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Abstract
The phase II metabolism sulfation and glucuronidation, mediated by sulfotransferases (SULTs)
and UDP-glucuronosyltransferases (UGTs) respectively, are significant metabolic pathways for
numerous endo- and xenobiotics. Understanding of SULT/UGT substrate specificity (including
regioselectivity (i.e., position preference)) is of great importance in predicting contribution of
sulfation/glucuronidation to drug and metabolite disposition in vivo. This review summarizes
regioselective sulfation and glucuronidation of phenolic compounds with multiple hydroxyl (OH)
groups as the potential conjugation sites. The strict regioselective patterns were highlighted for
several SULT and UGT isoforms towards flavonoids, a large class of natural polyphenols. To seek
for a molecular-level explanation, the enzyme structures (i.e., SULT crystal structures and
homology-based UGT structure models) combined with molecular docking was employed. In
particular, the structural bases for regioselective metabolism of flavonoids by SULT1A3 and
UGT1A1 were discussed. It was concluded that the regioselective nature of these phase II
enzymes was determined by the size and shape of binding pocket. While the molecular structures
of the enzymes can be used to explain regioselective metabolism regarding the binding property,
predicting the turnover at different positions remains a particularly difficult task.
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1 Introduction
Phenolics refer to wide varieties of structurally-related compounds that 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). Many phenolic compounds are
subjective to extensive sulfation and glucuronidation, resulting in poor bioavailabilities and/
or lack of efficacies [1–3]. For example, approximately 59% (47% sulfate and 12%
glucuronide) of the parent drug is rapidly conjugated after oral administration of
phenylephrine (a decongestant found in many cold remedies) [4–6].
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Sulfation and glucuronidation,two most prevalent phase II metabolic pathways for drugs, are
mediated by sulfotransferases (SULTs) and UDP-glucuronosyltransferases (UGTs),
respectively. Human SULTs are divided into four families: SULT1 (phenol SULTs), SULT
2 (hydroxylsteroid SULTs), SULT4, and SULT6. Sulfation of phenolic xenobiotics is
mediated primarily by SULT1 family, and sometimes by SULT2 family [7]. Human SULT1
and SULT2 families presently include 12 members (8 from SULT1 and 4 from SULT2):
SULT1A1, 1A2, 1A3, 1B1, 1C1, 1C2, 1C3, 1E1, 2A1, 2A3, 2B1a, and 2B1b. Human liver
expresses a panel of SULT isoforms including SULT1A1, 1B1, 1E1 and 2A1 [8,9].
SULT1A1, 1A3 and 1B1 are highly expressed in gastrointestinal tract [8,9]. Human UGTs
are classified into four families: UGT1, UGT2, UGT3, and UGT8 [10]. The isoforms that
are responsible for glucuronidating phenolics (O-glucuronidation) are mainly from UGT1A
subfamily, especially, 1A1, 1A3, and 1A7~1A10 [1]. Substrate specificity of the six main
contributors towards the phenolics often exhibits significant overlaps [1]. Among UGT1A
isoforms, 1A1 and 1A9 are most abundantly expressed isoforms in the liver. By contrast,
UGT1A8 and 1A10 were found predominantly in the intestine and colon. UGT1A7 is
expressed only in the proximal tissues of the gastrointestinal tract, such as the esophagus and
stomach [11].

The list of SULT/UGT substrates is expanding significantly in recent years [1,12]. This and
other laboratories have reported that various SULT/UGT isoforms showed regioselectivity
(i.e., the preferential formation of one conjugate isomer over the other) in the metabolism of
phenolics with more than one conjugation site, including hydroxycinnamic acids (e.g.,
caffeic acid) [13], isoflavone (e.g., genistein) [14], and stilbene (e.g., piceatannol) [15].
Characterization of the regioselectivity would provide important insights into enzymatic
mechanisms with respect to substrate binding and selectivity. The successfully (in silico)
modeling of UGT1A9-mediated glucuronidation on a particular position (3-OH) of
flavonols suggests that multiple binding modes from a single substrate exist within the
catalytic domain for the regiospecific metabolism [16].

To date, crystal structures have been determined for all known SULT1 and SULT2 isoforms
(Table 1). The bank of published crystal structures provides a strong basis to understand the
substrate specificity differences between various SULT isoforms. For example, SULT1A3
specifically sulfonates dopamine, but shows limited activity towards p-nitrophenol. This is
adequately explained by the fact that the amino group of dopamine forms electrostatic
interactions with residues Glu146 and Asp86 (so called “substrate selector”), which however
disfavor the positioning of the nitro group of p-nitrophenol into the binding site [17]. Unlike
human SULTs, which are cytosolic proteins, UGTs are membrane-anchored. Because of the
exceeding difficulties in crystallize them in active form(s), there is no complete three-
dimensional structure of any human UGTs. Nevertheless, a partial crystal structure (C-
terminal or UDPGA binding domain) of human UGT2B7 was determined and agrees well
with its counterparts in plant UGT crystal structures [18,19–23]. This fact instills confidence
to model human UGT structure using homology-based approach (homology modeling or
comparative modeling). Presently, four 2-domain homology models have been published for
human UGTs: three for the human UGT1A1 [24–26], and one for the human UGT1A9 [27].

Understanding of SULTs and UGTs’ regioselectivity would allow prediction of the site(s) of
sulfation/glucuronidation on a phenolic and identification of the metabolites likely to be
formed in vivo. Since different metabolites (e.g., morphine-6-glucuronide vs. morphine-3-
glucuronide) can have vastly different pharmacological and toxicological effects, in silico
prediction of the metabolism, especially with respect to regioselectivity, is vital for
identification of potential promises and problems associated with metabolism, which can
facilitate the clinical development of a drug [28,29]. One main objective of this review is to
summarize those phenolic compounds with regioselective SULT/UGT activities. Several
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SULT and UGT isoforms that display strict regioselective patterns are highlighted.
Molecular basis for such metabolic patterns is summarized together with relevant discussion
using crystal structures (for SULTs) or homology-modeled structures combined with
molecular docking (for UGTs).

2 Regioselective Sulfation of Phenolics
2.1. Hydroxycinnamic acids

Caffeic (1, Fig 1) and dihydrocaffeic acids (2, Fig 1) both possess a catechol group, and
sulfation occurred preferentially at the 3-OH group by human liver S9 fraction, intestinal S9
fraction, and SULT1A1 (Table 2). Phenotyping reaction showed that SULT1A1 was most
active in the sulfation of caffeic and dihydrocaffeic acids [13]. This suggested that
SULT1A1 was primary responsible for 3-OH sulfation of these two compounds in liver and
intestinal S9 fraction, as SULT1A1 is highly expressed in both human liver and intestine [8].
SULT1A3 also preferrentially sulfonated 3-OH group of caffeic acid and dihydrocaffeic
acids at 50 µM. By contrast, SULT1E1 only generated 4-O-sulfate from caffeic acid, but not
sulfate from dihydrocaffeic acid [13].

2.2. Flavonoids
2.2.1. Isoflavones—In the study of Nakano et al., preferential sulfation of daidzein (3,
Fig.1) and genistein at the 7-OH position (4, Fig.1) was observed in human liver cytosols.
The ratios for 7- to 4’-sulfate formation were 4.5:1 for daidzein and 8.4:1 for genistein [14].
In addition, SULT1A1 exhibited highest catalytic efficiency for 7- and 4’-sulfation of these
substrates, followed by SULT1E1, SULT2A1 and SULT1A3 (Table 2). SULT1A1 catalyzed
7-O-sulfation of daidzein and genistein at rates 4.4- and 8.8-fold higher, respectively, than
their respective 4’-O-sulfation [14]. However, with SULT1E1, catalytic efficiency was very
similar for sulfation at either 7-O or 4’-O position. It is noted that daidzein and genistein
essentially are a very poor substrate for SULT1A3 with strikingly high Km values (~400
µM) for 4’-O-sulfation, and no detectable activity for 7-O-sulfation (Table 2).

2.2.2. Flavones—SULT1A1 and 1A3 isoforms use chrysin (5, Fig.1) as a substrate, and
the sulfation occurs at 7-OH group only. The apparent Km values for the isoform-mediated
7-O-sulfation of chrysin were 0.05 and 3.1 µm, respectively [30]. The latter is quite similar
to the one (2.73 µM) we recently determined (Table 2). Significant amount of 7-O-sulfate
was also found when incubating 50 µM chrysin with Caco-2 and HepG2 cells [30].
Likewise, SULT1A3 selectively conjugated 7-OH group of 7,4’-dihydroxyflavone (6, Fig.1)
with a Km value of 3.4 µM (Meng et al., submitted).

2.2.3. Flavonols—Sulfation of galangin (7, Fig.1) by the human liver cytosol was
mediated mainly by SULT1A1, with some contributions from SULT1A3 and 1E1 [31].
There was only one sulfate peak (i.e., 7-O-sulfate) identified, although the compound has
two other potential sulfation sites (i.e., 3-OH a n d 5-OH) (Table 2). Consistently, SULT1A3
only generated 7-O-sulfate from 3,7-dihydroyflavone (8, Fig.1) and kaempferol (9, Fig.1). In
the study of Ung and Nagar [32], quercetin (10, Fig.1) was an active substrate for both
SULT1E1 and SULT1A1*1. Unfortunately, the authors quantified the metabolism rate by a
radiometric method and were unable to provide any regioselective information.

2.2.4. Flavanone—Sulfation is a predominant metabolic pathway (faster than
glucuronidation?) for the flavanone hesperetin (11, Fig.1) [33]. SULT1A2 catalyzed
preferably and most efficiently the formation of hesperetin 3’-O-sulfate. SULT1A3, 1B1,
and 1E1 also generated 3’-O-sulfate much efficiently than 7-O-sulfate from hesperetin [33].
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By contrast, SULT1C4 catalyzed preferably and most efficiently the formation of hesperetin
7-O-sulfate [33].

2.2.5. Chalcone—SULT1A1*2, 1A2, and 1E1 were the most active SULT isoforms
responsible for sulfation of xanthohumol (12, Fig.1), whereas SULT1A3 and 2A1 were of
minor importance for the conjugation of xanthohumol [34]. Three mono-sulfates were
identified and designated as MSulf1, MSulf2, and MSulf3 (ordered by elution time). MSulf1
was predominantly formed by SULT1E1 and 2A1, MSulf2 by SULT1A1*2 and 1A3, and
MSulf3 by SULT1A2 [34]. The site of sulfation was not identified in the report.

2.2.6. Catechin—Human liver cytosol efficiently sulfated (−)-epicatechin (EC) (13, Fig.1)
mainly through the SULT1A1 isoform. In the intestine, SULT1A3 also contributed to the
sulfation. Other SULT isoforms contributed little to sulfation of (−)-EC [35]. Interestingly,
sulfation of this compound primarily occurred at one particular position, although the exact
position was unknown [35].

2.3. Stilbenes
Sulfation of resveratrol (14, Fig.1) and piceatannol (15, Fig.1) was studied by Miksits et al.
[15,36], using human liver cytosol and recombinant SULT isoforms. Resveratrol-3-O-
sulfate was almost exclusively catalyzed by SULT1A1 and only to a minor extent by
SULT1A2, 1A3 and 1E1, whereas resveratrol-4'-O-sulfate was selectively formed by
SULT1E1 (Table 2). For piceatannol, two mono-sulfates (i.e., M2 and M3) were identified,
M2 was preferentially catalyzed by SULT1A1*2, 1A3 and 1E1. The formation of M3,
however, was mainly catalyzed by SULT1A2*1 and SULT1A3 [15]. The exact position of
the sulfate was not reported.

2.4. Endogenous phenolics
2.4.1. Dopamine—Dopamine (16, Fig.1) is sulfated at both 3-OH and 4-OH positions by
SULT1A3. The apparent Km values for sulfation at both hydroxyl groups were similar (2.21
and 2.59 µM for dopamine -4-O-sulfate and dopamine -3-O-sulfate, respectively), but the
Vmax value was approximately six times higher for the formation of the 3-O-sulfate (344
nmol/min/mg protein) than that of 4-O-sulfate (45.4 nmol/min/mg protein) [37]. The
preferential sulfation of dopamine at 3-OH position is in accordance with the crystal
structure of SULT1A3 with dopamine bound to the active site, and 3-hydroxyl group
appropriately aligned to form hydrogen bonds with the catalytic residues (His108 and
Lys106) of the enzyme [17].

2.4.2. D-dopa—SULT1A3 has a unique dopa (3,4-dihydroxyphenylalanine; 17, Fig.1)-
sulfating activity that was stereo-selective for their D-form enantiomers [38]. Although there
is a lack of experimentally derived differentiation between the formation rates of different
sulfated metabolites, molecular docking of D-dopa to the SULT1A3 crystal structure
rendered the 3-OH group of D-dopa at a closer position to the catalytic residues than 4-OH,
suggesting that 3-O-sulfate should be preferentially generated by SULT1A3 [17].

3 3D Structures of four SULT1 isoforms
The 3D structures of SULT1 are highly conserved. Overlay of the coordinates of the crystal
structure (Cα’s) of SULT1E1 with SULT1A1, SULT1A3 and SULT1B1 gives RMSD (root
mean square deviation) values of 1.4 Å, 1.3 Å and 1.7 Å, respectively. These crystal
structures adopt α/β fold and are comprised of a central 4-stranded parallel β-sheet
(numbered β1, β2, β3, and β4) surrounded by helices (numbered α1, α2, α3, α4, and α5)
on either side (Fig.2). Helices α3 and α4 are divided into 4 and 3 short helices, respectively
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(Fig.2). The three loops that are less conserved and involved in the substrate binding have
been numbered. This numbering is used throughout this review (Fig.2).

3.1. Ligand binding involves structural changes—Molecular packing in the SULT1
crystals in presence of both cofactor (PAPS) and substrate is very tight, resulting in the
formation of two separate binding pockets (Fig.3). The narrow access (especially for big
substrates such as troglitazone [39]) to the binding pockets suggests that ligand
accommodation occurs following the pocket opening. Compared to SULT1A1 [39] and
SUTL1A3 [17], the substrate-free SULT1E1 structure [40] shows a bigger substrate access
space (in the middle of loop1 and loop3). This might indicate the flexibility of the loop1 and
loop 3 regions involving in the substrate binding. Structural comparisons across a family of
SULT structures with or without disordered segments suggest that the presence of ligands
(cofactor and/or substrate) is coupled with an increased order, namely the formation of
helices α2-2, α2-3, α7, and α8 [7]. The PAP(S)-induced ordering of α7 and α8 may restrict
the conformations available for the intervening substrate-binding loop 3 [7]. Therefore,
PAPS binding is suggested to prime the loop1 and loop3 for binding to the substrate [7]. In
addition, as seen in the SULT2A1 structure [41], binding of two molecules of a ligand might
induces a non-productive conformation which is incompatible with PAPS binding. This
“adapt interaction” between substrate binding site and PAPS binding site was proposed by
Allali-Hassani et al. as an alternative mechanism for substrate inhibition kinetics frequently
displayed by SULTs [7].

3.2. PAPS binding—The binding site for PAPS is nearly identical among SULTs, with
highly conserved residues contributing to the binding pocket [7]. The interaction between
SULT and PAPS is depicted in Fig.4A, and residues (in red, Fig.4B) involved in PAPS
binding are indicated in the primary sequence with secondary structures annotated (Fig.4B).
In brief, the short loop following the first strand (β1) of the central β-sheet forms the so-
called PSB-loop (residues 45TYPKSGTT52). The last two residues (Thr51 and Thr52) from
the PSB-loop form hydrogen bond interaction with 5’-phosphate of PAPS, whose
positioning is thought to be important for orienting the cofactor for in-line sulfonyl transfer
to the substrate. The PAPS 3’-phosphate interacts with three conserved residues, namely
residues 257RKG259 of the GXXGXXK motif (in loop 3) and residues Arg130 and Ser138.
The adenine ring of PAPS forms stacking and T-shaped interactions with two conserved
residues Trp53 and Phe229, which is stabilized by hydrogen bond interactions between N-6
and Thr227 as well as N-3 and Tyr193. The hydrogen bond interaction between adenine ring
(N-3) and Tyr193 is not shown in Fig.4 for the clarity purpose (i.e., to reduce clutter).

3.3. Substrate binding—The substrate-binding pocket, described as “L-shaped” or “V-
shaped” pockets previously [39,42], is formed by less conserved regions. In the structural
alignment (Fig.2A), residues forming part of the acceptor pockets in the four SULT crystals
are highlighted in grey. The pocket is mainly formed by residues from loop1, loop2 and
loop3 (Fig. 2B/C). The catalytic residue histidine and a neighboring residue lysine are
situated at the bottom of the pocket. Some residues from α1 and α4-1 also contribute to the
formation of the pocket. The binding pocket is very hydrophobic. Take SULT1A3 for
example, the pocket incorporates predominately aromatic residues (Phe24, Phe81, Y139,
Phe142, Y169, and Y240) and aliphatic residues (Ile21, Pro47, Val84, Ala148, and Leu247).
This suggests that hydrophobic molecules would have better affinity for SULTs than
hydrophilic ones.

As revealed by the crystal structures [17,39,41,42], a crucial point for SULT activity is the
position of the acceptor -OH group(s) amenable to sulfation. The accepting group needs to
be positioned close to the sulfur group of PAPS and the amino acid acting as the general
base facilitating deprotonation of the acceptor. In the majority of SULT structures, this
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amino acid is a histidine residue. The correct orientation of the -OH group determines
whether an enzymatic reaction can take place or not. Also, correct positioning in the active
site of the enzyme should be compatible with accommodation of the rest of the acceptor
molecule for activity [17,39,41,42].

3.4. Structural basis for regioselectivity of SULT1 isoforms towards
flavonoids—SULT1A3 efficiently metabolizes flavones and flavonols with a preference
for the 7-OH position (Table 2), whereas this SULT isoform lacks of the ability to sulfonate
the isoflavones such as daidzein and genistein (no detectable and very poor activities for 7-
O-sulfation and 4’-sulfation, respectively) [14]. Molecular docking was employed to explain
this apparent regioselectivity (and substrate selectivity) of SULT1A3. The automated
docking program GOLD (CCDC, Cambridge, UK) was used to dock the flavonoid
substrates (sulfate acceptors) into the SULT1A3 active sites (PDB entry code: 2A3R).
Default genetic algorithm parameters for controlling the operation of the docking process
were used. The co-crystallized substrate dopamine was used as a reference ligand. All
docking calculations were restricted to the binding pocket by defining the active site with
residues His108 and Lys106. Distance constraints were used to define each potential site for
calculation (Meng et al., submitted). GOLDscore was used to identify the lowest energy
docking results. There are four potential O-sulfation sites (i.e., 3-OH, 5-OH, 7-OH, and 4’-
OH) on the kaempferol molecule; 7-OH group of kaempferol can be easily docked into the
active site of the enzyme with the highest fitness score than the other three. Hydrogen bonds
analysis showed that only 7-OH orientation allows the hydrogen bond interactions between
this sulfation site and the catalytic residue His108 and lys106 (Fig.5D & Table 3). The
identification of this catalytic-competent binding mode helps us to understand why 7-O-
sulfate is the predominant sulfate generated by SULT1A3 from flavones and flavonols
(Meng et al., submitted).

The backbone structure of isoflavone differs from that of flavone in that it has the B-ring
connected to C3 instead of C2. This structural difference results in a disfavored positioning
of 7-OH (genistein), whereby the B-ring of genistein is restricted to a narrow space or corner
(indicated by black arrow in Fig.5A/E). This binding corner is evident due to the presence of
a hump in the middle of the pocket. It is contributed by GLU146 and ASP48, and is
presumably thought to create a steric hindrance that affect the binding affinity locally.
Unsurprisingly, docking of 7-OH group (of genistein) gives a poor fitting score (Table 3).
As for 5-OH and 4’-OH, their orientations preclude the formation of the hydrogen bond with
His108, thus their high fitting scores are considered non-productive.

It is noteworthy that SULT1A1 and 1E1 displayed distinct position preferences towards the
isoflavones (e.g., daidzein and genistein) based on the determined intrinsic clearance (CLint)
values (Table 2). SULT1A1 predominately generated 7-O-sulfate, whereas SULT1E1
equally produced 7-O-sulfate and 4’-O-sulfate. Molecular docking showed that all hydroxyl
groups of genistein could be docked close to catalytic histidine in both crystalline structures
(Table 3). The pockets of these two SULT isoforms (indicated by red arrows) are much
wider (compared to that of SULT1A3, Fig.5A–C) and larger than genistein, and genistein
can fit in easily, with any of its hydroxyl groups located ~ 3 Å from the NE2 atom of the
catalytic histidine (SULT1A1, H108; SULT1E1, His107). For SULT1A1, 7-OH of genistein
gives fitness score slightly higher than that of 4’-OH (33.0 vs. 25.8). The use of docking
results did not produce a clear explanation as to why the 7-OH group is the favorable site for
sulfation by SULT1A1, because they suggested that the binding affinities (kinetic Km
values) for 7-O-sulfation and 4’-O-sulfation are almost identical (Table 2). Also, docking of
3-OH and 4-OH of caffeic acid to SULT1A1 gives similar fitting scores, which cannot
explain the enzyme’s preference on 3-OH (Table 2 & 3). However, it is in support of the fact
that experimentally determined Km values for 3-O-sulfation and 4-O-sulfation are quite
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close (11.6 vs. 14.8 µM) [13]. Similar docking observations were made with SULT1E1 (4-
OH-prefered enzyme) towards caffeic acid [13]. Taken together, these analyses suggest that
while substrate binding can sometimes be predicted from the crystal structures, prediction of
the turnover rate at different positions remains a particularly difficult task. Unexpectedly, 5-
OH of genistein can also be properly positioned in a catalytic mode, which however is not
supported by experimental data in that no 5-O-sulfate was ever detected. The exact reason
for this inconsistency is unknown. It is hypothesized that this is in part due to the formation
of intermolecular hydrogen bond between the 5-OH and 4-carbonyl groups, preventing its
deprotonation by the catalytic histidine, thus disrupting the catalytic completion at this
position [52].

4 Regioselective Glucuronidation
4.1. 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 (18,
Fig.6) [ 43]. By contrast, glucuronidation of (−)-11-nor-9-carboxy-tetrahydrocannabinol
(THC-COOH; 19, Fig.6) only occurs at the carboxylic acid group [44]; the highest activity
towards THC-COOH was observed with UGT1A3, but 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 (20, Fig.6) was mainly
glucuronidated by UGT1A1 on the two nucleophilic groups (i.e., carboxylic acid and
hydroxyl group) [45]. UGT1A3 was able to glucuronidate the two positions at about the
same rate, but with 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 at the carboxyl group.

4.2. Preference of phenol glucuronidation over alcohol glucuronidation
We believed that phenolic hydroxyl groups are more prone to glucuronidation than alcoholic
hydroxyl groups. When both phenolic and alcoholic hydroxyl groups are present in the same
structure, glucuronidation occurs primarily at the phenolic (−OH) groups. This can be seen
from the glucuronidation of a variety of UGT substrates such as SN38 (21, Fig.6) [46],
ezetimibe (22, Fig.6) [47] and estradiol (23, Fig.6) [48].

5 Regioselective glucuronidation of phenolics
5.1. Hydroxycinnamic acid

Caffeic acid is a hydroxycinnamic acid that can be found in majority of plants (1, Fig.1).
UGT1A1 and UGT1A9 were active in glucuronidation of caffeic acid (50 µM), albeit at a
low rate o f 4 ~ 8 pmol/min/mg [13]. UGT1A1 specifically catalyzed the formation of
caffeic acid-4-O-glucuronide, whereas UGT1A9 conjugated both 3-OH and 4-OH groups of
caffeic acid [13]. Furthermore, kinetic profiling demonstrated that UGT1A1 and UGT1A9
had lower affinity and activity towards caffeic acid (Table 4), compared to its analogs such
as ferulic and isoferulic acids [13].

5.2. Flavonoids
5.2.1. Quick identification of the position of mono-glucuronide of flavones and
flavonols—Evaluation of the regioselectivity requires the structural identification (or
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assignment of the conjugation site) of the glucuronide(s). Nuclear magnetic resonance
(NMR) was necessary earlier on for this purpose, although it is not favored due to the
exceeding difficulty in purifying the glucuronide isomers in a significant amount. It was
recently reported that a “UV peak shift method” can be used to rapidly pinpoint
glucuronidation site(s) of flavones and flavonols with hydroxyl groups at the 4'-, 3-, 5-, and/
or 7-position(s) [49]. Briefly, glucuronidation of the 3- and 4'-OH groups results in band I
(please define the λmax) hypsochromic shifts (or blue shifts) of 13–30 and 5–10 nm,
respectively. Glucuronidation of the 5-OH group causes a band II (please define the λmax)
hypsochromic shift of 5–10 nm. In contrast, glucuronidation of the 7-OH group does not
cause any change in band I or II. It was acknowledged in the paper that UV spectrum change
associated with glucuronidation of 6-OH was unpredictable [49]. Also differentiation
between 7-OH and 3’-OH positions was impossible using the method, since no changes in
band I or II were observed in glucuronidation of either group. However, 7-O-glucuronide is
often the earlier-eluting isomer than 3’-O- glucuronide in a reversed-phase HPLC column,
and this elution order was used to distinguish these two glucuronide [49,50]. Inspired by this
fact, this research team compared the elution order of several 7-O-glucuronides and 6-O-
glucuronides (i.e., 7-hydroxyflavone-7-O-glucuronide < 6-hydroxyflavone-6-O-glucuronide;
3,7-dihydroxyflavone-7-O-glucuronide < 3,6-dihydroxy flavone-6-O-glucuronide; 5,7-
dihydroxyflavone-7-O-glucuronide < 5,6-dihydroxyflavone- 6-O-glucuronide; 7,4’-
dihydroxyflavone-7-O-glucuronide < 6,4’-dihydroxyflavone- 6-O-glucuronide; 3,7,4’-
trihydroxyflavone-7-O-glucuronide < 3,6,4’-trihydroxyflavone- 6-O-glucuronide; 7-
hydroxy-4’-methoxyflavone-7-O-glucuronide < 6-hydroxy-4’-methoxyflavone- 6-O-
glucuronide; baicalein-7-O-glucuronide < baicalein-6-O-glucuronide), and found that 7-O-
glucuronide was often eluted earlier than 6-O-glucurondie. Therefore, we believe that this
elution order could complement the “UV peak shift method” to identify the glucuronidation
position (between 6-OH and 7-OH) of flavones and flavonols.

5.2.2. Flavones/flavonols/flavanones—Flavones and flavonols share the same
structural backbone of 2-phenylchromen-4-one (Table 5). The backbone of flavanones
slightly differs from that of flavones in that the bond between C2–C3 is saturated (Table 5).
Extensive glucuronidation studies [30,33,50–57] including a number of compounds from
these three subclasses of flavonoids tended to render a generalized regioselectivity for
various UGT isoforms (Table 5). Based on the intrinsic clearance values (CLint = Vmax/Km)
or glucuronidation rates at a low concentration, the regioselectivity order is 3'-OH > 7-OH >
3-OH > 5-OH for UGT1A1, and 7-OH > 3- OH > 5-OH for UGT1A3. UGT1A9
preferentially glucuronidates 3-OH group, followed by 7-OH and 6-OH. UGT1A10 tends to
metabolize 4’-OH group more efficiently than 3’-OH (Table 5).

5.2.3. Isoflavones—The regioselective glucuronidation of isoflavone prunetin is isoform-,
organ-, and species-dependent, as reviewed by Wu et al [1]. Characterization on
glucuronidation of another 5 isoflavones (i.e., daidzein, genistein, formononetin, biochanin
A and glycitein) suggests that UGT1A1 glucuronidates this class of flavonoids following a
strict regioselective pattern, namely, 7-OH > 4’-OH > 5-OH (Table 5) [58, 59].

5.2.4. Catecins—(−)-Epigallocatechin (EGC) (24, Fig.6) and (−)-epigallocatechin gallate
(EGCG) (25, Fig.6) are major green tea polyphenols with antioxidant and anticancer
activities. Liu et al.[60] 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 (Table 4).
UGT1A1, 1A8 and 1A9 displayed high glucuronidation activities towards EGCG.

Wu et al. Page 8

Curr Drug Metab. Author manuscript; available in PMC 2012 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Interesting, UGT1A8 had the highest Vmax/Km value with EGCG but low activity with EGC
(Table 4).

5.3. Anthraquinone
Emodin (26, Fig.6) 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 [61]. 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 (26, Fig.6).

5.4. Coumarin
Daphnetin (27, Fig.6) is a dihydroxycoumarin 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 [62]. Although less efficient, UGT1A3,
1A4, 1A7, 1A8, and 1A10 selectively glucuronidated the 7-OH position of daphnetin [62].

5.5. Other phenolic compounds
In addition to those phenolics discussed above, regioselectivities of various human UGT
isoforms against other phenolic compounds such as resveratrol (both trans- and cis-forms),
raloxifene and morphine were summarized in a recent review [1], to which one can refer for
details.

6 Structural basis for regioselectivity of UGT1A1 towards flavonoids
To explore the molecular basis of the substrate regioselectivity, a homology model of
UGT1A1 was generated using a plant UGT structure as the template. Structural models were
constructed using the program Modeller 9v5 [63] with the standard protocol (numbers of
models were set to 50). The sequence alignment of the target protein to the template protein
(i.e., UGT71G1 (PDB code: 2ACW)) is shown in Fig.7A. The co-crystalized sugar donor
(UDP-glucose) was copied to the homology model as a block residue. Molecular docking of
the substrates to the UGT1A1 model with the program GOLD (CCDC, Cambridge, UK) was
performed using distant constraints, similar to our earlier publications [19,21]. The distance
constraints (2.5~4 Å) were set between the potential glucuronidation site (OH group) and
His39 (the catalytic residue or general base). The final UGT1A1 model was composed of
two N- and C-terminal domains with α/α/α folds (Fig.7B). The N- and C-terminal domains
contain central stranded parallel β sheets flanked by α helices on both sides. The two
domains pack very tightly and form a deep cleft where the aglycone and cofactor are bound
for reaction. The catalytic dyad His39-Asp151 [18] is located at the helix N1α (at its N-
terminus) and the strand Nβ4, respectively (Fig.7B). Nα5-2 packs to Nα3-2, and facilitates
specific interactions (e.g. salt bridge) between the two regions (Fig.7B), which might play
roles in the entry of the aglycone and in the departure of the product [23,26]. It was also
proposed that residues in Nα3-2 area might undergo certain local conformational changes
when substrate binds, and when product leaves [23]. Residues between Nα5-1and Nα5-2, as
well as residues within loop N2 were positioned too far from the acceptor substrates to
enable direct interactions (Fig.7B). The binding of the cofactor UDPGA to human UGTs has
been extensively reviewed [1,18,64], and hence is not discussed here.

In this modeling scheme, residues predicted to form part of the substrate pockets were
highlighted (in red) in the sequence alignment diagram (Fig.7A). The substrate binding
pocket was almost entirely formed by the N-terminal residues, although some C-terminal
residues also contributed to its formation. The pocket was primarily formed by loop N1,
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Nα1, Nα3-2, loop N4, Nα5-1, Nα5-2, loop C1 and loop C5 (Fig.7B). This is consistent
with the topological arrangement of β strands (3-2-1-4-5-6-7) of the enzymes. β-Strands
Nβ2, Nβ3, Nβ6 and Nβ7 twisted far away from the core Nβ1 where the catalytic histidine
was situated. Within the active pocket, loopN4 was located at the bottom of the pocket (far
from the bound cofactor); Nα5-1 residues formed the wall in the end of the pocket; loop N1
and Nα3-2 lined the entrance of the pocket; loops C1 and C5 covered the top of the pocket;
and the residues in the N-terminus of Nα5-2 occupied the right side of the pocket. The
cofactor was present at the left side of the pocket. It was suggested that UDPGA binds first
to the enzyme, followed by binding of aglycone substrates [65]. The residues predicted to be
in contact with flavonoids are mainly hydrophobic: Phe105, Ile110, Phe153, Phe170,
Phe217, Tyr230, Phe237, Met310 and Phe394. There were also several polar residues in the
binding pocket (i.e., His39, Ser178, Gln182, and Asp396).

As summarized in Table 5, UGT1A1 can actively metabolize the hydroxyl groups at
different positions of flavonols, following a regioselective order of 3’-OH > 7-OH > 3-OH.
In particular, UGT1A1 predominantly produces quercetin 3’-O-glucuronide. However,
molecular docking studies of UGT1A1 with quercetin show that quercetin can be positioned
in different orientations in the active site, allowing each hydroxyl group (3-OH, 7-OH, and
3’-OH) for glucuronidation (Fig.8B–D). This is probably contributed by a large binding
pocket as showed in Fig.8A. Positioning of 3-OH, 7-OH or 3’-OH groups inside of the
active pocket gave similar fitting scores (Table 3), suggesting that binding affinity of
quercetin to UGT1A1 using these three different catalytic modes were not divergent. The
latter is consistent with the fact that regiospecific glucuronidation of several flavonols
displayed close (or almost identical) Km values (Table 4) [52]. It is noteworthy that 5-OH of
quercetin can also be properly positioned for glucuronidation; but formation of quercetin 5-
O-glucuronide was not detected. On the other hand, UGT1A1 does possess the ability to
glucuronidate the 5-OH group in several flavones (in the absence of 3’-OH or 7-OH groups)
such as 5-hydroxylfavone [52] and 3,5-dihydroxyfavone (unpublished data), which indicates
that it is inadequate to use of the formation of intermolecular hydrogen bond as the sole
criterion to explain the slow or nonexistent formation of 5-O-glucuronide [66].

7 Concluding remarks
The phase II metabolizing enzymes SULTs and UGTs possess the ability to conjugate
polyphenols at different positions with a distinct regioselectivity, which is recognized as a
unique property of the enzymes. The mechanisms determining the regioselectivity are
complex, one of which is found to be the size and shape of the substrate-binding pocket.
Large binding site (e.g., those of SULT1E1 and UGT1A1) allows flexible orientation of the
substrate, rendering different hydroxyl groups for conjugation. The unique shape (with a
hump structure) of SULT1A3 active site restricts the positioning of flavones and flavonols
to the 7-OH catalytic mode, which uncovers the structural basis for this enzyme’s highly
selective activity toward 7-OH group. In addition, the location of the bound substrate
relative to the enzyme cofactor (either UDPGA or PAPS) and the catalytic residue
(histidine) is important; a phenolic (OH) group has to be positioned near the cofactor and
catalytic residue for conjugation activity. The molecular structures of the enzymes can be
used to explain regioselective metabolism regarding the binding property, but predicting the
turnover at different positions remains a particularly difficult task. This limitation might
contributed by the static nature of the crystal structure, which is not an appropriate reflection
of the native dynamic status of enzymes in action. Further elucidation of structural elements
responsible for the metabolic turnover of the substrates would be necessary. We hope that
this review will attract structural biologists to take what we believe is an important problem
worthy of attention, because conjugation is a major detoxification pathway for humans.
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Figure.1. Chemical structures of phenolic compounds with multiple possible conjugation sites
(i.e., hydroxyl groups)
The structures are randomly numbered (in parenthesis).
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Figure.2. Crystal structures of SULT1 isoforms reveal their highly conserved 3D structure
Panel A: Structure-based sequence alignment of four crystallized SULT1 isoforms, the α-
helices are in cyan and β-strands in magenta. The alignment was performed by overlay of
the 3D structures. The conserved catalytic residue histidine and lysine are marked with an
asterix. The residues determining the regioselectivity of SULT1A3 towards dopamine and
D-dopa [15] are marked with a pound sign. Residues reported to form part of the acceptor
pocket are highlighted in grey. Panel B: Ribbon diagram of the SULT1A3 crystal structure
[15] showing the 3D folding of elements of secondary structure in a spectrum-colored mode.
Panel C: Ribbon diagram of the SULT1A3 crystal structure [15]. The regions that form the
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substrate-binding pocket are shown in red. The PAPS and substrate (dopamine) are shown
as black stick models.
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Figure.3. Surface view of the SULT1A1 crystal [39] showing the buried state of PAPS (red stick)
and substrate (blue stick)
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Figure.4. Conserved interaction of PAPS with SULT residues
Panel A: The conserved PAPS interacting residues from the four SULT crystals, showing
their interactions with the PAPS. Dashed lines indicate hydrogen bonds. Panel B:
Alignment of four SULT1 sequences showing the PAPS-interacting residues (in red) in
secondary structures. Residue numbers in SULT1A1 are labeled,
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Figure.5. Structural basis of regioselective sulfation of phenolics
Surface view of the substrate-binding pockets of SULT1A3 (panel A), 1A1 (panel B), and
1E1 (panel C). The size and shape of substrate-binding sites are divergent. SULT1E1 has a
wider and larger pocket, compared to SULT1A1 and 1A3. SULT1A3 has a unique hump
(circled area) in the pocket. Black arrow indicates a narrow corner in the binding pocket of
SULT1A3. Panel D: Surface view of the interaction between SULT1A3 and kaempferol (7-
OH). Panel D1: An expanded view of residues potentially involved in interactions with
kaempferol in the SULT1A3 crystal. Dashed lines indicate potential hydrogen bonds. Panel
E: Surface view of the substrate-binding pocket of SULT1A3 with genistein (7-OH) docked,
the B-ring was fitted to the narrow corner.
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Figure.6. Regioselective glucuronidation of phenolic compounds in literatures [43–48,6062]
The chemical structures are randomly numbered (in parenthesis). * Percentage based on
calculated intrinsic clearance (CLint) values. HLM, human liver microsomes; HIM, human
intestine microsomes; (m)ugt1a1, mouse ugt1a1.
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Figure.7. Homology model of UGT1A1
Panel A: Sequence alignment between human UGT1A1 and plant UGT71G1 (PDB code:
2ACW) used for homology modeling. The aligned sequence identity is 13.7%. The full
length UGT1A1 sequence (Accession: Q5DT03) was downloaded from the SwissProt
database (http://www.uniprot.org/). Approximately 450 amino acids long sequence of
human 1A1 (excluding N-terminal signal peptide, C-terminal transmembrane domain and
cytosolic tail) was aligned to UGT71G1 with the aid of predicted secondary structures [67].
The sequence aligning approaches used in modeling human UGT was discussed [1]. Similar
to an early work [25], helices Nα3-1 and Nα3-3 were not modeled in this work and were
shown as random coils in the final generated structures. The best model with the lowest
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objective function values (DOPE) were selected for further investigation. The quality of the
model was validated using PROCHECK
(http://www.jcsg.org/prod/scripts/validation/sv_final.cgi). The 44-aa signature motif of
UGTs is enclosed by a box. Residues which were predicted to be in contact with aglycone
are highlighted in red whereas the catalytic dyad residues (His39-Asp151) are highlighted in
grey. Panel B: Ribbon diagram of the structure model of human UGT1A1. Regions forming
the substrate binding pocket in N-/C- terminus are shown in red. The copied UDP-glucose
(in black) and co-crystallized kaempferol (in blue) from vVGT1 (PDB code: 2C1Z) are
shown as stick models. Loop N2 (shown in purple) is positioned far away from the catalytic
histidine, and does not participate in binding small substrates such as flavonols.
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Figure.8. The substrate binding pocket of human UGT1A1 (homology model) and its interaction
with quercetin
Panel A: Molecular surface diagram of the substrate binding pocket. The copied UDP-
glucose is shown as stick models. Panel B–D, stereo diagrams showing interactions between
quercetin in distinct (and regioselective) catalytic modes (panel B, 3’-OH; panel C, 7-OH,
panel D, 3-OH) and side chains in the substrate-binding pocket. Dashed lines indicate
potential hydrogen bonds.
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Table 1

List of available human SULT crystal structures, the structures can be found at
http://www.rcsb.org/pdb/home/home.do.

Human SULT Crystal name In complex with Reference

SULT1A1 1LS6 PAP, 4-Nitrophenol [39]

1Z28 PAP [42]

SULT1A2 1Z29 PAP [42]

SULT1A3 1CJM PAP, Dopamine [17]

SULT1B1 3CKL PAP, Resveratrol N/A

SULT1C1 3BFX PAP [68]

SULT1C2 2GWH PAP, Pentachlorophenol [7]

SULT1C3 2H8K PAP [7]

2REO PAP N/A

SULT1E1 1HY3 PAPS [40]

SULT2A1 3F3Y PAP, Lithocholic acid [41]

SULT2A3 1EFH PAP [7]

SULT2B1 1Q20 PAP, Pregnenolone [69]

1Q22 PAP, Dehydroepiandrosterone [69]

N/A, paper is yet to published.

Curr Drug Metab. Author manuscript; available in PMC 2012 November 01.

http://www.rcsb.org/pdb/home/home.do


N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wu et al. Page 27

Ta
bl

e 
2

Su
m

m
ar

y 
of

 k
in

et
ic

 c
on

st
an

ts
 f

or
 r

eg
io

se
le

ct
iv

e 
su

lf
at

io
n 

of
 p

he
no

lic
s

Su
bs

tr
at

es
P

os
it

io
n

E
nz

ym
e

so
ur

ce
K

m
(µ

M
)

V
m

ax
(p

m
ol

/m
in

/m
g)

or
 K

ca
t

V
m

ax
/K

m
(µ

l/m
in

/m
g)

or
 K

ca
t/K

m

C
af

fe
ic

 a
ci

d#
 [

13
]

3-
O

H
L

iv
er

 S
9

13
.4

20
4

15
.2

4-
O

H
11

.9
52

.7
4.

43

3-
O

H
In

te
st

in
e 

S9
34

.5
68

2
19

.8

4-
O

H
41

.3
29

7
7.

2

3-
O

H
SU

L
T

1A
1

11
.6

62
.1

5.
35

4-
O

H
14

.8
17

.6
1.

19

D
ih

yd
ro

ca
ff

ei
c 

ac
id

#  
[1

3]
3-

O
H

L
iv

er
 S

9
10

6
16

5
1.

56

3-
O

H
In

te
st

in
e 

S9
15

.8
59

2
37

.4

3-
O

H
SU

L
T

1A
1

34
.1

10
8

3.
17

D
ai

dz
ei

n$
 [

14
]

7-
O

H
SU

L
T

1A
1

0.
47

1.
27

27
02

4’
-O

H
0.

54
0.

33
61

1

7-
O

H
SU

L
T

1A
3

N
.D

.
N

.D
.

N
.D

.

4’
-O

H
40

7.
1

0.
30

0.
7

7-
O

H
SU

L
T

1E
1

2.
57

5.
71

22
16

4’
-O

H
3.

24
6.

39
19

72

7-
O

H
SU

L
T

2A
1

45
.6

0.
21

4.
7

4’
-O

H
51

.1
0.

02
0.

4

G
en

is
te

in
$  

[1
4]

7-
O

H
SU

L
T

1A
1

0.
51

6.
71

13
,1

57

4’
-O

H
0.

52
0.

78
15

00

7-
O

H
SU

L
T

1A
3

N
.D

.
N

.D
.

N
.D

.

4’
-O

H
37

1.
8

1.
46

3.
9

7-
O

H
SU

L
T

1E
1

2.
79

7.
25

2,
68

2

4’
-O

H
2.

94
7.

45
2,

53
0

7-
O

H
SU

L
T

2A
1

25
.5

0.
37

14

4’
-O

H
55

.9
0.

09
1.

6

Curr Drug Metab. Author manuscript; available in PMC 2012 November 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wu et al. Page 28

Su
bs

tr
at

es
P

os
it

io
n

E
nz

ym
e

so
ur

ce
K

m
(µ

M
)

V
m

ax
(p

m
ol

/m
in

/m
g)

or
 K

ca
t

V
m

ax
/K

m
(µ

l/m
in

/m
g)

or
 K

ca
t/K

m

7-
hy

dr
ox

yf
la

vo
ne

*
7-

O
H

SU
L

T
1A

3
2.

80
85

,1
00

30
,4

00

7,
4’

-d
ih

yd
ro

xy
fl

av
on

e*
7-

O
H

SU
L

T
1A

3
3.

42
20

,8
00

6,
09

0

3,
7-

di
hy

dr
ox

yf
la

vo
ne

*
7-

O
H

SU
L

T
1A

3
1.

85
79

,7
00

43
,0

00

C
hr

ys
in

*
7-

O
H

SU
L

T
1A

3
2.

73
87

,8
00

32
,2

00

G
al

an
gi

n 
[3

1]
7-

O
H

SU
L

T
1A

1
0.

21
3,

27
0

15
,5

72

7-
O

H
SU

L
T

1A
3

37
.1

82
2

22
.2

7-
O

H
SU

L
T

1E
1

1.
13

94
8

83
9

H
es

pe
re

tin
 [

33
]

7-
O

H
SU

L
T

1A
2

N
.D

.
N

.D
.

N
.D

.

3’
-O

H
0.

5
45

4,
00

0
88

1,
55

3

7-
O

H
SU

L
T

1A
3

12
.5

89
,9

00
7,

17
8

3’
-O

H
13

.2
27

6,
00

0
20

,9
64

7-
O

H
SU

L
T

1B
1

3.
9

3,
54

0
89

9

3’
-O

H
4.

3
21

,5
00

5,
00

3

7-
O

H
SU

L
T

1C
4

0.
1

87
,4

00
1,

11
7,

26
3

3’
-O

H
N

.D
.

N
.D

.
N

.D
.

7-
O

H
SU

L
T

1E
1

N
.D

.
N

.D
.

N
.D

.

3’
-O

H
2.

5
53

8,
00

0
21

9,
24

2

R
es

ve
ra

tr
ol

 [
36

]
3-

O
H

L
iv

er
 c

yt
os

ol
3.

56
20

.1
5.

65

4’
-O

H
30

.2
1.

12
0.

04

3-
O

H
SU

L
T

1A
1

79
.8

46
,4

84
58

2.
4

4’
 -

O
H

61
.5

28
2

4.
59

3-
O

H
SU

L
T

1E
1

48
.4

2,
84

5
58

.8

4’
 -

O
H

11
9

5,
49

1
46

.1

D
op

am
in

e 
[3

7]
3-

O
H

SU
L

T
1A

3
2.

59
34

4,
00

0
13

4,
00

0

4-
O

H
2.

21
45

,4
00

20
,8

00

* M
en

g 
et

 a
l. 

(s
ub

m
itt

ed
);

 N
.D

., 
no

t d
et

ec
ta

bl
e;

# Pa
ra

m
et

er
s 

K
ca

t (
S−

1 )
 a

nd
 K

ca
t/K

m
 (

µM
−

1 •
S−

1 )
 w

er
e 

ca
lc

ul
at

ed
;

Curr Drug Metab. Author manuscript; available in PMC 2012 November 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wu et al. Page 29
$ Pa

ra
m

et
er

s 
K

ca
t (

M
in

−
1 )

 a
nd

 K
ca

t/K
m

 (
m

M
−

1  
•M

in
−

1 )
 w

er
e 

ca
lc

ul
at

ed
.

Curr Drug Metab. Author manuscript; available in PMC 2012 November 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wu et al. Page 30

Table 3

Summary of docking results of SULT or UGT enzymes with selected substrates

Enzyme Substrates Conjugation site GoldScore H-Bond

with catalytic His*

SULT1A3 Kaempferol 3-OH 27.7 No

5-OH 35.4 No

7-OH 41.2 Yes

4’-OH 31.0 No

Genistein 5-OH 45.7 No

7-OH 24.6 Yes

4’-OH 36.8 No

SULT1A1 Caffeic acid 3-OH 39.8 Yes

4-OH 36.6 Yes

Genistein 5-OH 42.6 Yes

7-OH 33.0 Yes

4’-OH 25.8 Yes

SULT1E1 Caffeic acid 3-OH 33.5 Yes

4-OH 34.1 Yes

Genistein 5-OH 39.9 Yes

7-OH 37.5 Yes

4’-OH 40.2 Yes

UGT1A1 Quercetin 3-OH 35.2 Yes

5-OH 35.7 Yes

7-OH 37.6 Yes

3’-OH 33.6 Yes

4’-OH 22.1 No

SULT1A1 and 1A3, His108; SULT1E1, His107; UGT1A1, His39
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