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ABSTRACT

Steviol glycosides are the major secondary metabolites synthesized through steviel glycoside
biosynthesis pathway operating in the leaves of Stevia rebaudiana. Present article documents the
structural analysis of enzymes specific to steviol glycoside biosynthesis pathway, kaurenoic acid-13
hydoxylase (KAH) and three UDP-glycosyltransferases (UGT85C2, UGT74G1 and UGT76G1). The
in stlico protein structure prediction server SWISS MODEL was used to predict and evaluate the
models. The secondary structure data of predicted model for KAH was in accordance to that of
cytochrome P450s suggesting its nativeness to the respective superfamily. Similarly, the secondary
structure data of target UGTs also showed conservation with the structural information of
glycosyltransferases superfamily. PROCHECK and QMEAN Z-score evaluations suggested that the
models predicted for the 4 query enzymatic proteins were of good quality. In addition, Ligand
binding site analysis and molecular docking analysis was carried out for the predicted models. The
following data suggested a possibility of the presence of an alternate pathway for the synthesis of
steviol glycosides.
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INTRODUCTION

Steviol glycosides are the diterpene secondary metabolites from S, rebaudiana. These are the
glycosylated products of the precursor steviol (Richman ef al., 2005). Steviol glycosides are used as
dietary supplements as natural sweetner in various nations. It has been known that these
glycosides are anti-diabetic, non-cariogenic and non-mutagenic (Yadav and Guleria, 2011).
Steviol glycosides are synthesized in the leaves of Stevia via steviol glycoside biosynthesis
pathway (Fig. 1). Steviol glycoside biosynthesis pathway comprises of 16 steps catalyzed by several
enzymes. Among these, the last b steps are specific to steviol glycoside biosynthesis pathway
(Yadav and Guleria, 2011; Guleria ef al, 2011; Brandle and Telmer, 2007). These steps are
catalyzed by enzymes Kaurenoic Acid-12 Hydroxylase (KAH) and four UDP-glycosyltransferases
{UGTs) identified as UGT85C2, UGT74G1 and UGT768G1. One UGT 1s still to identify (Yadav and
Guleria, 2011; Brandle and Telmer, 2007). Despite of the huge and wide prevailing importance,
various aspects of this pathway are still hidden.

Formulating three dimensional structure of a protein is of great help in understanding its
biochemical functions and melecular interaction properties (Bordoli ef al., 2009). Protein structures
are more conserved than protein or DNA sequences. So, in stlico approaches are being used to
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Fig. 1: Schematic representation of steviol glycoside biosynthesis pathway, Enzymes (bolded) are

specific to steviol glycoside biosynthesis pathway

predict the structure of an unknown protein taking known three dimensional structures of
related protein family as a template reference (Chithia and Lesk, 1986; Mugilan et af., 2010;
Smith and Plazas, 2011; Joseph and Nair, 2012). Comparative homology modeling has been
utilized to predict three dimensional structures for various plant proteins such as cytosolic
glutamine synthetase from Camellia sinensts (Yadav, 2009), late embryogenesis abundant
protein from Arabidopsis thalicna (Boobalan and Bharathi, 2010) lectins from mushroom
{Khan and Khan, 2011) and thioredoxin from Triticum aestivum (Prabhavathi et «l., 2011).
Higher the sequence similarity, more significant is the structural identity and consequently, an
increased reliability of the predicted model (Marti-Renom et al., 2000; Hug, 2008a, b).

In this study, protein structures of steviol glycoside biosynthesis pathway enzymes; Kaurenoic
Acid-13 Hydoxylase (KAH) and three UDP-glycosyltransferases (UGT85C2, UGT74G1 and
UGT76G1) were analyzed using in stlico approaches. This is the first report documenting the
computational elucidation of three dimensional models of these enzymatic proteins. These structures
were further analyzed for the prediction of ligand binding sites and ligand interaction affinities,

MATERIALS AND METHODS

Retrieval of target sequences: The amino acid sequences of the enzymatic proteins KAH,
UGT8HCE2, UGT74G1 and UGT76G1 were obtained from NCBI thttp:///iwww.ncbi.nlm.nih.gov)
Protein Database in FASTA format. [t was made ascertain that three dimensional structures of
these proteins were not available in Protein Data Bank (PDB). Accession number, protein lengths
have been tabulated (supplementary Table 1 in appendix).

Structure prediction and evaluation: The three dimensional structures were predicted using
SWISS-MODEL, an automated protein homoleogy-modeling server (Schwede et af., 2003). The
amino acid sequences of respective proteins were submitted to SWISS-MODEL server one-by-one
and following steps were performed: domain annotation, template identification, automated
modeling and structure assessment. Domain annotation determined the superfamily to which
respective protein belonged as well as secondary structure elements of the target protein. Template
identification predicted the possible templates for target sequence on the basis of target-template
sequence similarity, Three dimensional structures were determined using automated modeling
mode and the predicted models were evaluated using Structure Assessment tool of SWISS-MODEL
server (Bordoli et al., 2009).
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Ligand binding site prediction: Ligand binding sites of the evaluated models were predicted by
submitting models to @-SiteFinder server. This server depicts the energetically favorable ligand
binding sites by using methyl probes at a grid resolution of 0.9 A on a three dimensional grid
encompassing the whole protein melecule (Laurie and Jackson, 2005),

Molecular docking analysis: Molecular docking between the predicted models corresponding to
KAH, UGT8BC2, UGT74G1, UGT76G1 and the pathway substrate molecules was performed using
Molecular Docking server (http://www.dockingserver.com). It involves three steps: upleading of
desired ligand molecule from NCBI PubChem, uploading of the query protein molecules through
PDB and finally followed by docking. Each docking run was repeated twice to get best results
{Bikadi and Hazai, 2009). Selected ligands were ent-kaurenoic acid, steviol, steviolmonoside,
steviolbioside, stevioside and rebaudioside A. The uploaded proteins were three dimensional models
predicted for enzymatic proteins KAH, UGT85C2, UGT74G1 and UGTT76G1. Each protein was
docked with every uploaded ligands.

RESULTS AND DISCUSSION

Homologue identification and secondary structure analysis: Kaurenocic Acid-13
Hydroxylase (KAH) and three UDP glyvcosyltransferases (UGT85CE, UGT74G1 and UGT76G1) are
the key enzymes of steviol glycoside biosynthesis pathway (Fig. 1). In this paper, SWIS5-MODEL
was used to predict structures of these enzymatic proteins. Domain annotation data indicated that
KAH belongs to Cytochrome P450 superfamily. No plant enzymatic proteins belonging to P450
superfamily have been analyzed for their structures (Rupasinghe and Schuler, 2006), While
domain annotation of UGT85C2, UGT74G1 and UGT76G1 documented that these enzymatic
proteins belong to glycosyltransferases (GTs) superfamily and/or UDP-glucuronosyl/UDP-
glucosyltransferase family. The structural analysis of GT proteins have been carried out for
Medicago truncatula (Shao et al., 2005) and Vitis vinifera (Offen et al., 2008), Secondary structure
predicts the a-helices and B-sheets present in the query protein. The analysis data of predicted
secondary structures for all the four proteins are shown in Fig. 2 and their evaluations are
presented in Supplementary Table 1 (Appendix). KAH possessed a higher number of a-helices (264)
than f-sheets (37) or random coils (174) (Fig. 2a). Presence of increased number of helices than
B-sheets 1s the conserved structural feature of Cytochrome P450s (Graham and Petersen, 1999;
Stout, 2004). This suggested the nativeness of KAH to Cytochrome P450s and its helical nature,
UGTS8BC2 possessed 220 random coils, 196 a-helices and 64 B-sheets (Fig. 2b). An increased number
of random coils (213) than o-helices (189) or f-sheets (57) were also observed for UGT74G1
{(Fig. 2¢). Similarly, UGT78G1 showed 207 random coils, 189 «-helices and 681 B-sheets (Fig. 2d).
The data decumented the dominating character of random coils in predicted secondary structures
of UGTs. This suggests that these three UUGTs belong to the same family and possess coiled
geometry.

Model prediction and evaluation: Template identification searched templates for the query
sequences on the basis of significant sequence similarity. Retinoic acid bound cyanobacterial
CYP120A1 protein (PDB 1D 2ve3 chain A), a Cytochrome P450 was identified as template for KAH
showing 33.9% of sequence similarity. 2vg8 chain A, N and O glucosyltransferase involved in
xenobiotic metabolism of plants was identified as template for UGT74G1 with a highest sequence
similarity of 26.6%. While 2pqg6 chain A, erystal structure of Medicago truncatula UGT8BH2, was
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Fig. 2{(a-d). Secondary structure for enzymes (a) KAH, (b) UGT85C2, (¢) UGT74G1 and (d)
UGT76G 1, KAH possesses helical structure and UGTs possess coiled structure
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(b)

Fig. 3{a-d): Three dimensional model of (a) KAH, (b) UGT85C2, (c) UGT74G1 and (d) UGT76G1

identified as template for both UGT85C2 and UGT76G1 with a sequence similarity of 43.3 and
28%, respectively. For all the query proteins template-target. sequence identity was more than 25%,
hence suitable to conduct automated modeling (Schwede ef al., 2003).

The three dimensional structure of enzymatic protein KAH was determined at 2.1 A resolution
by Automated modeling method of SWISS-MODEL server. The employed template was 2ve3d
chain A, a cyanobacterial cytochrome P450, Out of total 476 residues, 447 residues were included
by the software to constitute the modeled structure. The structure consisted of a single chain
comprising of 17 e-helices and 12 Pf-strands arranged in four p-pleated sheets (Fig. 8a). This kind
of arrangement 1s also a characteristic feature of Cytochrome P450 folds (Rupasinghe and Schuler,
2006; Kuhnel et al., 2008). Conserved secondary structure suggests that KAH belongs to
cytochrome F450 superfamily. The enzymatic protein UGT85CE was modeled at a resolution of 2.1A
by using template 2pg6 chain A, UGT85H2 from M. truncatula. A total of 468 residues out of 483
residues were included to constitute the three dimensional model. The predicted model possessed
single chain consisting of 20 a-helices and 13 p-strands. The p-strands were arranged in two f3-
pleated sheets, one possessing seven stranded parallel B-strands and the other with six stranded
parallel B-strands (Fig. 3b). This feature is common for the UGTs medeled till date using
experimental approaches (Shao ef al., 2005; Li et al., 2007). Results suggested the nativeness of
computationally modeled UGT85CE with the experimentally solved UGTs.

Similarly, automated modeling was carried out for the protein UGT74G1. This enzymatic
protein was modeled on the basis of template 2vg8 chain A at 1.75 A resolution. The predicted
model consisted of 449 residues out of the total 460 residues. The geometry of model comprised of
one chain, 16 «-helices, 13 P-strands arranged in 7 and 6 stranded parallel two p-pleated sheets
{Fig. 3c). The geometry and topology of modeled UGT 7431 was similar to UGTS8BC2. Hence, similar
to UGT85CE, the UGT74G1 was conserved for structural features with the experimentally selved
UGTs (Shao et al., 2005; Brazier-Hicks ef al., 2007). The other UDP glycosyltransferase protein,
UGT76G]1 was modeled by automated medeling on the basis of template utilized for UGT85C2,
2pqg6 chain A. The predicted model was constituted of 445 residues out of 458 residues. The model



Am. J. Biochem. Mol. Biol., 3 (1): 1-19, 2015

possessed single chain with 19 a-helices and 13 B-strands (Fig. 3d). Like UGTS85C2 and UGT74(G1,
the f-strands of UGT76G1 were also arranged in the form of seven stranded and six stranded
parallel two B-pleated sheets (Shao et al., 2005; 1a et al., 2007). It was observed that the entire
query UGTs possessed similar geometry of f-pleated sheets. Thus, it suggests that the studied
UGTs; UGT85C2, UGT74G1 and UGT768G1 belong to same protein family.

The predicted models were assessed by evaluation through PROCHECK analysis
{Laskowski et al., 1993). The number of residues in the most favored regions of Ramachandran plot,
deciphers the quality of predicted model. Ancther evaluating factor is the overall average value of
(-factors. G-factors include the dihedral angles involved in phi-psi distributions, chil-chi2
distribution, chil, chi2-chi4, cmega and main chain covalent forces constituting main chain bond
angles and bond lengths. G-factors determine the degree of unusualness in the predicted model.
The overall average values of G-factors below -0.5 and -1.0 corresponds to unusual and highly
unusual properties of the model, respectively. Comparison of following parameters of the predicted
models with respect to the template could help to assess the quality of the model.

The model for enzymatic protein KAH possessed 83.6% of the residues in the most favored
regions of the Ramachandran plot (Fig. 4a), comparable to 89.6% for its template 2ve3A. The
average value of G-factors was chserved to be 0.03 (more than -0.5) for KAH and was 0.12 for its
template 2ve3A. The data thus suggests that the model predicted for KAH is usual and worth use
for representing the protein KAH. Ramachandran plot for UGT85C2 predicted model showed 87.2%
of the residues in most favored regions (Fig. 4b), comparable to 89.6% for its template protein
2pqBA. The G-factor average value was 0.02 (more than -0.5) for UGT85C2 and was 0.35 for its
template. Both the features of target protein were in close proximity to the template and within the
required limits. Thus the model predicted for UGT85C2 was normal not unusual and can be used
to represent the target protein. The model predicted for UGT74G1 showed 85.4% of residues in the
most favored regions of Ramachandran plot (Fig. 4c), whereas 92.3% for its template 2vg8A.
The average value of G-factor was -0.09 (more than -0.5) for UGT74G1. The G-factor was
comparatively higher for this target protein to that of 0.11 for its template protein. In this case, both
the features in target protein showed a higher variability from template protein. However, the
G-factor was within limits which suggest that the predicted model is usual and can be used as a
representative of the protein UGT74G1. The predicted three dimensional model for UGT76G1
possessed 87.0% of the residues in the most favored regions of Ramachandran plot (Fig. 4d),
comparable to 83.6% for its template protein 2pq6A. The G-factor average was 0.02 {more than
-0.5) for the modeled target protein and 0.35 for the template. Laike UGTS85C2, UGT76G1 was
observed to be in close proximity of the template protein and the respective values were within
limits. Hence, the predicted model was enough usual to represent structure of the target protein
UGT76G1.

Recently, a new measure QMEAN Z-score has been introduced to determine the closeness of
the computationally predicted models with the experimentally validated structures (Benkert et al.,
2011). QMEAN score is a linear combination of six structural features: two distance dependent
interaction potentials of mean force based on C-f atoms and on all atom types, torsion angle
potential evaluating the local backbhone geometry of the structure, solvation potential describing
the burial status of residues and solvent accessibility in the form of SSE and ACC agreements. In
order to calculate the QMEAN Z-score of a predicted model, the normalized raw scores of the model
are compared to the scores obtained for a representative set of high resolution X-ray structures of
similar size (humber of residues of query protein £10%). The output is obtained in the form of a
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Fig. 4(a-b); Ramachandran plots for the predicted three dimensional models of (a) KAH,
(by UGT8EC2, (c) UGTT4G1 and (d) UGT76(31

model quality plot in which the query model is marked on normalized QMEAN score data obtained
from high resclution structures of similar size. The predicted model of KAH has normalized QMEAN
score less than 1 that lies within the prescribed limits (Fig. 5a). Thus the QMEAN score suggests
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Fig. 5(a-d): Normalized QMEAN Z-scores for the proposed three dimensional models of (a) KAH,
(by UGT8EC2, (c) UGTT4G1 and (d)y UGTT76(G31

that model 1s of good quality. The QMEAN score for UGT85C2 was predicted to be greater than 1
but less than 2 which was within the defined limits (Fig. Bb). Hence, the model was of good quality.
The QMEAN score was very similar for both UGT74G1 (Fig. Be) and UGT768G1 (Fig. Bd) to that of
UGT8BCZ. Hence, models for both the enzymatic proteins UGT74G1 and UGT76G1 were also of
good quality. Various quality assessment features suggested that the predicted models were of good
quality and these models can be used to represent these enzymatic proteins KAH, UGT85C2Z,
UGT74G1 and UGT76G1.

Ligand binding site prediction: In order to predict Ligand binding sites for the obtained
evaluated models, the models were submitted to Q-SiteFinder server. Ten Ligand binding sites were
predicted for each query model which were later arranged on the basis of total interaction energies.
Out of predicted sites, the binding site with most favorable interaction energy, area and volume was
identified as first predicted binding site. Ligand binding sites for the four query proteins are shown
in Fig. 6. The red marked site was the first predicted site. The volume for predicted sites were 1221
cubic Angstroms for KAH (Fig. 6a), 300 cubic Angstroms for UGT85C2 (Fig. 6h), 1536 cubic
Angstroms for UGT74G1 (Fig. 6¢) and 513 cubic Angstroms for UGT76G1 (Fig. 6d). Various
residues present in putative ligand binding sites of proteins KAH, UGTS85C, UGT74G1 and
UGT76G1 are shown in Supplementary Table 2 (Appendix).

Molecular docking analysis: Molecular docking predicts the stable protein-ligand interactions
on the basis of protein-ligand complex geometries and binding energies (Shakyawar ef al., 2011).
The assessment is based on binding affinity between the protein and ligand molecules. It allows the
accurate prediction of binding geometry and binding energies. It has been known that good binding
geometry prediction depends upen the accurate prediction of binding energy. Least is the binding
energy, higher 1s the binding affinity. It has been found that the computationally predicted and
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Fig. 6(a-d): Ligand binding sites predicted for three dimensional models of (a) KAH, (b) UGT85C2,
{c) UGT74G1 and (d) UGT76G1. Ten sites were predicted for each protein. The site
highlighted with red color is the first predicted site and a close view of the same has
been shown as inset

experimentally solved binding energies are correlated, that further supports the computationally
predicted data (Bikadi and Hazai, 2009; Lakshmi ef al., 2011). Molecular docking was carried out
to analyze the affinity of the studied enzymatic proteins with the substrates of the steviol glycoside
biosynthesis pathway (Supplementary Table 1),

First committed step of steviol glycoside biosynthesis pathway involves conversion of
ent-kaurencic acid to steviol by the activity of enzyme IKAH. The interaction affinity of KAH,
UGT85C2, UGT74G1 and UGT76G1 was evaluated for ent-kaurenoic acid and steviol. The model
predicted for KAH showed highest affinity for the ligand steviol (-9.23 keal mol™), followed by
steviolmonoside (-8.07 keal mol™) and ent-kaurenoic acid (-8.07 keal mol™). UGT85C2 was observed
to possess highest affinity for ent-kaurenoic acid (-7.30 keal mol™), followed by steviclmonoside
(-8.91 keal mol™) and steviol (-8.32 keal mol™). Similarly, UGT74G1 model showed highest
affinity for ent-kaurenoic acid (-7.97 keal mol™) followed by steviel (-7.19 keal mol™) and
steviolmonoside (-2.41 keal mol™). The docking results for three dimensional model of UGT76G1
suggested its highest binding affinity for ent-kaurenoic acid (-7.11 keal mol™), followed by steviol
(-8.91 keal mol™) and steviclmonoside (-68.48 keal mol™). Results demonstrate that these enzymes
possibly have the ability to interact with more than one ligands of steviol glycoside biosynthesis
pathway. This is in well support by the presence of number of active binding sites on the protein
surfaces. Data documents the probability of existence of alternative pathways or branching for the
synthesis of various metabolites of steviol glycoside biosynthesis pathway.

This is the first report on prediction of three dimensional models for the enzymatic proteins
KAH, UGT85C2, UGT74G1 and UGT76G1 from Stevia rebaudiana. From the evaluation data of
PREOCHECK and QMEAN Z-score, it was found that the predicted models were encugh usual and
good to represent the query proteins. Further, prediction of ligand binding sites for the predicted
models of enzymatic proteins has opened way to carry out various manipulative studies that could
facilitate metabolic engineering. Understanding three dimensional structures and ligand binding
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sites provide the possibility of manipulating enzyme sequences for interaction with more ligands
in addition to the already known ones. This study can help find way to increase the turn over
production of steviol glycosides. Models for UGT85C2 and UGT76G1 were predicted on the basis
of a common template, suggesting the possibility of single UGT that might be catalyzing two or
more reactions by interacting with more ligands. Earlier study has also documented the multi-
substrate activity of UGTs (Wang and Hou, 2009). This work suggested that the pathway may be
modulated to specifically enhanece the production of desired steviol glycosides to obtain final yield
sweeter and less bitter.
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APPENDIX
Supplementary Table 1: Detailed description of models and their evaluation data for proteins, KAH, UGT85C2, UGTT4G1 and
UGT76G1
Property/protein KAH UGT8sC2 UGT74G1 UGTT76G1
NCBI Accession number ACDO3722.1 AAR06922.1 AAR06920.1 AAR06912.1
No. of amino acids 476 483 460 458
Secondary structure prediction
t-helices 264 196 189 189
Extended p-turns 37 64 a7 61
Random coils 174 220 213 207
Model prediction
Template used 2ve3A with atomic 2pg6A with atomic 2veg8A with atomic 2pg6A with atomic
resolution of its X ray resolution of its X resolution of its X ray resolution of its X ray
crystal structire being 2.1 A ray crystal structure crystal structure being crystal structure
being 2.10 A 1.75 A being 2.10 A
No. of residues in 447 468 449 445
predicted model
No. of chains 1 1 1 1
No. of strands 12 13 13 13
No. of a-helices 17 20 16 19
No. of 3,10 helices 3 6 3 4
Taopology Mixed and antiparallel Parallel Parallel Parallel
Model evaluation: Procheck (Ramachandran plot) analysis
Residues in most favored 83.6 87.2 85.4 87.0
region (%)
Residues in additional 13.3 11.1 11.8 12.0
allowed regions (%)
Residues in generously 2.0 1.7 1.8 0.8
allowed regions (%)
Residues in disallowed 1.0 0.0 1.0 0.3
regions (%)
Ligand binding site prediction
Protein volume 42817 44251 41694 41998
(Cubic angstroms)
Prediction site volume 1221 300 1536 513

(Cubic angstroms)
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Supplementary Table 2: Residues present in putative ligand binding sites of proteins KAH, UGTS85C, UGT74G1, UGTTEG1

Potential ligand binding site residues

KAH

539
541
557
558
559
560
561
562
563
5G4
565
566
567
568
5G9
570
572
591
592
593
594
595
596
597
598
599
600
601
602
603
605
606
607
628
630
631
633
635
717
718
719
720
721
722
723
724
725
726

CE1 PHE 94
CZ PHE 94
CA GLU 97
C GLU 97

O GLU 97

CB GLU 97
oG GLU 97
CD GLU 97
OE1GLU 97
OE2GLU 97
N ASN 98

CA ASN 98
C ASN 98

O ASN 98

CB ASN 98
CG ASN 98
NDZ ASN 98
CA VAL 101
C VAL 101

O VAL 101

CB VAL 101
CG1VAL101
CGE2VAL 101
N ALA 102
CA ALA 102
C ALA 102

O ALA 102

CB ALA 102
N SER 103

CA SER 103
O SER 103

CB SER 103
OG SER 103
CD1TRP 105
NE1 TRFP 105
CE2 TRP 105
CZ2 TRP 105
CH2 TRP 105
CA BER 116
C SER 116

O SER 116

CB SER 116
OG SER 116
N LEU 117
CA LEU 117
C LEU 117

O LEU 117
CB LEU 117

816 O MET 128
817 CB MET 128
818 CG MET 128
821 N ARG 129
822 CA ARG 129
823 C ARG 129
824 O ARG 129
825 CB ARG 129
826 CG ARG 129
827 CD ARG 129
828 NE ARG 129
829 CZ ARG 129
830 NH1 ARG 129
832 N LYS 130
837 CG LYS 130
838 CD LYS 130
839 CE LYS 130
840 NZ LYS 130
853 CB LEU 132
854 CG LEU 132
855 CD1LEU 132
856 CDZLEU 132
878 CD2TYR 135
880 CE2TYR 135
888 CG LEU 136
889 CD1LEU 136
890 CDZLEU 136
1292 CD2 PHE 185
1263 CE1 FHE 185
1264 CE2FHE 185
1295 CZ PHE 185
2027 CG ASN 279
2029 ND2 ASN 279
2049 OLEU 282
2051 CG LEU 282
2052 CD1LEU 282
2053 CD2LEU 282
2054 N LEU 283
20556 CA LEU 283
2056 C LEU 283
2057 O LEU 283
2058 CB LEU 283
2059 CG LEU 283
2061 CD2LEU 283
2081 N ALA 286
2082 CA ALA 286
2083 C ALA 286
2084 O ALA 286

3174 C MET 422

3175
3176
3180
3181
3182
3184
3185
3186
3187
3188
3189
3190
3191
3192
3193
3194
3195
3196
3197
3198
3199
3217
3218
3219
3220

O MET 422
CB MET 422
N CYS 423
CA CYS 423
¢ CYS 423
CB CYS 423
8G CYS 423
N LEU 424
CA LEU 424
C LEU 424
O LEU 424
CB LEU 424
CG LEU 424
CD1LEU 424
CDZLEU 424
N GLY 425
CA GLY 425
¢ GLY 425
O GLY 425
N LYS 426
CA LYS 426
CA PHE 428
C PHE 428
O PHE 428
CB PHE 428

2119 CB SER 291

2120
2134
2135
2138
2139
2588
2589
2590
2625
2626
2629
2630
2631
2632
2635
2636
2637
2638
2655
2656
2657

OG SER 291
N SER 294

CA SER 294
CB SER 294
OG SER 294
CG MET 348
SD MET 348
CE MET 348
N PRO 353

CA PRO 353
CB PRO 353
CG PRO 353
CD FPRO 353
N VAL 354

O VAL 354

CB VAL 354
CG1VAL 354
CGZVAL 354
CB THR 357
OG1 THR 357
CG2THR 357
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Supplementary Table 2: Continue

Potential ligand binding site residues

UGT8sC2

727 CG LEU 117
730 N LEU 118
731 CA LEU 118
732 C LEU 118
733 O LEU 118
734 CB LEU 118
735 CG LEU 118
736 CD1LEU 118
737 CDZLEU 118
747 C ILE 120
748 O ILE 120
750 CG1ILE 120
751 CGZILE 120
752 CD1ILE 120
73 N ARG 121
754 CA ARG 121
785 C ARG 121
76 O ARG 121
787 CB ARG 121
758 CG ARG 121
759 CD ARG 121
760 NE ARG 121
762 NH1 ARG121
764 N GLY 122
765 CA GLY 122
766 C GLY 122
767 O GLY 122
768 N ASP 123
786 CA ALA 125
787 C ALA 125
788 O ALA 125
789 CB ALA 125
790 N LYS 126
791 CA LYS 126
792 C LYS 126
793 O LYS 126
794 CB LYS 126
795 CG LYS 126
796 CD LYS 126
797 CE LYS 126
799 N TRP 127
814 CA MET 128
815 C MET 128
173 CA MET 422
2326 CA ASN 300
2327C ASN 300
2329 CB ASN 300
2330 CG ASN 300

2085 CB ALA 286
2086 N GLY 287
2087 CA GLY 287
2088 C GLY 287

2089 O GLY 287
2109 CA THR 290
2110 C THR 290
2111 © THR 290
2112 CB THR 290
2113 OG1 THR 290
2114 CG2 THR 290
2115 N SER 291

2116 CA SER 291
2117 ¢ SER 291

2118 O SER 291

3139 CE1PHE 416
3140 CE2 PHE 416
3141 CZ PHE 416
3142 N GLY 417
3143 CA GLY 417
3144 C GLY 417

3146 N GLY 418
3147 CA GLY 418
3148 C GLY 418

3149 O GLY 418
31556 CA PRO 420
3156 C PRO 420

3157 O PRO 420
3158 CB PRO 420
3159 CG PRO 420
3160 CD PRO 420
3161 N ARG 421
3162 CA ARG 421
3163 C ARG 421

3164 O ARG 421
3165 CB ARG 421
3166 CG ARG 421
3167 CD ARG 421
3168 NE ARG 421
3169 CZ ARG 421
3170 NH1 ARG 421
3171 NHEZ ARG 421
3172 N MET 422

2382 CE MET 307
2553 CD1 TRP 328
2555 NE1 TRP 328
2556 CE2 TRP 328

2675 CG ARG 359
2676 CD ARG 359
2677 NE ARG 359
2678 CZ ARG 359
2679 NHI1 ARG 359
2680 NH2 ARG 359
2701 CD1LEU 362
2851 NE1 TRP 380
2852 CE2TRP 380
2854 CZ2ZTRP 380
2855 CZ3 TRP 380
2856 CH2TRP 380
3120 O VAL 414

3125 CA PRO 415
3126 C PRO 415

3127 O PRO 415

3128 CB PRO 415
3131 N PHE 416

3132 CA PHE 416
3133 C PHE 416

3134 O PHE 416

3135 CB PHE 416
3136 CG PHE 416
3137 CD1 PHE 416
3221 CG PHE 428
3222 CD1 PHE 428
3223 CD2ZPHE 428
3224 CE1PHE 428
3225 CE2PHE 428
3226 CZ PHE 428
3227 N ALA 429

3228 CA ALA 429
3229 C ALA 429

3230 O ALA 429

3231 CB ALA 429

2607 CG LEU 334
2608 CD1LEU 334
2610 N VAL 335
2614 CB VAL 335
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Supplementary Table 2: Continue

Potential ligand binding site residues

UGT74G1

2331 OD1 ASN 300
2332 ND2 ASN 300
2333 N PHE 301
2334 CA PHE 301
2335 C PHE 301
2336 O PHE 301
2337 CB PHE 301
2338 CG PHE 301
2340 CD2 PHE 301
2344 N GLY 302
2345 CA GLY 302
2346 C GLY 302

2347 O GLY 302

2348 N SER 303

2349 CA SER 303
2350 C SER 303
2351 O SER 303
2352 CB SER 303
2353 OG SER 303
2361 N THR 305
2363 C THR 305
2364 O THR 305
2368 N VAL 306
2369 CA VAL 306
2370 C VAL 306
2372 CB VAL 306
2373 CG1 VAL 306
2375 N MET 307
2376 CA MET 307
379 CB MET 307

2380 CG MET 307
2381 SD MET 307

68
70
71
72
84
85
86
87
89
90
91
92
93
94
95
96

CD1FHE 18
CE1PHE 18
CEZPHE 18
CZ FHE 18
CB LEU 20
CG LEU 2o
CD1LEU 20
CDZLEU 20
CA GLN 21
C GLN 21

O GLN 21

CB GLN 21
CG GLN 21
CD GLN 21
OE1GLN 21
NEZ2GLN 21

2568
2562
2563
2564
2565
2566
2567
2569
2570
2571
2572
2573
2574
2575
2576
2577
2578
2579
2580
2581
2582
2583
2584
2585

CZ2 TRP 328
CA ILE 329
C ILE 329
O ILE 329
CB ILE 329
CG1ILE 329
CG2 ILE 329
N ILE 330
CA ILE 330
C ILE 330
O ILE 330
CB ILE 330
CG1ILE 330
CG2ILE 330
CD1ILE 330
N ARG 331
CA ARG 331
C ARG 331
O ARG 331
CB ARG 331
CG ARG 331
CD ARG 331
NE ARG 331
CZ ARG 331

2587 NH2 ARG 331

2588
2602
2603
2604
2606

1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337

N SER 332
N LEU 334
CA LEU 334
C LEU 334
CB LEU 334

O GLN 182
CB GLN 182
CG GLN 182
CD GLN 182
OE1 GLN 182
NE2 GLN 182
N ASN 183
CA ASN 183
C ASN 183
O ASBN 183
CB ASN 183
CG ASN 183

1338 OD1 ASN 183

1339
1340
1341

ND2 ASN 183
N HIS 184
CA HIS 184

2616
2635
2636
2637
2788
2791
2792
2793
2796
2797
2798
2800
2801
2802
2803
2804
2805
2810
2811

CG2 VAL 335
CD GLU 338
OE1 GLU 338
OEZ2 GLU 338
O ALA 357

CA SER 358
C SER 358
O SER 358
N TRP 359
CA TRF 359
C TRP 359
CB TRP 359
CG TRP 359
CD1 TRP 359
CD2 TRP 359
NE1 TRP 359
CE2 TRP 359
N CYS 360
CA CYS 360

2812 C CYS 360

2813
2814
2815

O CYS 360
CB CYS 360
8G CYS 360

2615 CA LYS 338

2616
2617
2618
2619
2620
2621
2622
2623
2624
2625
2627
2628
2629
2630
2631

C LYS 338
O LYS 338
CB LYS 338
CG LYS 338
CD LYS 338
CE LYS 338
NZ LYS 338
N GLN 339
CA GLN 339
C GLN 339
CB GLN 339
CG GLN 339
CD GLN 339
OE1GLN 339
NE2 GLN 339
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Supplementary Table 2: Continue

Potential ligand binding site residues

97 N GLY 22
98 CA GLY 22
99 C GLY 22

100
101
102
106
107
108
109
110
113
114
115
116
118
119
120
121
122
123
124
125
126
133
149
150
152
185
341
345
346
347
348
351
361
363
364
366
367
368
369
370
372
373
374
375
376

O GLY 22

N HIS 23

CA HIS 23
CG HIS 23
ND1HIS 23
CDzZHIS 23
CE1HIS 23
NEZ HIS 23
C ILE 24

O ILE 24

CB ILE 24
CG1ILE 24
CDIILE 24
N ASN 25
CA ASN 25
C ASN 25

O ASN 25

CB ASN 25
CG ASN 25
OD1 ASBN 25
NDZ ASN 25
CD PRO 26
CB ILE 28
CG1ILE 28
CD1IILE 28
NZ LYS 32
O THR 53

N LEU 54
CA LEU 54
C LEU 54

O LEU 54
CD1 LEU b4
N HIS 56

C HIS 56

O HIS &6

CG HIS &6
ND1HIS &6
CD2HIS 56
CE1 HIS 56
NE2 HIS 56
CA SER 57
C SER &7

O SER 57

CB S8ER 57
OG S8ER 57

1344
1345
1346
1354
1355
1356
1357
1358
1363
1364
1365
1366
1367
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1440
1441
1442
1475
1476
1477
1936
1937
1938
1940
1941
1942
1943
1944
1945
1964
1965
1967
1968
1969
1970
1971
1972
1973

CB HIS 184
CG HIS 184
ND1 HIS 184
CB GLU 185
CG GLU 185
CD GLU 185
OE1 GLU 185
OE2 GLU 185
CB GLN 186
CG GLN 186
CD GLN 186
OE1 GLN 186
NEZ GLN 186
CB TRP 191
CG TRP 191
CD1TRF 191
CD2TRP 191
NE1TRFP 191
CEZTRP 191
CE3 TRP 191
CZ2TRP 191
CZ3 TRF 191
CHZTRP 191
CG LEU 195
CD1LEU 195
CD2LEU 195
CE1PHE 199
CEZPHE 199
CZ PHE 199
CA PHE 254
C PHE 254

O PHE 254
CG PHE 254
CD1 FHE 254
CD2 PHE 254
CE1 PHE 254
CEZ PHE 254
CZ PHE 254
C TYR 257

O TYR 257

CG TYR 257
CD1 TYR 257
CD2 TYR 257
CE1TYR 257
CE2 TYR 257
CZ TYR 257
OH TYR 257

2148 CE2TYR 278

2632
2633
2634
2636
2637
2638
2639
2640
2641
2644
2645
2646
2647
2740
2741
2742
2743
2744
2747
2748
2751
2752
2753
2754
2755
2756
2757
2759
2760
2762
2766
2767
2768
2769
2770
2771
2772
2773
2774
2775
2778
2779
2800
2801
2802
2803
2896
2897

N LEU 340
CA LEU 340
C LEU 340
CB LEU 340
CG LEU 340
CD1LEU 340
CD2LEU 340
N ASP 341
CA ASP 341
CB ASP 341
CG ASP 341
OD1 ASP 341
OD2 ASP 341
CG HIS 354
ND1 HIS 354
CDZ HIS 354
CE1HIS 354
NE2HIS 354
¢ CYS 355
O CYS 3585
N GLY 356
CA GLY 356
¢ GLY 356
O GLY 356
N PHE 357
CA PHE 357
C PHE 357
CB PHE 357
CG PHE 357
CD2PHE 357
N ASN 358
CA ASN 358
C ASN 358
O ASN 358
CB ASN 358
CG ASN 358
OD1 ASN 358
ND2 ASN 358
N SER 359
CA SER 359
CB SER 359
OG SER 359
CG GLU 362
CD GLU 362
OE1GLU 362
OE2 GLU 362
CB PHE 376
CG PHE 376
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Continue

Potential ligand binding site residues

541
542
544
545
546
547
548
549
550
554
555
556
557
571
573
574
575
581
582
827
828
834
835
836
983
986
987
088
989
990
991
992
993
994
997
998
999
1000
1001
1024
1025
1026
1045
1046
1047
1048
1054
1055

CA AlA 81
C ALA 81
CB ALA 81
N GLY 82
CA GLY 82
C GLY 82
O GLY 82
N GLU 83
CA GLU 83
CG GLU 83
CD GLU 83
OE1 GLU 83
OE2 GLU 83
CD2TYR 85
CE2TYR 85
CZ TYR 85
OH TYR 85
CG LEU 86
CD1 LEU 86
CB SER 118
OG SER 118
CG MET 119
SD MET 119
CE MET 119
CE1 PHE 138
N THR 139
CA THR 139
C THR 139
O THR 139
CB THR 139
0G1 THR 139
CG2 THR 139
N GLN 140
CA GLN 140
CB GLN 140
COG GLN 140
CD GLN 140
OE1 GLN140
NEZ2 GLN 140
CB VAL 144
CG1 VAL144
CG2VAL144
CB LEU 147
CG LEU 147
CD1 LEU147
CDZLEU 147
CG TYR 148
CD1 TYR 148

2149
2150
2189
2160
2162
2163
2165
2166
2174
2175
2176
2177
2178
2179
2180
2181
2182
2183
2184
2185
2188
2187
2188
2189
2190
2101
2192
2193
2196
2198
2393
2394
2395
2501
2592
2594
2595
2506
2508
25089
2600
2601
2602
2603
2604
26058
2606
2607

CZ TYR 278
OH TYR 278
CA ALA 280

C ALA 280

CB ALA 280
N PHE 281
C PHE 281

O PHE 281
N GLY 282
CA GLY 282
C GLY 282

O GLY 282
N SER 283

CA SER 283
C SER 283

O SER 283

CB SER 283
OG SER 283
N LEU 284
CA LEU 284
C LEU 284
O LEU 284
CB LEU 284
CG LEU 284
CD1LEU 284
CD2LEU 284
N VAL 285

CA VAL 285
CB VAL 285
CG2 VAL 285
CB VAL 309

CG1 VAL 309
CG2 VAL 309
C ALA 335

O ALA 335

N TRP 336

CA TRP 336
C TRP 336

CB TRP 336
CG TRP 336
CD1 TRFP 336
CD2 TRFP 336
NE1 TRF 336
CE2TRFP 336
CE3 TRF 336
CZ2TRP 336
CZ3 TRP 336
CHZ TRP 336

2898
2899
2900
2901
2902
2903
2904
2905
2906
2907
2908
2909
2910
2911
2912
2913
2914
2915
2916
2017
2918
2921
2022
2923
2925
2931
2937
2938
2939
2945
2946
2947

CD1PHE 376
CDZPHE 376
CE1PHE 376
CE2Z2PHE 376
CZ PHE 376
N SER 377

CA SER 377
C BER 377

O SER 377

CB SER 377
OG SER 377
N ASP 378

CA ASP 378
C ASP 378

O ASP 378

CB ASP 378
CG ASP 378
OD1 ASP 378
OD2 ASP 378
N GLN 379

CA GLN 379
CB GLN 379
CG GLN 379
oD GLN 379
NE2 GLN 379
OG1 THR 380
CB THR 381
OG1 THR 381
CG2THR 381
CG ASN 382
OD1 ASN 382
ND2 ASN 382
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Supplementary Table 2: Continue

Potential ligand binding site residues

1057 CE1 TYR 148 2608 N CYS 337
1058 CE2 TYR 148 2609 CA CYS 337
1059 CZ TYR 148 2610 C CYS 337
1060 OH TYR 148 2611 O CYS 337
1239 CG LEU 172 2612 CB CYS 337
1240 CD1 LEU 172 2613 SG CYS 337
1241 CD2LEU 172 2614 N LYS 338

1258 NE ARG 174
1259 CZ ARG 174
1260 NH1 ARG 174
1261 NH2 ARG 174
1308 CA ILE 180
1309 C ILE 180
1310 O ILE 180
1311 CB ILE 180
1312 CG1ILE 180
1313 CGZILE 180
1314 CD1 ILE 180
1316 CA LEU 181
1317 ¢ LEU 181
1318 O LEU 181
1319 CB LEU 181
1323 N GLN 182
1324 CA GLN 182
1325 C GLN 182

UGT76G1 559 CA ASN 78 2211 OG SER 285 2433 CB PRO 312
560 C ASN 78 2212 N GLU 286 2434 CG PRO 312
561 O ASN 78 2213 CA GLU 286 2435 CD PRO 312
562 CB ASN 78 2214 C GLU 286 2440 N PHE 314
563 CG ABN 78 2215 O GLU 286 2441 CA PHE 314
564 OD1 ASN 78 2216 CB GLU 286 2442 C PHE 314
565 ND2Z ASN 78 2217 CG GLU 286 2444 CB PHE 314
582 CA THR 81 2218 CD GLU 286 2445 CG PHE 314
583 C THR 81 2219 OE1 GLU 286 2446 CD1 PHE 314
585 CB THR 81 2220 OEZ2 GLU 286 2447 CD2PHE 314
586 OG1 THR 81 2221 N VAL 287 2448 CE1 PHE 314
587 CGZTHR 81 2222 CA VAL 287 2449 CE2PHE 314
588 N HIS 82 2225 CB VAL 287 2450 CZ PHE 314
593 CG HIS 82 2226 CG1 VAL 287 2451 N VAL 315
594 ND1 HIS 82 2266 CB PHE 292 2455 CB VAL 315
595 CDZHIS 82 2267 CG PHE 202 2457 CG2 VAL 315
596 CE1 HIS 82 2269 CD2 PHE 292 2617 O VAL 336
597 NE2HIS 82 2271 CE2PHE 292 2622 CA LYS 337
615 CD1LEU 85 2272 CZ PHE 292 2623 ¢ LYS 337
2174 C SER 280 2297 CD1ILE 295 2624 O LYS 337
2176 CB SER 280 2398 NE1 TRF 308 2630 N TRP 338
2177 OG SER 280 2399 CE2TRP 308 2631 CA TRP 338
2178 N PHE 281 2401 CZZ2 TRP 308 2634 CB TRP 338
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Supplementary Table 2: Continue

Potential ligand binding site residues

2179 CA PHE 281 2405 CA VAL 309 2635 CG TRP 338
2180 C PHE 281 2406 C VAL 309 2636 CD1 TRP 338
2181 O PHE 281 2407 O VAL 309 2638 NE1 TRP 338
2182 CB PHE 281 2408 CB VAL 309 2782 NE2 HIS 356
2183 CG PHE 281 2409 CG1 VAL 309
2185 CD2 PHE 281 2410 CG2 VAL 309
2187 CE2 PHE 281 2411 N VAL 310
2189 N GLY 282 2412 CA VAL 310
2190 CA GLY 282 2413 C VAL 310
2191 C GLY 282 2414 O VAL 310
2192 O GLY 282 2415 CB VAL 310
2193 N SER 283 2416 CG1 VAL 310
2194 CA SER 283 2417 CG2 VAL 310
2195 C SER 283 2418 N ARG 311
2196 O SER 283 2419 CA ARG 311
2197 CB SER 283 2420 C ARG 311
2198 OG SER 283 2421 O ARG 311
2199 N THR 284 2422 CB ARG 311
2200 CA THR 284 2423 CG ARG 311
2201 C THR 284 2424 CD ARG 311
2202 O THR 284 2425 NE ARG 311
2206 N SER 285 2426 CZ ARG 311
2207 CA SER 285 2428 NHEZ ARG 311
2208 C SER 285 2429 N PRO 312
2209 O SER 285 2430 CA PRO 312
2210 CB SER 285 2431 C PRO 312

2432 O PRO 312
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