(each forms two glucuronides); these assignments are uncertain, even though they 

demonstrate a good consistency in later 3D-QSAR analyses.  

6.3.5. Kinetics analysis 

Kinetic data points were model-fitted using a nonlinear least-squares regression method 

performed by GraphPad Prism V5 for Windows (GraphPad Software, San Diego, CA). 

The model used to fit a kinetic profile was carefully selected based on a diagnostic plot 

(i.e., Eadie-hofstee plot). Overall, Michaelis-Menten equation (eq.1), the substrate 

inhibition equation (eq.2), and a biphasic kinetic model (eq.3) were used. The intrinsic 

clearance CLint representing the catalytic efficiency was calculated as Vmax/Km for eq.1 

and eq.2 fitting and Vmax1/Km1 for eq.3 fitting. Representative fitting of the equations to 

kinetic data was demonstrated in Figure 36.  
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6.3.6. Molecular Alignment  

All substrate structures were prepared using SYBYL 8.0 (Tripos, US). Carboxylate 

groups were considered to be deprotonated. Energy minimizations were performed 

using the Tripos force field with partial atomic charges (assigned by Gasteiger-Hückel 

method). One of the most important factors affecting the quality of a model is the 

alignment of the individual molecules. The frequently used alignment methods (i.e., 

substructure overlap, pharmacophore overlap, and docking) are not suitable for this 

study, because a common core of atoms or a common feature pharmacophore cannot 

be defined for the 145 structurally diverse substrates (Table 5) and the protein structure 

is not available. To achieve our goals, we performed a flexible alignment of three most 

active substrates (66: 3-hydroxy-6-methylflavone, 140: entacapone; 52: chrysin) with a 

constraint that the glucuronidation site must be overlaid. The important common features 

of the most active substrates were found to be the glucuronidation site and its adjacent 
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Eq.1 fit Km = 3.34 µM, Vmax= 5001 pmol/mg/min 

Eq.2 fit Km = 4.18 µM, Vmax= 9009 pmol/mg/min, Ksi = 115 µM

Eq.3 fit Km1 = 0.31 µM, Vmax1 = 89.3 pmol/mg/min, 
CLint2 = 1.2 µl/mg/min

a

b

c

 

Figure 36. Representative fitting of the model equations (eqs.1-3) to kinetic data 
of UGT1A9 with its substrates 

Both rate plot (left) and Eadie-Hofstee plot (right) are given. Panel a: Eq.1 
(Michaelis-Menten model) is used to describe glucuronidation of 27 naringenin by 
UGT1A9. Panel b: Eq.2 (a substrate inhibition model) is used to describe 
glucuronidation of 136 combrestatin A4 by UGT1A9. Panel c: Eq.3 (a biphasic 
model) is used to describe glucuronidation of 21 1-naphthol by UGT1A9. Points are 
experimentally determined values, while the solid lines show the computer-derived 
curves of best fit. 
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aromatic ring (Figure 37). All other substrates were then aligned to superimpose these 

two features. In the case of a substrate with multiple active glucuronidation sites, more 

than one structural pose was aligned corresponding to the glucuronidation at each site. 

This treatment rendered a final total 166 aligned structure conformations (Table 5). The 

structural diversity of the aligned ligands is shown in Figure 38.a.  

6.3.7. CoMFA and CoMSIA analyses 

The whole data set was arbitrarily divided into two parts, the training set (n= 141) and 

the test set (n = 25) (Table 5). Selection of the training set and test set molecules was 

done by considering the fact that the test set could reflect the variations in 

glucuronidation activity of the training set, and both data sets covered similar diversity in 

their chemical space. The training set was used for model building and the test set for an 

external validation of the model. All comparative molecular field evaluations were 

performed using SYBL 8.0 (Tripos, US). The CoMFA steric energy (Lennard-Jones) and 

electrostatic (Coulomb) energy were calculated with SYBYL standard parameters 

(TRIPOS standard field, 2 Å grid spacing, dielectric distance 1/r2, cutoff 30 kcal/mol) 

using a sp3 carbon probe atom with a charge of +1. In CoMSIA, three different similarity 

fields (steric, electrostatic, and hydrophobic) were evaluated with SYBYL standard 

parameters (2 Å grid spacing, attenuation factor α = 0.3) using a probe atom with 1 Å 

radius, charge +1, and hydrophobicity +1. Hydrogen bond donor and acceptor fields 

were not considered because CoMSIA analyses with these two extra features did not 

result in significant improvement of model quality. Partial least squares (PLS) analyses 

were performed following the CoMFA standard implementation in SYBYL. To check 
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Figure 37. A flexible alignment of three most active substrates (66: 3-hydroxy-6-
methylflavone, 140: entacapone; 52: chrysin) 

A flexible alignment of three most active substrates (66: 3-hydroxy-6-methylflavone, 
140: entacapone; 52: chrysin) to identify their common structural features. The 
flexible alignment was performed with a constraint that the glucuronidation site must 
be overlaid. The important commonalities of the most active substrates are found to 
be the glucuronidation site and its adjacent aromatic ring. Arrows indicate the site of 
glucuronidation. 
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a

b

<1 {=1,2} {=2,3} ≥ 4{=3,4}

 

Figure 38. A wide diversity in both chemical structure (a) and activity (b) for 
UGT1A9 substrates in this study. 

Panel a: Overview of all aligned structures in training set and test set (n=166).Panel 
b: UGT1A9 activity distribution (expressed as log(CLint)) of the training and test set. 
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 statistical significance of the models, cross-validations were performed by means of the 

“leave-one-out” procedure using enhanced version of PLS, the SAMPLS method. The 

optimal number of components was determined by selecting the smallest Spress 

(corresponds to the highest q2 value).The same number of components was 

subsequently used to derive the final QSAR models with no validation (column filtering 

was set to 2.0 kcal/mol); these models were used for prediction of activity. The statistical 

results are summarized in Table 6. The q2 (cross-validated r2), Spress (cross-validated 

standard error of prediction), r2 (non-cross-validated r2), and standard error of estimate 

(SEE) values were computed as defined in SYBYL. Predictive power of the obtained 

CoMFA and CoMSIA models was further validated with the test set which was not 

included in the model derivation. The predictive correlation coefficient, r2
pred, of the 

CoMFA and CoMSIA models were calculated according to the definition of Cramer et al 

and are also shown in Table 6.  

6.3.8. Homology modeling and molecular docking 

A homology model for human UGT1A9 was constructed using Modeler 9v6 with a 

standard protocol (Sali and Blundell, 1993). The best model with the lowest objective 

function values (DOPE) was selected for loop refinement and followed by energy 

minimization in GROMACS 3.3 program package (Van Der Spoel et al., 2005). Energy 

minimization was done by steepest gradient descent, with an initial step size of 0.01 nm 

and a maximum of 1000 step. The VvGT1 (PDB code: 2c1z) from red grape was used 

as the template for two reasons (Offen et al., 2006): First, both UGT1A9 and VvGT1 

belong to the glycosyltransferase 1 family (GT1) according to the CAZY database 
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(http://www.cazy.org/). Although sharing a low sequence identity, GT1 members adopt a 

similar α/β/α folding (so called “GT-B” fold) and their 3D structures are predicted to be 

highly conserved. Second, UGT1A9 and VvGT1 surprisingly share an overlapping 

substrate specificity (including regioselectivity), for example, they both preferentially 

metabolize flavonols at the 3-OH position (Offen et al., 2006).  

Due to a low sequence identity between the target and template proteins (~15 %), 

sequence alignment was aided with secondary structure predictions, a strategy used 

earlier (Laakkonen and Finel, 2010). The co-crystalized cofactor (UDP-2-fluoro glucose) 

was copied to the homology model as a block residue. Molecular docking of kaempferol 

(88.a) for 3-O-glucuronidation to the UGT1A9 model with the program GOLD (CCDC, 

Cambridge, UK) was performed using a distant constraint, a procedure similar to earlier 

publications (Shao et al., 2005; Li et al., 2007a). A distance constraint (2.5~4 Å) was set 

between 3-OH and His37 (the catalytic residue). GOLDscore was used to identify the 

lowest energy docking results. The UGT1A9 model (with kaempferol docked) 

coordinates are available upon request. 

6.4. Results 

6.4.1. Experimental dataset  

A large database of kinetic parameters was experimentally determined by kinetic 

profiling for UGT1A9-mediated glucuronidation of 145 phenolics (structures in Appendix 

A), which are from 12 different classes (see Table 5 for compound names, their 

classification and kinetic parameters). The log(CLint) values for glucuronidation of 
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selected substrates range from -0.56 (141) to 5.04 (66), demonstrating a wide diversity 

in the catalytic activity (Figure 38.b). To our knowledge, this is the largest dataset of 

kinetic data obtained using expressed UGT1A9 in current literature. Among all UGT 

substrates here, 17 compounds form more than one glucuronide; in particular, there are 

4 compounds (i.e., 41, 84, 90, 91) from which three glucuronides at different positions (-

OH groups) are generated. Differentiated kinetic properties for glucuronidation at each 

position suggest that distinct (productive) binding modes within the catalytic domain are 

possible (Chapters 2 & 3). The existence of multiple binding modes provide the "expert" 

knowledge for our modeling strategy. Based on this knowledge, multiple active poses 

(for each of the aforementioned 17 substrates) were incorporated to the molecular 

alignment for QSAR analyses (please also see Discussion section).  

6.4.2. Predictive power of the analyses 

A training dataset of UGT1A9 substrates allows the derivation of two separate QSAR 

models with statistical significance (Table 6). The predictive power of the two models 

was validated by predicting the catalytic efficiency of 25 additional substrates not 

included in the training set (Figure 39). For almost all substrates, the predicted values 

fall close to the observed log(CLint) values, deviating by no more than 1 logarithmic unit 

(Table 5 & Figure 39). However, in CoMSIA prediction, the activities of 47 (7-hydroxy-3’-

methoxyflavone) and 70 (3,7,3’-trihydroxyflavone) are significantly over-estimated more 

than 1 logarithmic unit, even though CoMSIA analysis reveals significantly better 

correlation in terms of a higher q2. 
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Table 5. Experimentally determined kinetic parameters for UGT1A9-mediated glucuronidation of 145 
compounds, including 2 catecins (No.1-2), 5 chalcones (No.3-7), 1 chromone (No.8), 6 courmarins 
(No.9-14), 3 curcumins (No.15-17), 6 aromatic hydrocarbons (No.18-23), 4 flavanones (No.24-27), 31 
flavones (No.28-58), 36 flavonols (No.59-94), 3 hydroxycinnamic acids (No.95-97), 11 isoflavones 
(No.98-108), 27 phenols (No.109-135), and 7 other compounds (No.136-145). The chemical structures 
of all compounds are shown in Appendix A.The site of glucuronidation is indicated in the 
parenthesis. For a compound with multiple glucuronides generated, a lower-case letter is appended 
for a distinction. 

No. Name 
Km Vmax CLint (Vmax/Km) Log (CLint) Log (CLint) Log (CLint) 
μM pmol/mg/min µl/mg/min (Actual) (CoMFA) (CoMSIA) 

1.a (-)-Epigallocatechingallate (3’-OH) 18.7 2955 158 2.20 2.32 2.42 
1.b (-)-Epigallocatechingallate (4’’-OH) 15.3 9984 646 2.81 2.72 3.36 
2 (-)-Epigallocatechin(3’-OH) 135 5130 38 1.58 1.40 1.90 
3 2-Hydroxychalcone$ 0.23 552 2400 3.38 3.83 3.36 
4 4-Hydroxychalcone$ 1.62 54.8 34 1.53 1.68 1.32 
5 2’-Hydroxychalcone$ 0.77 1008 1309 3.12 2.80 2.40 
6 4’-Hydroxychalcone$ 1.72 339 197 2.29 1.95 1.97 

7.a Phloretin (2’-OH)$ 0.63 467 741 2.87 2.88 2.64 
7.b Phloretin (4’-OH)$ 0.43 636 1479 3.17 3.21 3.14 
8 7-Hydroxychromone 82.8 668 8 0.91 1.37 1.62 
9 3,4-Diphenyl-7-hydroxycoumarin 3.37 137 41 1.61 1.53 1.46 

10 4-Methylumbelliferone 12 3653 304 2.48 2.43 2.06 
11 4-Hydroxy-6-methylcoumarin 57.8 225 4 0.59 1.06 0.84 
12 6-Hydroxy-7-methoxyl-4-phenylcoumarin 312 3744 12 1.07 1.04 1.69 
13 8-Hydroxywarfarin 369 9229 25 1.40 1.69 1.67 
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No. Name 
Km Vmax CLint (Vmax/Km) Log (CLint) Log (CLint) Log (CLint) 
μM pmol/mg/min µl/mg/min (Actual) (CoMFA) (CoMSIA) 

14 Scopoletin 5.53 1064 192 2.28 2.60 2.56 
15 Curcumin 35.4 1958 55 1.74 1.59 1.60 
16 Demethoxycurcumin 18.6 258 14 1.14 1.37 1.16 

17 Bisdemethoxycurcumin * 257 2070 8 0.90 1.04 0.68 

18 Emodin 2.87 2928 1020 3.01 3.10 3.05 

19 Endoxifen * 316 2086 6.6 0.82 1.97 1.01 

20 Enterolactone (3-OH) 57.4 5292 92 1.96 1.95 2.04 
21 Naphthol$ 0.25 72.1 288 2.46 1.89 1.55 
22 Raloxifene (6-OH) 1.93 39.3 20 1.31 1.15 1.06 

23.a Tyrphostin B42 (3-OH) 3.60 3677 1020 3.01 3.02 3.16 

23.b Tyrphostin B42 (4-OH) * 14.5 2008 138 2.14 2.27 2.63 

24 7-Hydroxyflavanone * 3.34 5001 1497 3.18 2.88 2.58 

25 4’-Hydroxy-3-methoxyflavanone 83.4 1687 20 1.31 1.29 1.39 
26.a Hesperetin (3’-OH) 4.29 4192 977 2.99 2.99 3.31 
26.b Hesperetin (7-OH) 6.00 2444 407 2.61 2.45 2.49 
27 Narigenin (7-OH) 3.34 5001 1497 3.18 3.35 2.98 
28 2’-Hydroxyflavone 0.40 74.4 186 2.27 2.44 2.26 
29 3,4’-Dimethoxy-5,7,3’-trihydroxyflavone (7-OH) 1.64 7494 4570 3.66 3.43 3.43 
30 3’-Benzyloxy-5,7-dihydroxy-3,4’-dimethoxyflavone (7-OH) 1.25 2079 1663 3.22 3.25 3.22 
31 3’-Hydroxyflavone 2.02 926 458 2.66 2.66 2.63 
32 4’-Hydroxyflavone 1.46 98.7 67.6 1.83 1.83 2.11 
33 5,7-Dihydroxy-3’,4’,5’-trimethoxyflavone (7-OH) 0.45 382 849 2.93 3.25 2.84 
34 5-Hydroxyflavone 0.96 118 123 2.09 2.09 2.77 
35 6,3’,4’-Trihydroxyflavone (3’-OH)# 1.87 6470 3450 3.54 2.93 2.86 
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No. Name 
Km Vmax CLint (Vmax/Km) Log (CLint) Log (CLint) Log (CLint) 
μM pmol/mg/min µl/mg/min (Actual) (CoMFA) (CoMSIA) 

36 6,7,3’-Trihydroxflavone (7-OH) 3.01 2333 775 2.89 3.05 3.14 
37 6,7-Dihydroxyflavone (7-OH) 4.49 4090 910 2.96 3.07 3.18 
38 6-Hydroxyflavone 2.27 76.1 34 1.53 1.30 1.64 
39 6-Methoxyluteolin (7-OH) 1.15 1902 1654 3.22 3.28 3.18 

40 5,7,2’-Trihydroxyflavone (7-OH) * 0.23 862 3748 3.57 3.44 3.39 

41.a 7,3’,4’-Trihydroxyflavone (3’-OH) 2.45 2921 1192 3.08 3.23 2.92 
41.b 7,3’,4’-Trihydroxyflavone (4’-OH) 2.44 744 305 2.48 2.38 2.74 
41.c 7,3’,4’-Trihydroxyflavone (7-OH) 6.38 820 128 2.11 2.70 2.75 

42 7,2’-Dihydroxyflavone (7-OH) * 0.65 381 586 2.77 2.74 2.94 

43 7,3’-Dihydroxyflavone (7-OH) 29.6 16166 546 2.74 2.85 2.86 
44 7-Hydroxy-2’-methoxyflavone 2.21 2228 1008 3.00 3.04 2.82 
45 7-Hydroxy-3-methylflavone 1.46 2929 2006 3.30 3.19 2.83 

46 7-Hydroxy-3’-methoxyflavone * 25.3 132 5 1.02 2.81 2.80 

47 7-Hydroxy-4’-methoxyflavone 3.37 764 227 2.36 3.00 3.24 
48 7-Hydoxy-5-methylflavone 0.94 5369 5712 3.76 3.34 3.03 
49 7-Hydroxyflavone 3.59 4895 1364 3.13 2.88 2.90 
50 Apigenin (7-OH) 1.93 3289 1704 3.23 2.96 3.24 
51 Baicalein (OH)# 0.70 5310 7586 3.88 3.37 3.64 
52 Chrysin (7-OH) 0.25 4537 18148 3.96 3.56 3.34 
53 Chrysoeriol (7-OH) 0.91 2765 3038 3.48 3.16 3.09 
54 Diosmetin (7-OH) 0.56 5361 9573 3.41 2.63 2.99 
55 Flavopiridol (7-OH) 37.5 219 5.8 0.77 0.57 1.02 

56.a Luteolin (3’-OH) 0.17 660 3870 3.58 3.56 3.08 
56.b Luteolin (7-OH) 0.33 700 2100 3.32 3.38 3.20 
57 OroxylinA (7-OH) 2.38 2060 866 2.94 3.46 3.32 
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No. Name 
Km Vmax CLint (Vmax/Km) Log (CLint) Log (CLint) Log (CLint) 
μM pmol/mg/min µl/mg/min (Actual) (CoMFA) (CoMSIA) 

58 Wogonin (7-OH) 1.27 5070 3992 3.60 3.98 3.63 
59 3,2’-Dihydroxyflavone (3-OH) 0.67 52 78 1.89 2.68 3.34 

60 3,3’-Dihydroxyflavone (3-OH)* 0.11 3100 29000 4.44 4.31 4.30 

61 3,5-Dihydroxyflavone (3-OH)* 0.25 1900 7400 3.87 4.05 3.88 

62 3,6,4’-Trihydroxyflavone (3-OH)* 0.31 6800 22000 4.34 4.31 3.97 

63 3,3’,4’-Trihydroxyflavone (3-OH) 0.10 2200 22000 4.34 4.21 3.92 
64 3,4’-Dihydroxyfavone (3-OH) 0.13 1800 14000 4.14 3.89 3.77 
65 3,6-Dihydroxyfavone (3-OH) 0.62 13000 21000 4.32 4.42 4.34 

66 3-Hydroxy-6-methylflavone * 0.062 6750 110000 5.04 4.34 4.29 

67.a 3,7-Dihydroxy-3’,4’,5’-trimethoxyflavone (3-OH) 0.63 2872 4551 3.66 3.67 3.70 

67.b 3,7-Dihydroxy-3’,4’,5’-trimethoxyflavone (7-OH) * 1.61 289 180 1.00 1.15 2.17 

68.a 3,7-Dihydroxyfavone (3-OH)# 0.22 4600 21000 4.32 3.69 4.18 
68.b 3,7-Dihydroxyfavone (7-OH) 1.50 2040 1360 3.13 3.09 3.05 
69.a 3,7-Dihydroxy-3’,4’-dimethoxyflavone (3-OH) 1.03 753 731 3.16 3.48 3.79 
69.b 3,7-Dihydroxy-3’,4’-dimethoxyflavone (7-OH) 1.16 11.6 10 1.00 1.22 2.37 

70 3,7,3’-Trihydroxyflavone (3-OH) * 3.37 764 227 2.86 4.00 4.33 

71 3-Hydroxy-2’,3’-dimethoxyflavone 0.52 4400 16000 3.92 3.60 3.91 
72 3-Hydroxy-2’-methoxyflavone 0.21 3800 18000 4.25 4.10 3.47 
73 3-Hydroxy-3’-methoxyflavone 0.063 2900 46000 4.66 4.56 4.58 
74 3-Hydroxy-4’-methoxyflavone 0.059 1900 32000 4.51 4.24 4.47 
75 3-Hydroxy-5,7-dimethoxyflavone 0.13 3300 26000 4.40 4.35 4.59 
76 3-Hydroxy-5-methoxyflavone 0.082 1900 24000 4.36 4.56 4.46 
77 3-Hydroxy-6,4’-dimethoxyflavone 0.043 2200 51000 4.71 4.97 5.05 
78 3-Hydroxy-6-methoxyflavone 0.074 5400 73000 4.86 4.97 4.79 
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No. Name 
Km Vmax CLint (Vmax/Km) Log (CLint) Log (CLint) Log (CLint) 
μM pmol/mg/min µl/mg/min (Actual) (CoMFA) (CoMSIA) 

79 3-Hydroxy-7,4’-dimethoxyflavone 0.19 8700 46000 4.66 4.47 4.60 
80 3-Hydroxy-7-methoxyflavone 0.27 10000 37000 4.57 4.36 4.28 
81 3-Hydroxyflavone 0.30 2100 7000 3.84 4.01 4.15 
82 3-Hydroxy-6-methyl-3’,4’-methylenedioxyflavone 0.066 6000 91000 4.96 4.82 4.63 

83 Datiscetin (3-OH) * 2.46 246 100 2.00 2.42 3.10 

84.a Fisetin (3-OH) 0.63 1500 2300 3.38 3.90 3.95 
84.b Fisetin (3’-OH) 0.74 2620 3520 3.55 3.37 3.33 
84.c Fisetin (4’-OH) 0.52 1620 3090 3.49 3.63 3.54 
85.a Galangin (3-OH)# 0.68 7400 11000 4.04 3.71 3.91 
85.b Galangin (7-OH) 0.54 2560 4740 3.68 3.77 3.50 
86 Geraldol (3-OH) 1.47 5885 4003 3.60 3.89 3.76 
87 Isorhamnetin (3-OH) 0.32 12000 38000 4.59 4.13 3.49 

88.a Kaempferol (3-OH) 0.32 1900 6000 3.78 3.60 3.54 

88.b Kaempferol (7-OH) * 3.87 870 220 2.34 3.36 3.41 

89 Morin (3-OH) 0.68 40 60 1.77 2.33 2.73 
90.a Myricetin (3-OH) 0.61 490 800 2.90 3.33 3.39 
90.b Myricetin (3’-OH)# 0.67 1530 2290 3.36 3.25 3.73 
90.c Myricetin (4’-OH) 0.64 3170 4930 3.69 3.69 3.30 

91.a Quercetin (3-OH) * 0.36 3300 9200 3.97 3.91 3.68 

91.b Quercetin (3’-OH) 0.90 1880 2100 3.32 3.49 3.44 
91.c Quercetin (7-OH) 0.85 3820 4490 3.65 3.52 3.24 
92.a Resokaempferol (3-OH) 0.36 2600 7300 3.86 3.59 3.80 

92.b Resokaempferol (7-OH) * 2.67 1150 430 2.63 2.67 2.94 

93 Rhamnetin (3-OH) 0.23 10000 45000 4.65 4.34 3.84 
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No. Name 
Km Vmax CLint (Vmax/Km) Log (CLint) Log (CLint) Log (CLint) 
μM pmol/mg/min µl/mg/min (Actual) (CoMFA) (CoMSIA) 

94.a Syringetin (3OH) 0.98 7810 7333 3.87 4.11 3.46 
94.b Syringetin (7OH) 1.61 289 178 2.26 2.05 2.88 

95 Ferulic Acid * 884 372 0.4 0.30 1.50 0.09 

96 Isoferulic Acid 237 15640 66 1.82 1.62 1.16 
97.a Caffeic Acid (3-OH) 564 6204 11 1.04 1.50 0.86 
97.b Caffeic Acid (4-OH) 1012 2024 2 0.30 0.51 0.50 
98 7-Hydroxy-6-methoxyisoflavone 3.08 1143 371 2.57 2.44 2.21 
99 8-Hydroxy-7-methoxyisoflavone 1.42 5299 3732 3.57 3.76 3.34 

100 Biochanin A (7-OH) * 1.13 379 335 2.53 2.17 1.93 

101 Daidzein (7-OH) 14.3 1107 77 1.89 2.17 1.78 
102 Dihydrodaidzein (7-OH) 77.7 628 8.1 0.91 0.89 0.74 
103 Equol (7-OH) 213 794 3.7 0.57 0.44 0.68 
104 Formononetin (7-OH) 4.59 139 30 1.48 1.48 1.48 
105 Genistein (7-OH) 2.09 1290 617 2.79 2.96 2.23 
106 Glycitein (7-OH) 1.47 403 274 2.44 2.56 2.33 
107 Maackiain 3.12 234 75 1.87 1.57 1.29 
108 Prunetin (5-OH) 1.29 230 178 2.25 2.20 2.42 

109 4-Bromophenol *# 30.9 3057 99 2.00 1.53 1.49 

110 4-n-Butylphenol 43.1 647 15 1.18 1.45 1.53 
111 4-Chlorophenol 34.0 3230 95 1.98 1.44 1.60 
112 4-Cyclopentylphenol# 18.2 1083 60 1.78 1.40 1.11 
113 4-Ethoxyphenol 454 3761 8.3 0.92 1.25 1.57 

114 4-Ethylphenol *# 15.8 1179 75 1.87 1.45 1.39 

115 4-Fluorophenol * 112 1680 15 1.18 1.56 1.79 
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No. Name 
Km Vmax CLint (Vmax/Km) Log (CLint) Log (CLint) Log (CLint) 
μM pmol/mg/min µl/mg/min (Actual) (CoMFA) (CoMSIA) 

116 4-Iodophenol 20.5 3034 148 1.87 1.40 1.35 
117 4-Isopropylphenol 36.4 2184 60 1.78 1.62 1.17 
118 4-Methoxyphenol 154 2310 15 1.18 1.01 1.41 
119 4-Methylphenol 57.3 1433 25 1.39 1.30 1.41 
120 4-Nitrophenol# 80.6 2902 36 1.56 1.50 1.92 
121 4-Hydroxyacetophenone 317 4438 14 1.15 1.40 1.61 
122 4-Hydroxybenzophenone 35.9 2441 68 1.83 1.90 1.38 
123 4-Phenylphenol 56.2 1236 22 1.34 1.50 1.33 
124 4-Phenylzophenol 82.5 1155 14 1.15 1.29 1.48 
125 4-Propoxyphenol 156 1560 10 1.00 1.06 1.55 
126 4-n-Propylphenol 47.6 1999 42 1.62 1.49 1.39 

127 4-sec-Butylphenol * 87.5 3237 37 1.57 1.66 1.19 

128 4-tert-Butylphenol * 78.4 5253 67 1.83 1.90 1.47 

129 Butyl-4-hydroxybenzoate 84.1 2691 32 1.51 1.51 1.91 
130 Ethyl-4-hydroxybenzoate 74.5 3055 41 1.61 1.43 1.97 
131 Eugenol 25 1004 40 1.60 1.80 1.95 
132 Methyl-4-hydroxybenzoate 101 5454 54 1.73 1.61 1.98 
133 Propofol 26 148 6 0.76 0.86 1.32 
134 Propyl-4-hydroxybenzoate 152 4560 30 1.48 1.54 2.08 
135 Bisphenol A 91.8 4420 48 1.68 1.85 1.02 
136 Combretastatin A4# 4.18 9009 2155 3.33 3.34 2.88 
137 Pterostilbene 35.9 40.4 1.1 0.05 -0.09 0.52 
138 Resveratrol (3-OH) 3.09 196 63 1.8 2.23 2.14 
139 A-769662 (6-OH) 0.78 10.8 14 1.14 0.89 0.62 
140 Entacapone (3-OH) 8.64 88400 10233 4.01 4.10 4.43 
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No. Name 
Km Vmax CLint (Vmax/Km) Log (CLint) Log (CLint) Log (CLint) 
μM pmol/mg/min µl/mg/min (Actual) (CoMFA) (CoMSIA) 

141 Ezetimibe 268 73.6 0.30 -0.56 -0.68 -0.50 
142 Mycophenolic Acid 71.5 6538 91 1.96 1.99 1.92 
143 Psilocin 748 5984 8 0.90 0.90 0.66 
144 SN-38 26.4 73.1 3 0.44 0.68 0.41 

145 Tolcapone (3-OH) * 43.4 18100 417 2.62 2.79 2.08 
*
These 25 compounds were used as a test set and not included in the derivation of model equations. # Described using the substrate inhibition equation (eq.2). Ksi value is not 

shown because it is unimportant in calculation of CLint (please see Materials and Methods).$ Described using a biphasic kinetics model (eq.3). Km1and Vmax1 values are shown 
in the columns Km and Vmax, respectively. CLint2 value is not shown because it is unimportant in calculation of CLint (please see Materials and Methods).
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6.4.3. CoMFA model  

The usual way of understanding CoMFA is by graphing the associated fields. In Figure 

40.a, the steric maps derived from CoMFA are displayed. Areas indicated by green 

contours (numbered 1 and 2) correspond to regions where steric occupancy with bulky 

groups will increase catalytic activity. The yellow contours (numbered 3 and 4) mean 

bulky groups should be avoided; otherwise reduced activity can be expected. 74 is more 

active than 81, which is possibly explained by the fact that the former orients its 4’-

methoxy group into the favored region (contour 1) (Figure 40). Similarly, compared to the 

less active 8, the more active 49 fills the favorable region (contour 2) by the 2-benzene 

moiety (Figure 40). 9 is less active than 10, this is most likely because it orients the 3,4-

diphenyl group into the disfavored region (contour 3) (Figure 40). Likewise, due to the 

occupancy of the disfavored region (contour 4) by a piperidinyl group, 55 has a lower 

activity than 52 (Figure 40). 

The maps of electrostatic properties are shown in Figure 40b. The areas contoured 

in blue (numbered 5 and 6) correspond to regions where electropositive groups will 

enhance the catalytic activity, as will electronegative groups placed into areas indicated 

in red (number 7 and 8). Contour 5 is close to the glucuronidation site and in parallel with 

the bicyclic ring of 52 chrysin (shown in Figure 40b); its contribution to the activity-

structure correlation however is uncertain because no chemical groups/atoms are 

aligned into this region. Although being isomers, 95 and 96 possess distinct catalytic 

activity. Due to a substitution difference of the acrylic acid group on the benzene 

skeleton, the less active 95 orients its carboxylate group into an area (contour 6)  
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Table 6. Summary of modeling parameters from CoMFA and CoMSIA analyses 

Statistics CoMFA CoMSIA 
q2a 0.548 0.579 
Spress

b 0.885 0.799 
r2c 0.949 0.876 
rpred

d 0.775 0.700 
SEEe 0.282 0.435 
Componentsf 8 5 
Fg 271.8 190.0 
Pr2=0h 0.000 0.000 
Fraction   

Steric 0.465 0.185 
Electrostatic 0.535 0.435 
Hydrophobic / 0.380 

a Cross-validated correlation coefficient after the leave-one-out procedure. 
b Cross-validated standard error of prediction. 
c Non-cross-validated correlation coefficient. 
d Correlation coefficient for test set predictions. 

e Standard error of estimate 
f Optimum number of components. 
g F-test value. 
h Probability of obtaining the observed F ratio value by chance alone. 
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Figure 39. Correlations between the experimental glucuronidation parameters and 
the predicted ones from the 3D-QSAR models 

Panel a: Fitted predictions versus actual catalytic efficiencies for the training set. 
The predicted values were obtained using the CoMFA method. Panel b: Predicted 
versus actual catalytic efficiencies for the test set not included in model derivation. 
The predicted values were obtained using the CoMFA method. Panel c: Fitted 
predictions versus actual catalytic efficiencies for the training set. The predicted 
values were obtained using the CoMSIA method. Panel d: Predicted versus actual 
catalytic efficiencies for the test set not included in model derivation. The predicted 
values were obtained using the CoMSIA method. Dashed lines represent the 
observed prediction bias of 3.0-fold deviation from unity. Solid lines represent the 
observed prediction bias of 10.0-fold deviation from unity. 
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indicated to be unfavorable for negatively charged groups (Figure 40). 55 occupies the 

contour 7 (unfavorable for electropositive groups) by the 3-hydroxyl group of the 

piperidinyl moiety; this is consistent with the fact that 55 is less active compared to 52 

(Figure 40). 32 orients a carbonyl group with an electronegative oxygen into a site 

highlighted to be favorable for negatively charged residues, thus it possesses a higher 

activity than 123 (Figure 40). 

6.4.4. CoMSIA model 

The CoMSIA method also provides field contribution contours that allow the correlation 

results to be mapped back onto the molecular structures. These contours are given in 

Figure 41 together with some exemplary substrates. For consistency, coloring scheme of 

the contoured areas (to indicate a property contribution) for steric and electrostatic fields 

is the same as used in CoMFA maps. In Figure 41a, the steric property is displayed. 

Interestingly, the contours (numbered 1, 2, and 3) are largely consistent with those 

derived from CoMFA. The more active 49 orients its 2-benzene ring into the favorable 

region (contour 1), whereas the less active 101 orients its 3-benzene ring into the 

unfavorable region (contour 3) (Figure 41). For a similar reason, 133 partially occupies 

the unfavorable region (contour 2) by a isopropyl group and shows a lower activity 

compared to 115. As an additional example pair (molecules 14 and 38) is given, 14 

avoids the unfavorable steric groups and are more active than 38, whose 2-benzene ring 

is positioned into contour 3 highlighted to be unfavorable for bulky groups. 
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Figure 40. Field contribution maps from the CoMFA analysis. 

Panel a presents the steric maps. 3-Hydroxyflavone (81) is shown inside the field for 
reference. Green: Areas in which bulky groups are sterically favorable for 
glucuronidation; Yellow: Areas in which bulky groups are unfavorable for 
glucuronidation. Panel b presents the electrostatic maps. Chrysin (52) is shown 
inside the field for reference. Blue: Areas in which electropositive atoms/groups are 
favorable for glucuronidation; Red: Areas in which electronegative atoms/groups are 
favorable for glucuronidation. Examples are given to on the right side matching the 
CoMFA results to experimental data. Favored and disfavored contour levels for 
CoMFA were fixed at 85% and 15%, respectively. 
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Figure 41. Field contribution maps from the CoMSIA analysis 

Panel a presents the steric maps with 3-hydroxy-6-methxylflavone (66). Green: 
Areas in which bulky groups are sterically favorable; Yellow: Areas in which bulky 
groups are unfavorable. Panel b presents the electrostatic maps with Chrysin (52) 
Blue: Areas in which electropositive groups are favorable; Red: Areas in which 
electronegative groups are favorable. Panel c presents the hydrophobic maps. 
Orange: Areas where hydrophobic groups enhance glucuronidation; Magenta: Areas 
where hydrophilic groups decrease glucuronidation. Examples are given on the right 
side matching the CoMFA results to experimental data.  
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The maps of electrostatic properties (numbered 4 and 5) show fewer features in 

space (Figure 41b), compared to those from CoMFA. 105 is more active than 101, 

largely because it has a hydroxyl group (with an electropositive hydrogen) overlaid with 

the favorable region (contour 4). By contrast, 58 is more active than 49 for the reason 

that an ether group (with an electronegative oxygen) occupied in contour 5 indicated to 

be favorable for electronegative groups. 

The maps for hydrophobic properties are shown in Figure 41c. Substrates orienting 

groups with increasing hydrophobicity into areas contoured in orange (numbered 6, 7, 

and 8) will enhance activity, as will groups with increasingly hydrophilicity placed in 

areas indicated in purple (numbered 9). 114 is more active than 119; this is probably 

because both ethyl and methyl groups substituted on the phenol backbone are adjacent 

to the hydrophobic favorable region (contour 6), but the former is more hydrophobic than 

the latter (Figure 41). An increased hydrophobicity (from a hydroxyl group to a methoxy 

group) in contour 7 (hydrophobicity favorable) leads to an enhanced activity, as is seen 

from a comparison between 54 and 56.b (Figure 41). 55 possesses an activity 

significantly lower than 32, which is in complete agreement with the indication that the 

presence of a hydrophilic piperidinyl group in the unfavorable region (contour 8) would 

result in a diminished activity compared to its absence (Figure 41). Contour 9 highlights 

an area where occupancy of a hydrophilic (polar) group would enhance the activity, 

which exemplified by a comparison of 32 and 90.c. 90.c orients a 3’-hydroxyl group into 

the favorable region contour 9, thus is more active than 32. 
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6.4.5. Exploring UGT1A9 catalytic pocket using a homology model 
and CoMFA/CoMSIA maps  

To explore the molecular mechanisms of UGT1A9-substrate interaction, a homology 

model of UGT1A9 was constructed. This structural model incorporates a simulated 

binding of 88.a kaempferol (in an active 3-O-glucuronidation mode) where 3-OH group of 

kaempferol is reasonably hydrogen-bonded with the catalytic residue His37. The protein 

residues forming the pocket wall were identified and presented in Figure 42. The binding 

pocket is divided into four sub-pockets designated as S1, S2, S3 and S4 (Figure 42b), 

among which pocket S3 is relatively small in size due to the steric hindrance by residues 

from helix Nα3 and its preceding loop. Interestingly, pocket S4 appears to be open to 

solvent, and potentially contributes to accommodation of a long-chain substrate such as 

15 curcumin. The three most active substrates (66: 3-hydroxy-6-methylflavone, 140: 

entacapone; 52: chrysin) were mapped into the pocket by an alignment with kaempferol. 

The B-ring of 66 is fitted to S1, and the common aromatic ring to S2. S4 accommodates 

the B-ring of 52 or the N,N-dimethylamide group of 140. 

The CoMFA/CoMSIA maps were superimposed on the binding site of this structural 

model based on the binding mode of kaempferol. The contour maps are largely 

consistent with the 3D shape of the UGT1A9 catalytic site (Figure 43). The green 

regions where bulky groups favor activity correspond to the regions of the active site 

where unfilled spaces exist. This indicates that a bulky group in these regions increases 

the van de Waals interaction between a substrate and UGT1A9, thus increasing the 

activity (Figure 43a/b). Also, the yellow regions (e.g., α and β in Figure 43b) where bulky 

groups disfavor activity correspond to the regions of the active site where steric  
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Figure 42. Three-dimensional model of the UGT1A9-kaempferol (88.a) complex. 

Panel a, a side view of the three-dimensional model of UGT1A9-kaempferol 
complex. Kaempferol is indicated in a ball-and-stick model. The cofactor is indicated 
in a ball-and-stick model with a molecular surface. An expanded view of residues 
potentially involved in the interactions with kaempferol (3-O-glucuronidation) in the 
model is presented. Dashed black line indicates the potential hydrogen bond. Panel 
b, A two-dimensional schematic representation of UGT1A9 catalytic pocket. The 
three most active substrates (66: 3-hydroxy-6-methylflavone, 140: entacapone; 52: 
chrysin) are mapped into the pocket. The binding pocket is divided into four sub-
pockets designated as S1, S2, S3 and S4. 
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hindrance is noted. 

Unexpectedly, electrostatic maps between CoMFA and CoMSIA are not consistent 

with each other; this might indicate an uncertainty in correlating the electrostatic property 

of substrates with their activity (Figure 43a/c). In contrast to the fact that CoMFA 

electrostatic maps appear in the regions where no polar residues can be identified, 

CoMSIA electrostatic maps show a good compatibility with the surrounding residues. An 

electronegative group in its favorable region (contour  γ or previously named contour 5 in 

Figure 41) presumably interacts with UGT1A9 by forming a hydrogen bond or through 

electrostatic interactions. As only polar residues Asp34 (with an electronegative side 

chain) and His37 (with an electropositive side chain) appear in the neighborhood of 

contour  γ, His37 is proposed to contribute to the interaction of UGT1A9 with an 

electronegative group (of a substrate) positioned in this region (Figure 43). The residues 

that are around region δ (Figure 43c) favoring an electropositive group on a substrate 

are Glu178, Glu179 and Asp393 (all are electronegative). In addition, the hydrophobic 

regions ( ε and  η) are lined with the hydrophobic residues Val31, Met33, Leu108, 

Phe224, Leu228, Met307, and Phe391 (Figure 43d). 

6.5. Discussion 

In this study, a ligand-based 3D-QSAR approach (CoMFA/CoMSIA) is employed to 

elucidate UGT1A9 substrate selectivity, and the yielded models are useful for prediction 

of the catalytic efficiencies of UGT1A9. Such model is challenged by the fact that many 

substrates form more than one glucuronide at different sites (so called “glucuronide 
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Figure 43. Superposition of the CoMFA/CoMSIA contour maps over the binding 
site of a homology-modeled UGT1A9 structure based on a simulated 
binding model of kaempferol (3-OH). 

The UGT1A9 protein is shown in a stick model. Kaempferol is indicated in a ball-
and-stick model and the cofactor is shown in a ball-and-stick model with a molecular 
surface. Panel a: Overlay of the CoMFA steric and electrostatic maps with the 
UGT1A9 binding site. Panel b-d: Overlay of the CoMSIA steric (b), electrostatic (c), 
and hydrophobic (d) fields with the UGT1A9 binding site. 
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isomers”). Our studies (Chapters 2 & 3) indicate that generation of glucuronide isomers 

is resulted from distinct binding modes of the same substrate in the catalytic domain of 

UGT protein. Each binding mode orients a glucuronidation site (-OH) towards the 

catalytic residue (usually a histidine) for reaction, and to generate a corresponding 

glucuronide isomer. Therefore, multiple binding modes should be considered in a 

predictive algorithm for a UGT substrate with multiple active glucuronidation sites. 

Accordingly, we treat such a UGT substrate as multiple “substrates” that adopt distinct 

spatial conformations; each of which corresponds to a binding mode to form a 

regiospecific glucuronide isomer. Our derived models with statistical significance and 

high predictive capability suggest that this treatment is reasonable and useful in terms of 

in silico modeling of UGT substrates. It is also highlighted that our model can be used to 

predict regiospecific glucuronidation mediated by UGT1A9, which was unlikely 

accomplished earlier on. 

Another challenge to our model is that it incorporates a large diversity of (n=145) 

substrate structures. As a result, difficulty is raised with respect to the molecular 

alignment of those structures. We proposed a unique alignment method that is to 

superimpose the glucuronidation site and its adjacent aromatic ring, the two important 

features identified by a flexible alignment of three most active substrates (Figure 37). 

Glucuronidation sites should be aligned to improve model quality as suggested from 

previous modeling experiences (Sorich et al., 2002; Smith et al., 2003). The importance 

of positioning of a glucuronidation site into an area close to both cofactor and the 

catalytic histidine residue for glucuronidation is also demonstrated in a recent study 
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(Takaoka et al., 2010). Early studies identify a common feature pharmacophore for 

several UGT isoforms, which unanimously include two separate hydrophobic regions 

(adjacent to the glucuronidation site) (Sorich et al., 2002; Smith et al., 2003, 2004). 

However, we believe two hydrophobic regions spatially isolated might not be universal 

features for all UGT1A9 substrates. For example, such features cannot be found in 109 

(a simple phenol) structure. Therefore, the alignment rule here is straightforward and 

conforms to the catalytic mechanism, and is proven to be successful in terms of the 

quality of resulting models. 

The use of log (CLint), a measure of catalytic efficiency, as the parameter for 

correlation analyses is more reliable and meaningful, compared to other kinetic 

parameters such as Km and Vmax. As stated by Sharma and Duffel (2002, 2005), in the 

case of enzymes that may exhibit nonproductive binding interactions with some 

substrates, a highly relevant kinetic parameter for a CoMFA correlation of the structure 

to its ability to serve as a substrate for such enzymes is the CLint value, or log (CLint). 

This is because CLint is independent of nonproductive binding contributions. Although 

there is no direct evidence (e.g., crystal structure) of nonproductive binding of a 

substrate to a UGT protein, kinetic characterization has indicated that nonproductive 

binding of substrates to a UGT isoform can be a major reason why the enzymes 

frequently exhibit substrate inhibition kinetics (Luukkanen et al., 2005). Therefore, the 

use of CLint value for our CoMFA/CoMSIA analyses of UGT1A9 is justified. Moreover, in 

vitro intrinsic clearance (CLint) is frequently used to predict in vivo clearance such as 

hepatic clearance with a reasonable success rate (Kilford et al., 2009; Cubitt et al., 
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2009). Hence, this parameter is a more appropriate indicator as the susceptibility of a 

substrate to glucuronidation in vivo. 

The recognition of glucuronidation as an important metabolic pathway has lent 

increasing efforts towards better understanding of the molecular mechanisms of UGT 

functions and of the substrate structural features associated with UGT selectivity. 

Inevitably, a molecular-level structural elucidation of the protein is necessary for such 

pursuits. Here, a homology model of UGT1A9 was constructed aiming to enhance our 

understanding of interactions between UGT1A9 and substrates, in addition to the 

CoMFA/CoMSIA results. The structural information of our UGT1A9 model was imported 

from the template protein VvGT1 (a plant UGT). At present, the use of a plant UGT for 

homology modeling of human UGTs is preferred and justifiable, because (1) plant and 

human UGTs are classified into the same superfamily GT1; GT1 members adopt a GT-B 

fold and their tertiary structures are predicted to be highly conserved; (2) plant and 

human UGTs share a similar catalytic mechanism (i.e., serine hydrolase-like 

mechanism); (3) a determined partial crystal structure (for C-terminal or UDPGA binding 

domain portion only) of human UGT2B7 agrees well with its counterparts in plant UGT 

crystal structures (Miley et al., 2007; Radominska-Pandya et al., 2010). Such modeling 

effort appears to be useful here and has also been utilized to elucidate the amino acids 

that are responsible for the large activity differences between UGT1A9 and 1A10 (Itäaho 

et al., 2010). 

A good consistency between the CoMFA/CoMSIA maps and a homology model of 

UGT1A9 is highlighted in terms of the steric and hydrophobic interactions (Figure 43). 
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The results provide a highly possible 3D structure of UGT1A9 binding pocket as well as 

substantial insights into the molecular mechanisms regarding the recognition of a 

substrate by UGT1A9. The models can be used to guide de novo design of compounds 

with desired UGT1A9 activity. For example, a more active compound should have its -

OH group towards the catalytic residue, and the rest of its structure occupies those 

green regions (cavities in the binding site), and avoids those yellow regions where steric 

hindrance exists. We anticipate that this approach of CoMFA/CoMSIA coupled with a 

protein homology model may be applicable to other UGT isoforms. A more exhaustive 

elucidation of molecular interactions of other UGT isoforms and a more complete 

comparison of substrate selectivity across UGT isoforms might be necessary in order to 

ultimately predict overall glucuronidation and uncover the fine substrate selectivity 

difference. This is important as the knowledge can be used to accelerate drug 

development and to promote human health. 

Although model construction is based on the active poses of UGT1A9 substrates, it 

is of interest to see if the model can be used to distinguish a non-substrate from a 

substrate. We experimentally identified three UGT1A9 non-substrates, namely, estradiol 

(a selective probe for UGT1A1), salicylic acid, and aminosalicylic acid (no metabolite can 

be detected when incubating these compounds with UGT1A9). The predicted log (CLint) 

values from the CoMFA model are 1.41, 1.11, and 1.42, respectively, indicating these 

compounds are very poor substrates of UGT1A9. Therefore, the model is fairly accurate; 

though its capability to predict an absolute non-substrate is somewhat limited.  



 

161 

 

In conclusion, we have performed 3D-QSAR analyses using the powerful techniques 

Comparative Molecular Field Analysis (CoMFA) and Comparative Molecular Similarity 

Indices Analysis (CoMSIA) based on a large training dataset with a 106-fold range of 

relative catalytic activity. The derived models show statistical significance and 

substantive predictability (CoMFA: q2 = 0.548, r2= 0.949, r2
pred = 0.775; CoMSIA: q2 = 

0.579, r2= 0.876, r2
pred = 0.700). The real-world use of these models is fully expected to 

predict the catalytic activity of structural diverse chemicals (including drug candidates) 

towards UGT1A9. Moreover, the field contribution maps from CoMFA/CoMSIA were 

applied to elucidate the catalytic pocket of UGT1A9 with the aid of a homology model of 

UGT1A9. The results consistently depict a plausible catalytic pocket with a set of 

geometry configuration and a hydrophobic interacting environment, even though the 

electrostatic interactions are less defined. Our findings for the first time provide a 

possible molecular basis for understanding UGT1A9 functions and its substrate 

selectivity. 
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Chapter 7 Summary 

The key role of UDP-glucuronosyltransferases (UGTs) in metabolism and detoxification 

of xenobiotics including drugs has been recognized. Understanding of the enzymes’ 

function (including substrate selectivity) assumes great importance with respect to 

prediction of pharmacokinetics of drugs undergoing glucuronidation. In this thesis work, 

we aim to elucidate the molecular mechanisms of UGTs that determine the substrate 

selectivity. In the absence of a crystallographic structure for any mammalian UGTs, a 

ligand-based approach fortified with experimentally derived “expert” knowledge has been 

used for this purpose. 

We first used the approach of kinetic profiling to determine the regioselectivity of six 

UGT1A isoforms (the major isoforms glucuronidating phenolics based on the literature) 

towards flavonols (i.e., 37DHF, 357THF, 374’THF, and 3574’QHF) (Aim 1). The results 

show that UGT1A1 and 1A3 regioselectively metabolized 7-OH of flavonols, whereas 

UGT1A7, 1A8, 1A9 and 1A10 preferred to glucuronidate 3-OH group. Further, the 

differentiated kinetics properties (i.e., binding affinity and turnover rate) between 3-O- 

and 7-O- glucuronidation indicated that the at least two distinct binding modes (from a 

same substrate molecule) within the catalytic domain were responsible for the formation 

of these two glucuronide isomers. This “expert” knowledge was used in the in silico 

modeling of UGT1A9 substrates (Aims 2 and 3). In addition, we also show that UGT1A1 

and 1A9 were the most efficient conjugating enzymes with Km values of ≤1 µM. This 

information has helped us select UGT1A9 for further studies. 
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A general notion in current literature is that UGT isoform (especially isoforms within a 

subfamily e.g., UGT1A) displays a vast overlapping substrate specificity. Our findings in 

study I (or aim 1a) indicate UGT1A isoforms might have large differences in substrate 

regioselectivity towards a flavonol. This hypothesis is further validated in study II (or Aim 

1b), where two flavonoids 3,3’,4’-trihydroxyflavone (33’4’THF) and 3,6,4’-

trihydroxyflavone (364’THF) is used to probe the activities of hepatic UGT1A1. Four sets 

of independent experiments were performed to provide strong evidence: (1) the probes 

were predominantly glucuronidated (at 4’-OH) by UGT1A1 based on phenotyping of 

commercially available recombinant UGTs; (2) metabolism (at 4’-OH) of the probes in 

human liver microsomes was mainly contributed by the targeted UGT isoform; (3) the 

selectivity of UGT1A1 towards the flavonoid probes (4’-O-glucuronidation) were 

comparable to the known selective substrates (estradiol and SN-38) derived from activity 

correlation analysis; and (4) The polymorphic variants (UGT1A1*28) with decreased 

UGT1A1 protein expression showed markedly lower UGT1A1 activity towards the 

probes. 

Next, a dataset of UGT1A9-mediated glucuronidation of 30 flavonols (at 3-OH) was 

experimentally derived (study III). We used the CoMFA technique to analyze the 

structure-activity relationships. The alignment of all flavonols molecular was performed 

using a 3-OH specific pharmacophore, a hypothetical (unique) pose for 3-O-

glucuronidation that might differ from those for glucuronidation at other positions (e.g., 7-

OH). The derived CoMFA models for possessed good internal and external consistency 

and showed statistical significance and substantive predictive abilities (Vmax model: q2 = 
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0.738, r2= 0.976, r2
pred = 0.735; CLint model: q2 = 0.561, r2= 0.938, r2

pred = 0.630). The 

contour maps derived from CoMFA modeling clearly indicated structural characteristics 

associated with rapid or slow 3-O-glucuronidation. This successful modeling lends a 

strong support to the hypothesis that multiple distinct binding modes within the catalytic 

domain were possible for single substrate molecule. 

At last, our proposed modeling strategy was vigorously validated against a large 

number (n = 145) of structurally diverse phenolics (study IV). The “multiple binding 

modes” hypothesis was used to guide the molecular alignment. Thus for a substrate with 

multiple active glucuronidation sites, more than one structural pose was aligned 

corresponding to the glucuronidation at each site. The 3D-QSAR analyses produced 

statistically reliable models with good predictive power (CoMFA: q2 = 0.548, r2= 0.949, 

r2
pred = 0.775; CoMSIA: q2 = 0.579, r2= 0.876, r2

pred = 0.700). The contour coefficient 

maps generated from CoMFA/CoMSIA were applied to elucidate structural features 

among substrates that are responsible for the selectivity differences. Furthermore, the 

contour coefficient maps were overlaid in the catalytic pocket from a homology model of 

UGT1A9; this enabled us to identify the UGT1A9 catalytic pocket with a high degree of 

confidence. 

The experimental scientists have been confused by the complex behavivors of UGTs 

in substrate selection. This thesis reveals that in silico approaches can be used to 

analyze glucuronidation data and provide possible underlying basis for the intricate data 

pattern. The work therefore opens the door to the computer-aided data analyses of 

glucuronidation, and related reactions. It is noteworthy that our current studies are not 
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without limitations. First, this work focuses only on O-glucuronidation, the primary type of 

reaction catalyzed by UGTs. We believe that a predictive model incorporating N-

aglycones will be of greater value in drug development as many drugs contain amines. 

Second, our models are based on microsomal metabolism data. Their ability to predict 

glucuronidation in vivo might be compromisd by the lack of consideration of glucuronide 

efflux, a step that could influence the glucuronidation reaction in vivo. Modeling of the 

two-step process (glucuronide formation and excretion) appears to be necessary in an 

attempt to predicting in vivo disposition of drugs undergoing glucuronidation. 

Take together, this thesis represents great efforts towards a better understanding of 

how UGTs function, and provides unique knowledge about substrate recognition by 

UGTs. We anticipate that our original approach, CoMFA analysis coupled with “expert” 

knowledge might be applied to other UGT isoforms and other drug-metabolizing 

enzymes with a similar catalytic mechanism such as sulfotransferases. 
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Appendix A: Chemical structures of 145 UGT1A9 
substrates in this thesis.  
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Appendix B: UPLC conditions used for glucuronidation 
assay and kinetic analysis 

In this thesis work, all (145) UGT substrates (aglycones) and their glucuronide were 

quantified using Waters ACQUITY UPLC. Five different UPLC methods (designated as U1, 

U2, U3, U4, and U5) were used and are shown below. The exact UPLC method for a UGT 

substrate is listed in Appendix C (on the right corner of a chromatogram). 

UPLC 
method* Gradient Mobile phase 

A# 
Mobile phase 

B 

U1 
0−2 min (10–20%B), 2−3 min (20–40%B), 
3−3.5 min (40–50%B), 3.5−4 min (50–90%B), 
4−4.5 min (90%B), 4.5−5 min (90–10%B) 

A1 100% Acetonitrile 

U2 0−3 min (10–90%B), 3−4 min (90–10%B) A1 100% Acetonitrile 

U3 0−2 min (5%B), 2−3 min (5–40%B), 3−3.5 min 
(40–70%B), 3.5−4 min (70-5%B) 

A1 100% Acetonitrile 

U4 
0−1 min (0%B), 1−2 min (0–5%B), 2−3 min (5–
40%B), 3−3.5 min (40–50%B), 3.5−4 min (50–
70%B), 4−4.5 min (70%B), 4.5−5 min (70–
0%B) 

A2 100% Acetonitrile 

U5 
0−2 min (10–20%B), 2−3 min (20–40%B), 
3−3.5 min (40–50%B), 3.5−4 min (50–70%B), 
4−5 min (70–90%B), 5–5.5 min (90%), 5.5−6 
min (90–10%B) 

A1 100% Methanol 

*Flow rate is 0.45 ml/min, injection volume is 10 μL, column is 2.1×50 mm BEH C18 (1.7 μm, Waters). 
#Mobile phase A1: 2.5 mM ammonium acetate in water (pH=6.5); mobile phase A2: 0.1% Formic acid 
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Appendix C Representative chromatograms 
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