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The two-spotted spider mite, Tetranychus urticae, is a major
cosmopolitan pest that feeds on more than 1100 plant species.
Its genome contains an unprecedentedly large number of genes
involved in detoxifying and transporting xenobiotics, including
80 genes that code for UDP glycosyltransferases (UGTs). These
enzymes were acquired via horizontal gene transfer from
bacteria after loss in the Chelicerata lineage. UGTs are well-
known for their role in phase II metabolism; however, their
contribution to host adaptation and acaricide resistance in
arthropods, such as 7. urticae, is not yet resolved.
TuUGT202A2 (Tetur22g00270) has been linked to the ability
of this pest to adapt to tomato plants. Moreover, it was shown
that this enzyme can glycosylate a wide range of flavonoids. To
understand this relationship at the molecular level, structural,
functional, and computational studies were performed. Struc-
tural studies provided specific snapshots of the enzyme in
different catalytically relevant stages. The crystal structure of
TuUGT202A2 in complex with UDP-glucose was obtained and
site-directed mutagenesis paired with molecular dynamic
simulations revealed a novel lid-like mechanism involved in the
binding of the activated sugar donor. Two additional
TuUGT202A2 crystal complexes, UDP-(S)-naringenin and
UDP-naringin, demonstrated that this enzyme has a highly
plastic and open-ended acceptor-binding site. Overall, this
work reveals the molecular basis of substrate promiscuity of
TuUGT202A2 and provides novel insights into the structural
mechanism of UGTSs catalysis.

Glycosylation of small molecules is an essential process of
life. When a sugar moiety is attached to endogenous or
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exogenous small molecules, called acceptors, these molecules’
physicochemical and biological properties may be altered (1,
2). This process plays a major role in cellular homeostasis as it
regulates the subcellular localization or even secretion of these
acceptors (3-5). Glycosyltransferases (GTs) are enzymes,
ubiquitous to all forms of life, that catalyze the formation of a
glycosidic bond between an activated sugar donor and an
acceptor (6). The CAZy database (7), which applies a
sequence-based classification, is often used to sort these large
number of enzymes. Following this categorization, the GT-1
family of enzymes is of particular interest due to their role in
xenobiotic metabolism and defense mechanisms in humans,
plants, and insects (4, 8—10). They are well known for their
essential role in drug metabolism in the human body and are
considered the primary phase II drug-metabolizing enzymes
(5, 11-13). GT-1 enzymes are often called UDP glycosyl-
transferases (UGTs) as they can use several different nucleo-
tide sugars, such as UDP-glucose (UDP-Glc), UDP-galactose,
UDP-glucuronic acid, among others (10, 14, 15). They belong
to the GT-B superfamily, according to their structural classi-
fication (6, 7). The GT-B superfamily is characterized by a
highly conserved tertiary structure, despite a low sequence
similarity, that consists of two B/a/f Rossmann-like domains
facing each other with the catalytic site in the middle (16, 17).

Tetranychus urticae, the two-spotted spider mite (TSSM), is
a polyphagous pest that can feed on over 150 crops (18, 19).
Such a wide host range indicates this mite’s unprecedented
xenobiotic responsiveness that is also coincident with their
ability to rapidly develop resistance to pesticides (18, 20).
Consistently, analysis of genome sequences (21) revealed ma-
jor expansions of gene families involved in detoxification and
transport of xenobiotics. Among them, there are 80 genes
encoding for UGTs, proposed to be horizontally transferred
from bacteria (22). Snoeck et al. (10) were the first ones to
show, in vitro, the ability of these enzymes to glycosylate a
broad range of plant secondary metabolites and acaricides,
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indicating that these UGTs play a role in mite host and
pesticide adaptations. A recent eQTL study revealed that the
over-expression of at least some UGTSs is coregulated with
other detoxifying enzymes such as cytochrome P450s, by a
master regulator from the HR96 hormone receptor family,
reinforcing their role in adaptation and resistance (23).

Flavonoids are plant secondary metabolites that carry a wide
range of functions, including signaling, pigmentation, and
defense to not only UV radiation but also against herbivores,
fungi, and microbes (24-26). In addition, flavonoids have
anticancer, antioxidant, and anti-inflammatory properties (27).
Furthermore, they are used as preservatives and pigments in
food industry (24, 28). It is assumed that specific properties of
flavonoids arise from their molecular structure, such as the
presence or absence of functional groups, as well as conjugated
groups, like sugar moieties (29-31). For example, different
flavonoids and their glycoside derivatives possess different
anti-herbivore and anti-cancer attributes (23, 32). Consistently,
it has been shown that bacteria and herbivores rely on UGT's
to detoxify these compounds (10, 33, 34).

In this work, we provide structural and functional charac-
terization of TuUGT202A2 (Tetur22g00270), an enzyme
suggested to play a role in the adaptation of T. urticae to to-
mato (10). We report the first crystal structure of a chelicerate
UGT, which also represents the first experimental model of
the N-terminal end domain of a UGT originated from an
animal. The overall fold of the enzyme reveals how evolution
has provided TSSM’s UGT's with new features, as compared to
bacterial UGTs, that are directly linked to its polyphagous
ability. Elucidation of the crystal structure of TuUGT202A2 in
different catalytically relevant stages allowed to determine
some of the conformational changes that drive catalysis. For
instance, a novel lid-like mechanism, among the GT-B family,
involved in the nucleotide sugar binding is proposed. Coc-
rystallization of TuUGT202A2 in the presence of UDP and
two different substrates, (S)-naringenin and naringin, paired
with functional studies, revealed the molecular basis of sub-
strate promiscuity of this enzyme. Due to the folding and
catalysis conservation among UGTs across all kingdoms, the
results described in this study not only reveal xenobiotics
detoxification details, but they provide new insights into the
function of UGTs.

Results

Overall structure of TuUGT202A2 apoform and in-solution
structural studies via SEC-SAXS

The first crystal structure of a UGT originating from a
chelicerate (PDB code: 6PNT, P3,21 space group) was deter-
mined at 1.8 A resolution. It contained one molecule in the
asymmetric unit. Almost the entire length of the protein was
modeled in the electron density map obtained (residues
10-437). No electron density was observed for the first nine
residues and the purification tag (residues: —36 to 9), indicating
a high degree of flexibility. This crystal structure revealed the
characteristic folding conservation among enzymes belonging
to the GT-B superfamily. These enzymes require two
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substrates for catalysis; thus, the overall folding of this group of
enzymes is usually divided into the N-terminal end domain,
which plays a major role in the acceptor binding, and the C-
terminal end domain, that is primarily involved in the activated
sugar binding (6). In the case of TuUGT202A2, we considered
that residues 1-248 form the N-terminal end domain, whereas
residues 249-437 are part of the C-terminal end. These two
domains are mainly composed by the characteristic p/a/f
Rossmann-like fold, which face each other and locate the
catalytic site between them (Fig. 1) (6). In addition, these two
domains present four main regions that are not part of the
Rossmann-like fold (Fig. 1). Two of these regions belong to the
N-terminal domain, residues 70-113 and 182-210, and the
other two belong to the C-terminal domain, residues 247-262
and 401-437 (Fig. 1).

In addition to crystallographic studies, size-exclusion chro-
matography-small angle X-ray scattering (SEC-SAXS) was
used to obtain a more detailed understanding of the structural
behavior of this protein in solution (SASBDB accession code:
SASDSHS5). This was mainly driven by the fact that crystalli-
zation experiments failed to provide any structural information
on the first nine residues, and the purification tag of our
protein construct and the oligomerization state of UGTs is of
particular importance as it can modify the catalytic properties
of these enzymes (35, 36). Upon evolving factor analysis
(Fig. S1) (37) and fitting of different theoretical models to the
experimental SAXS data via FoXS and MultiFoXS (38)
(Fig. S2), it was found that TuUGT202A2 behaves as a
monomer in solution, which was consistent with size-
exclusion chromatography and computational analysis of the
crystal packing (Table S1).

Comparison of apoform TuUGT202A2 with homologous
proteins

UGTs are ubiquitous to all kingdoms. As mentioned pre-
viously, these enzymes are known for having a high degree of
folding similarity despite their low sequence identity. The
crystal structure of apoform TuUGT202A2 was compared
against all other structures of PDB via DALI and PDBeFold
servers, using default parameters for both servers (39, 40).
Similar results were obtained within the top ten ranked
structures (Tables S2 and S3). The two servers agreed on
ranking TuUGT203A3 (PDB code: 7MCO), another UGT
originating from 7. urticae, deposited by our research group,
as the most similar structure. The rest of the top ranked
structures corresponded to GT-1 glycosyltransferases origi-
nated from bacteria: macrolide glycosyltransferases from
Streptomyces antibioticus, Olel; ginsenoside-biosynthetic
UDP-glycosyltransferase from Bacillus subtilis, YjiC; and two
calicheamicin glycosyltransferases originating from Escher-
ichia coli, CalG1 and CalG3. These results are consistent with
the idea that spider mite UGTs were horizontally acquired
from bacteria (22). None of these homologous proteins have a
sequence identity higher than 34% to TuUGT202A2. As ex-
pected, a multiple sequence alignment (MSA) between these
enzymes shows a higher degree of sequence similarity in the C-
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Figure 1. Overall structure of TUUGT202A2. The portions of the N-terminal and C-terminal end domains that are part of the characteristic Rossmann-like
fold are shown in salmon color and labeled as “N” and “C”, respectively. The additional four regions are depicted in four different colors. The two regions that
are located within the N-terminal domain are colored blue (residues: 70-113) and light blue (182-210). The ones belonging to the C-terminal end are

depicted in yellow (residue: 247-262) and orange (residues: 401-437). UGT, UDP glycosyltransferase.

terminal end domain, the sugar-binding domain, than the N-
terminal end domain, the acceptor-binding site (Fig. S3).

At the tertiary structure level, when comparing
TuUGT202A2 with TuUGT203A3 (PDB code: 7MCO, chain
B), the overall folding is very similar (RMSD of 1.0 A, over
264 Ca atom pairs) (Fig. S4A4). Even the four additional re-
gions, that are not part of the Rossman-like fold, superimpose
well between both structures (Fig. S4A). The superimposition
of TuUGT202A2 with the structurally similar bacterial gly-
cosyltransferases mentioned above clearly show the high fold
conservation of the sugar-binding domain between TSSM and
bacteria (Fig. 2). The high degree of similarity expands beyond
the Rossmann-like fold portion of this domain and only a few
loops are seen to adopt different conformations (Fig. 2). Some
of these different conformations, such as the one seen in the
loop composed by residues 247-262, in yellow (numbering
according to TuUGT202A2), could be attributed to the fact
that all these bacterial glycosyltransferase structures were
determined in the presence of the activated sugar, which
suggests that this loop undergoes conformational changes
upon UDP-GIc binding (Fig. 2).

More significant differences in the folding are seen in the
acceptor-binding domain (N-terminal domain). This is usually
the case when comparing homologous UGTs as it is believed

that these differences drive the substrate preferences of each
enzyme (17). The TuUGT202A2’s Rossmann-like fold portion
of the N-terminal end domain superimposes well with the
bacterial structures (Fig. 2). However, major differences are
seen when comparing the two regions that are not part of this
conserved fold (residues 70-113 and 182-210). In
TuUGT202A2 structure, these two regions seemed to
completely cross to the C-terminal domain; however, nothing
similar is seen in the bacterial glycosyltransferases that have
their structures deposited in the PDB (Figs. 2 and S4B). Due to
the relative location of these two regions with respect to the
acceptor-binding site, we propose that these differences are
product of evolution and distinguish this arthropod UGTs
from bacterial glycosyltransferases. This structural analysis
suggests that, while UGTs were acquired by TSSM via hori-
zontal gene transfer from bacteria, these enzymes have evolved
and gained new structural features that most likely play a role
in their substrate preferences. These new characteristics could
be seen as a “gain of function” for these enzymes that most
likely contribute to the broad range of plant secondary me-
tabolites and acaricides TSSM can detoxify.

Currently in the PDB, the only experimental models of
UGTSs originating from animals are fragments of the C-ter-
minal end domain of three different human UGTs: UGT2B7

Figure 2. Activated sugar-binding and acceptor-binding domains of TuUGT202A2. Superimposition of apoform TuUGT202A2 (PDB code: 6PNT) with
the most similar bacterial glycosyltransferase (Olel, PDB code: 2IYA), according to the Z-score of PDBeFold and DALI servers, exemplify the structural
differences in the acceptor-binding domain between UGTs from arthropod and bacteria. TUUGT202A2 is colored following the same scheme as Figure 1,
while the ribbon representation of Olel chain B is in pink. On the left, the ribbon representations of the N-terminal end domains are shown with the highest
transparency to allow a clearer visualization of the C-terminal end domain (sugar binding domain). On the right, the transparent and colored domains are
inverted to ease the visualization of the N-terminal end domain (acceptor-binding domain). The left picture clearly demonstrates the folding conservation of
the sugar-binding domain across species. All residues superimpose well, except of certain loop regions, such as the loop formed by residues 247-262
(numbering according to TuUGT202A2), yellow colored, which can be explained by the fact that this bacterial glycosyltransferase structure was determined
in the presence of the activated sugar. On the right, the Rossmann-fold-like domain of the acceptor-binding domain superimposes well among these
structures, while Olel structures does not present anything like the TuUUGT202A2 additional regions that are not part of this conserved fold and cross
completely to the N-terminal end domain (colored blue and light blue in TuUUGT202A2). For additional analysis and comparison of TUUGT202A2 with the rest
structurally similar bacterial glycosyltransferases, refer to Fig. S4B. UGT, UDP glycosyltransferase.
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(PDB code: 206L), UGT2B10 (PDB code: 7YF5), and
UGT2B15 (PDB code: 6IPB). To investigate how similar
TuUGT202A2 is to other animal UGTs, we superimposed the
crystal structure of the apoform of TuUGT202A2 with the
AlphaFold2 models of the full-length human UGTs mentioned
before. While it is important to note that human UGTs are
known to have a transmembrane domain at the C-terminal
end and a signal peptide sequence at the N-terminal end, as
compared to TuUGT202A2, the core of these proteins
(meaning excluding these two regions) superimpose relatively
well (Fig. S5). What is most interesting is that these human
UGTs are also predicted to have similar regions that are not
part of the Rossmann-like fold in the N-terminal domain but
completely cross to the C-terminal domain, as the ones
characteristic to TSSM’s UGTSs (residues 70—113 and 182-210,
numbering per TWUGT202A2) (Fig. S5).

Studies of TuUGT202A2 in complex with activated sugar

The crystal structure of TuUGT202A2 in complex with
intact UDP-GIc was obtained (Fig. S6). This complex (space
group: P4;2,2, PDB code: 8SFY), was determined at 2.4 A and
contained only one protein chain in the asymmetric unit.
Comparing it to the apoform structure, these two structures
are very similar, RMSD of 0.4 A (between 418 superposed Ca
atom pairs). The major difference is seen in the conformation
adopted by the loop region of residues 247-262, which is
located near UDP-Glc. No electron density was seen for resi-
dues 252-256 within this loop, suggesting a high degree of
flexibility (Fig. 3A). This is consistent with the idea previously
presented in section “Comparison of apoform TuUGT202A2
with homologous proteins”, which states that this loop un-
dergoes conformational changes upon sugar donor binding
(Fig. 34).

From this crystal complex, a detailed description of UDP-
glucose—protein interactions can be elucidated (Fig. 3B). UDP-
Glc is bound in a hydrophilic cavity that was seen open in the
apoform crystal structure. It interacts primarily with the
C-terminal end of TWUGT202A2 through hydrogen bonds and

only one hydrophobic interaction, m stacking between Phe324
and the uracil group of the ligand. Interestingly, this interac-
tion is possible after a significant conformational change on
the Phe324 side chain which is seen when comparing UDP-Glc
bound and apoform structures. Besides this interaction, the
pyrimidine ring interacts with the enzyme through one of the
oxo groups. Hydrogen bonds are being formed with the side
chain of Ser305 and the backbone carboxyl group of Ile325,
which is hydrogen bonding with the pyrimidine nitrogen
located between the two oxo groups. Moving upwards on the
ligand, the ribose ring forms hydrogen bonds with Glu3438,
while the a-phosphate group forms four hydrogen bonds, two
with Ser345 and two with Asn344, which in both cases include
the amino acids’ side chain and the amino group from their
backbone. On the other hand, the B-phosphate interacts with
the side chain of His340 through a bifurcated hydrogen bond.
In the case of the glucose moiety, all hydroxyl groups present
form hydrogen bonds. The side chains of Asp364 and GIn365
form hydrogen bonds with two consecutive hydroxyl groups of
the hexose. Ser343 uses its side chain and amide backbone
group to form two hydrogen bonds with the same hydroxyl
group from the hexose. The hydroxyl group located at the
methyl group of glucose interacts with Gly24, Ser160, and
Asn344, forming a total of three hydrogen bonds. MSA be-
tween all complete UGT sequences originating from 7. urticae
showed that all residues that directly interact with the ligand
are highly conserved (Fig. S7). On the other hand, these resi-
dues are only moderately conserved when compared to the
structurally similar bacterial glycosyltransferases previously
analyzed (Fig. S3). Overall, this mode of binding of the sugar
donor, which relies mainly on interactions mediated by
hydrogen bonds, resembles other GT-1s originating from
different species, such as plants and bacteria (41, 42). In
addition to the structural analysis, to better understand how
the binding of UDP-Glc to TuUGT202A2 occurs, the ther-
modynamic properties for this process were elucidated using
ITC experiments (Fig. S8). These studies revealed a reaction
stoichiometry value (n) of 1.1 + 0.1 and the dissociation con-
stant (K4) was found to be 48.9 + 15.6 pM. This binding is

UDP-Glc

d H340

Figure 3. UDP-Glc binding to TuUGT202A2. Structural and computational studies of UDP-GIc (stick representation with light gray carbon atoms) binding
to TuUGT202A2 support the idea of the lid-like mechanism that takes place upon this ligand binding and plays a role in catalysis. A, surface representation
of TuUGT202A2-UDP-Glc complex (PDB: 8SFY). The loop comprised by residues 247-262 of this structure is shown as green ribbon and the residues that
could not be modeled in the crystal structure are represented as a dashed line. The same loop from the apoform crystal structure (PDB: 6PNT) was
superimposed (yellow ribbon) to highlight the change in conformation from both structures. Arg252 is in stick representation. B, atomic representation of
the interactions observed between UDP-Glc and TuUGT202A2 in PDB code: 8SFY. This figure includes the putative interactions with Arg252 obtained by
superimposing of the UDP-(S)-naringenin crystal structure (PDB code: 8GKN chain A). The observed hydrogen bonds between UDP-Glc and TuUGT202A2
residues are colored green. C, ribbon representation of the three representative models from the three independent MD simulation of the apoform (blue
colored) and UDP-Glc (salmon colored). Arg252 is in ball-stick representation. Yellow is used for the Arg252 in the apoform, while green is used to mark
Arg252 for complex with UDP-Glc. This loop maintains a “closed” conformation when UDP-GIc is present but moves freely (without closing the hydrophilic-
binding site) if the ligand is absent. UDP-Glc, UDP-Glucose; UGT, UDP glycosyltransferase.
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mainly enthalpy-driven, shown by a large negative change in
enthalpy (AH) -24.2 + 1.9 kJ mol™. A small positive change in
entropy (AS) 1.6 + 1.5 ] mol™' K™! indicates entropy’s minor,
yet favorable, role in this process. Also, the negative Gibbs free
energy (AG) of -24.6 kJ mol™', calculated using these pa-
rameters, revealed that the association of donor-sugar and
TuUGT202A2 takes place spontaneously. These thermody-
namic studies are consistent with the binding mode observed
in the crystal structures in which noncovalent interactions
predominate (43).

In the quest to investigate whether the change in confor-
mation of the loop (residues 247-262) observed in the UDP-
Glc complex crystal structure versus the apoform is of bio-
logical relevance, an Arg252Ala mutant was generated. This
mutation was chosen because Arg252 could not be modeled in
the crystal structure of UDP-Glc; however, Arg252 forms a
hydrogen bond with UDP in the crystal complex that re-
sembles a catalytically productive complex (see section:
Structural and functional studies of TuUGT202A2 in-
teractions with naringenin). Kinetic studies performed at
saturated concentration of the model substrate, 1-naphthol,
and varying the concentration of UDP-Glc revealed that this
mutation results in a reduction of the affinity for UDP-Glc and
catalytic efficiency, seen by the increase of Ky; as compared to
the WT enzyme and the decrease on the turnover number
(kea) (Table 1). This demonstrated that Arg252-UDP-Glc
interaction plays an important ancillary role in binding and
potentially activation of UDP-Glc during catalysis. On the
other hand, when UDP-Glc was present in the reaction at
saturated levels and the concentration of 1-naphthol was
varied, no significant change was seen in the affinity for the
acceptor, yet a lower catalytic efficiency was still observed
(Table 1). These results implied that Arg252 affects the cata-
lytic process in an additional manner that is independent of
the UDP-GlIc binding. The role of a flexible loop that acts as a
lid, upon the binding of a sugar donor, to protect the catalytic
complex, has already been reported for other GTs but not for
UGTSs (44, 45). To test whether this loop is acting in a pro-
tective lid-like manner, we performed molecular dynamic
(MD) simulations with the apoform and the UDP-Glc com-
plex. We hypothesized that if there is a lid-like mechanism that
requires UDP-GIc to be bound, the flexibility of this loop will
decrease in the presence of this nucleotide sugar, whereas in
the apoform, the loop will move freely without closing this
readily open hydrophilic cavity. Indeed, our computational
studies supported this hypothesis. When comparing the
representative structures of three independent MD runs for

Table 1

Glycosyltransferase from Tetranychus urticae

both the apoform and activated sugar complex, this loop stays
in an “open” conformation and Arg252 is seen in three
different conformations in the apoform. In contrast, when
UDP-Glc is present in the hydrophilic cavity, this loop retains
this “closed” conformation and Arg252’s side chain maintains
a conformation that allows it to interact with UDP-Glc in all
three representative models (Fig. 3C).

Structural and functional studies of TuUUGT202A2 interactions
with naringenin

The first in vitro substrate screening in which TuUG-
T202A2’s activity was tested towards a broad range of plant
secondary metabolites and acaricides highlighted the pro-
miscuity of this enzyme towards flavonoids, which are known
plant defense metabolites (10, 46—48). Thus, our efforts were
focused on the crystallization of TuUGT202A2 with various
flavonoids to reveal the molecular basis underlying this en-
zyme’s promiscuity and hence, its contribution to TSSM’s
broad range of plant hosts.

The first complex crystallized, UDP-(S)-naringenin (Fig. 4A4)
(P2,2,2, PDB code: 8GKN), was determined at 2.7 A resolution.
It contained two protein molecules in the asymmetric unit. In
both chains, residues 11-437 could be modeled. Only residue
256 of chain B did not have a well-defined electron density. The
overall conformation of TWUGT202A2 in both chains is almost
identical, only differing in the region composed of residues
106-115. Electron densities for a molecule of UDP and (S)-
naringenin were seen in each chain (Fig. S9). Note that the
racemic mixture of naringenin was used for cocrystallization,
but the (S) enantiomer fit the electron density better and was
observed to form more favorable interactions with
TuUGT202A2. Therefore, this enantiomer was included in the
model. When comparing chains A and B to the apoform crystal
structure, the RMSD calculated were 0.8 A (over 406 super-
posed Ca atom pairs) and 0.9 A (over 388 superposed Ca atom
pairs), respectively. In the case of chain A, the biggest differ-
ences in main chain conformation correspond to the loop re-
gions comprised of residues 76—82 and 247-262. On the other
hand, chain B, in addition to these two loop regions, also differs
in the conformation of fragment including residues 106—115.
These structures suggest that the N-terminal and C-terminal
domains of this TSSM’s UGT do not need to undergo large
conformational changes to be able to accommodate the acti-
vated sugar donor and acceptor in the catalytic site, in contrast
to bacterial glycosyltransferases (42). Moreover, this process is
most likely driven by the movement of certain loop regions that
display high conformational flexibility.

Summary of steady state kinetics for WT and R252A mutant using UDP-GIc and 1-naphthol

UDP-GIc* 1-naphthol®
Kinetic parameters WT R252A WwWT R252A
Keat (s71) 0.088 + 0.023 0.028 + 0.002 0.20 + 0.02 0.040 + 0.003
Ky (uM) 47 + 13 94 + 18 132 + 16 100 + 20
Vinax (UM s77) (33 +03) x 1073 (1.1+0.1) x 1073 (7.7 £ 0.5) x 1073 (1.5 £02) x 1073

Keat/ Ky (MM s71) (1.9 £ 07) x 1073

(2.9 + 0.6) x 107*

(1.5 £ 02) x 1073 (4.0 £ 0.9) x 107*

“ Indicates the substrate whose concentration was varied.

SASBMB
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o) o4 O5
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Figure 4. Structural analysis of the crystal complex of TuUGT202A2 in the presence of UDP and (S)-naringenin. A, chemical structure and labeling of
hydroxyl groups of (S)-naringenin (NAR). B, chain A atomistic representation of the interactions between enzyme (carbon atoms in tan color) and the two
ligands: UDP (carbon atoms in white) and NAR (carbon atoms in green). The observed hydrogen bonds between ligands and enzyme are shown in green
color. Asp140 is displayed due to its importance in catalysis as part of the conserved His-Asp catalytic dyad, although it was not located within the cut-off
distance. C, chain B atomistic representation of TUUGT202A2 catalytic site in the presence of UDP and NAR (coloring follows the same scheme as (A)). D,
superimposition of chain A and B from PDB: 8GKN. Only (S)-naringenin and residues 106-115 have been colored to highlight the conformational difference
between chain A, in salmon, and chain B, in light blue, and the different orientation of the ligand in each chain. The distances between the backbone of
Thr110 from both chains were measured using UCSF Chimera. The predicted hydrogen bond between Thr110.A and (S)-naringenin is shown in a solid yellow

line. UGT, UDP glycosyltransferase.

In this crystal structure, UDP is bound in both chains in a
very similar orientation, consistent with the mode of binding
seen in the UDP-Glc complex (PDB code: 8SFY). Compared to
the UDP-Glc crystal structure, in this complex, besides the
already mentioned Arg252, only one additional residue, Asn27,
is observed to interact with UDP in both chains (Fig. 4, B and
C). This interaction arises from the slight movement of its side
chain. On the other hand, (S)-naringenin adopts two different
orientations in each chain, suggesting that the catalytic pocket
where the acceptor binds is highly flexible (Fig. 4, B and C). In
chain A, residues Leu20, His25, Ile85, Ala86, Ala89, T110,
Leul42, Ala281, and Phe362 form the binding site (using a 4 A
distance cut-off). Among these residues, only two directly
interact with (S)-naringenin, Thr110 through a hydrogen bond
with the keto group of the ligand and Phe362 through n-
interactions (Fig. 4B). In the case of chain B, residues Phe21,
Met78, 11e82, Ile85, Ala89, Leul42, Ala281, and Phe362 form
the hydrophobic pocket (using a 4 A distance cut-off) (Fig. 4C).
In this orientation, Phe362 still interacts with (S)-naringenin
through m- m stacking, but no hydrogen bonding with any
residue is observed.

Although this crystal structure contains the product of the
reaction, UDP, instead of the substrate, UDP-Glc, we can
explore whether any of these two chains represent the putative
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catalytically productive complex. To do this, we superimposed
the structure of TuUGT202A2-UDP-Glc complex with each
chain and measured the distance between the anomeric carbon
and the acceptor’s closest hydroxyl group. In chain A, the
closest hydroxyl group is O7 and it is ~4.6 A away from the
anomeric carbon. In addition, it is located 4 A off His25, a
residue that is part of a catalytic conserved dyad in GT-B
enzymes that acts as the catalytic base to deprotonate the
hydroxyl group (41, 49). Note that Asp140, the other residue of
this catalytic dyad, is observed to form a hydrogen bond with
His25, as expected during catalysis (Fig. 4B). In chain B, O5 is
the closest hydroxyl group, but it is located 9 A from the
anomeric carbon and 7 A from His25 (Fig. 4C). While the
distances measured in chain B are too large for catalysis to take
place, the distances measured in chain A are comparable with
the ones reported in the active site of other GT-B catalytic
complex crystal structures (41, 49, 50).

We investigated further whether the different modes of
binding observed for (S)-naringenin in the crystal structure are
of biological relevance and whether chain A indeed resembles
a putative catalytically productive complex. Since a high degree
of plasticity in the catalytic site usually leads to low regiose-
lectivity, we studied the products of the reaction between
TuUGT202A2 and naringenin using LC-MS. Compared to the
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control reaction (no enzyme present), the chromatogram
revealed two peaks with the corresponding mass of a molecule
of glucose added and one peak with the corresponding mass
for a double glycosylated product (Fig. S10). Naringenin con-
tains three hydroxyl groups, meaning three possible places
where TuUGT202A2 can catalyze the addition of a sugar
moiety. Our LC-MS results indicated that at least two mon-
oglycosylated isomers are being formed (we cannot rule out
the possibility that a third isomer is co-eluting with one of
these two). Commercially available naringenin-7-O-glucoside
and naringenin-4’-O-glucoside were co-injected with the re-
action mixture to determine the identity of the two mono-
glycosylated products being formed. Notwithstanding both
isomers eluted very closely (retention times: 4.67 and
4.71 min), this experiment allowed us to conclude that nar-
ingenin-4/-O-glucoside is the first isomer eluting (retention
time 4.67 min) and naringenin-7-O-glucoside (retention time:
4.71 min) is the second one (Fig. S11).

By combining the structural data with the functional ex-
periments, we conclude that chain A of UDP-(S)-naringenin
complex (PDB code: 8GKN) may indeed represent a putative
catalytically productive complex in which (S)-naringenin will
be modified at position O7. On the other hand, chain B
represents an acceptor mode of binding that is not catalyti-
cally productive. As previously mentioned, at the protein
level, the only difference between both chains is the confor-
mation adopted by the residues 106—115. This loop seems to
adopt a “closed” conformation in chain A and an “open”
conformation in chain B. In this “closed” conformation,
Thr110 forms a hydrogen bond with (S)-naringenin, whereas
in the “open” conformation, this residue is located 7 A further
away (Fig. 4D). It is important to note that the conformation
of the loop in chain B is not stabilized by any crystal contacts.
While it is tempting to infer that chain B represents an in-
termediate stage in catalysis, where the acceptor is entering/
leaving the active site, this orientation could also just be a
result of crystallization and the highly plastic catalytic cavity
of this enzyme.

UDP

Glycosyltransferase from Tetranychus urticae

Additional studies to deepen the understanding of
TuUGT202A2 promiscuity were performed with two other
flavonoids, kaempferol and quercetin, that were also part of the
first in vitro substrate screening in which TuUGT202A2’s
activity was tested (10). LC-MS revealed that TuUGT202A2
can produce almost identical quantities of at least three
different monoglycosylated isomers of kaempferol and one
diglycosylated product (Fig. S12). On the other hand,
TuUGT202A2 can add a molecule of glucose to quercetin in at
least three different hydroxyl positions but displays a higher
preference for a certain hydroxyl group versus the other two
(Fig. S13). Interestingly, no double glycosylation products
could be seen with quercetin as a substrate. This data further
supports the idea that TuUGT202A2 has a very highly plastic
catalytic cavity underlying its promiscuity.

Structural and functional studies of TuUGT202A2 interactions
with naringin

The fact that TuUGT202A2 does not only have a low
regioselectivity towards naringenin but also can double
glycosylate this compound suggests that this enzyme can
accommodate larger compounds in its active site, such as
already decorated compounds. This is of biological relevance
since many flavonoids exist as glycosyl-adducts in plants (51).
Our working hypothesis stated that this enzyme’s catalytic site
is open-ended, allowing it to accommodate larger acceptors,
such as flavonoids with extended glycan modifications. To test
this hypothesis, we examined the activity of TuUGT202A2
towards two different types of naringenin disaccharides’
derivatives: naringin, a disaccharide derivative with a 2-O-
(alpha-L-rhamnopyranosyl)-beta-D-glucopyranosyl moiety at
position 7 (O7) (Fig. 5A), and narirutin, a disaccharide deriv-
ative with a 6-O-(6-deoxy-alpha-L-mannopyranosyl)-beta-D-
glucopyranosyl moiety at O7. LC-MS analysis revealed that
both compounds are TuUGT202A2 substrates (Figs. S14 and
S15). However, we were not able to determine which of the
hydroxy groups (O5 or O'4) were modified.

Figure 5. The crystal structure of TuUGT202A2 complex with UDP and naringin reveals the molecular basis of the open-ended catalytic site.
Figures were made using only chain B of this crystal structure for simplicity, as chain A and B displayed identical conformation at the protein level and
orientations of UDP and naringin in the catalytic site. A, chemical structure and hydroxyl labeling for naringin (NRG). B, surface representation of the crystal
structure of TuUGT202A2 in complex with NRG (carbon atoms in blue) and UDP (carbon atoms in white). The open-ended catalytic site allows to
accommodate naringenin backbone while leaving the glycan portion solvent exposed. C, atomistic representation of UDP and NRG mode of binding. NRG-
binding pocket includes some unique residues that were not part of any of the chains of UDP-(S)-naringenin crystal structure. This further proves the
plasticity of this enzyme’s catalytic site. Carbon atoms for UDP are colored white and NRG are in light blue color. Observed hydrogen bonds are colored
green. UGT, uridine glycosyltransferase.
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To elucidate the molecular basis of this open-ended cata-
Iytic site, co-crystallization experiments were performed with
both substrates in the presence of UDP. The crystal structure
of UDP-naringin complex was determined at 1.8 A resolution
(P2,2,2, PDB code: 8SFU). The structure contained two
molecules in the asymmetric unit. The interpretable electron
density for the enzyme’s backbone starts at residue 11 and
ends at residue 437 in both chains. Residues 250-257 lack
electron density in chain A, likewise residues 251-257 in chain
B. Within each chain, electron densities corresponding to a
molecule of UDP and naringin could be easily distinguished
(Fig. S16). The overall conformation of TuUGT202A2 seen in
both chains is nearly identical, as well as the orientations of
UDP and naringin among these two chains. This crystal
structure reveals the nature of the open-ended catalytic site, as
it can clearly be seen how the naringenin portion is enclosed in
the active site, while the disaccharides are solvent exposed
(Fig. 5B). Interestingly, the regions of the enzyme that underly
this mode of binding are the ones belonging to the N-terminal
end domain that are not part of the conserved Rossmann-like
fold and distinguished this spider mite UGT from bacterial
UGTs. There are two main differences when comparing the
binding of UDP in this crystal structure to the one described
for UDP-(S)-naringenin complex. First, it is missing the
hydrogen bond between Arg252 and the ribose since this
residue could not be modeled (Fig. 5C). Secondly, the posi-
tioning of the diphosphate group is different between these
two structures. For instance, in the UDP-naringin complex, the
B-phosphate occupies the same position as the a-phosphate in
the UDP-(S)-naringenin structure. This movement of the
diphosphate group is accompanied by a shift in the confor-
mation of the Ser279 side chain that now interacts with the
a-phosphate, instead of the B-phosphate (Fig. 5C). From a
catalytic point of view, this positioning of UDP would locate
the glucose group further away from the acceptor. While it is
tempting to suggest that UDP was trapped in this crystal
structure in a state that resembles the activated sugar donor
entering/leaving the active site and that is why the entire
flexible loop composed by residues 247-262 could not be
completely modeled, it cannot be ruled out that this is just a
product of crystallization, as this region is near crystal
contacts.

The structure of the complex with naringin not only
revealed the open-ended catalytic site but also supports the
idea that this enzyme holds a very plastic catalytic site. The
binding pocket is composed of residues Phe21, Met78, Ile85,
Ala89, Arg92, Thr110, Phelll, Metl114, Leul42, Ala281, and
Phe362 (using a 4 A distance cut-off) (Fig. 5C). Among these
residues, direct interactions take place between the backbone
of Thr110 and the ligand through a H-bond, as well as Phe362
and naringin m-m stacking. Arg92, Phelll, and Met114 were
not part of the binding pocket in either of the chains in the
UDP-(S)-naringenin structure. In this crystal complex, the
distance between the closest hydroxyl group of naringin, 4O,
and the putative location of the anomeric carbon of UDP-Glc
is 9 A, while this hydroxyl group is located 12 A from the
catalytic His25. These distances are too far for catalysis to
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occur and thus, this crystal structure does not resemble a
catalytically productive complex. However, our functional
studies demonstrated that naringin is indeed a substrate of this
enzyme and it would make sense that the enzyme catalyzes the
reaction in the 4'O, which is less hindered, and we have
demonstrated that it can catalyze this reaction (see section:
Structural and functional studies of TuUGT202A2 in-
teractions with naringenin). We suggest that the mode of
binding of naringin highlights the flexibility of the enzyme’s
active site and its ability to accommodate substrates in many
different orientations.

Discussion

Arthropods represent a large and diverse group of species
that significantly impacts human health and agriculture. While
the role of human UGTs in phase II detoxification has been
extensively studied (5, 11-13), their contribution to arthropod
xenobiotic resistance is less known. Spider mites are one of the
most polyphagous pests, as they can feed on more than 1100
plant species (19). Short life cycle, high fecundity, haplodiploid
sex determination, and a large metabolic detoxifying machin-
ery are the main biological properties responsible for their
extraordinary adaptation potential and devastating effect on
crops. This pest developed resistance to virtually all chemical
classes used for its control (18, 52). Availability of the whole
genome sequences enabled the characterization of the detox-
ification inventory in many subsequent studies (reviewed in
(53)), which is enriched by horizontal gene transfer, such as
glycosyltransferases (10). It is important to note that the ma-
jority of studies, that investigate the detoxifying machinery of
T. urticae, focus on the gene level and there is currently a lack
of knowledge on the molecular details of the enzymes that
contribute to this xenobiotic metabolism process (54).

In this work, we were able to elucidate the first structure of
a UGT originating from 7. urticae. TWUGT202A2 displayed
the characteristic GT-B folding, consisting of two B/a/p
Rossmann-like fold domains facing each other and creating
the catalytic site in between them. It is important to point out
that while the conserved Rossmann-like fold present in both
the N- and C-terminal domains were very similar between
TuUGT202A2 and bacterial glycosyltransferases, major dif-
ferences were seen in regions that do not form part of this
conserved fold, located within the N-terminal domain and
underly the open-ended nature of the catalytic site. These
differences are believed to be a product of evolution and
clearly distinguish bacterial UGTs from TuUGT202A2. The
N-terminal domain of UGTs is believed to be responsible for
substrate specificity and to this date, an experimental model
of this domain originating from an animal has not been
experimentally elucidated. Our structural analysis using
AlphaFold2 theoretical models of full-length human UGTs
suggests that the N-terminal domain of this arthropod UGT
may be similar to the human ones and potentially other an-
imals. While this cannot be proven until an experimental
structure of the N-terminal domain of another animal is
elucidated, TuUGT202A2 may serve as a model for the
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organization and structural flexibility of the animal UGTSs’
acceptor-binding site.

One of the biggest challenges in the analysis of glycosyl-
transferase is their functional characterization. Currently,
acceptor and donor specificity for more than 95% of glyco-
syltransferases are not known (6). This is further aggravated by
a small number of complex structures that contain a sugar
donor and an acceptor. In this work, we were able to elucidate
the structure of TWUGT202A2 in different catalytically rele-
vant stages. First, the crystal structure of the apoform was
elucidated. This structure demonstrated that the hydrophilic
pocket where UDP-Glc binds is readily open. Secondly, the
crystal complex containing UDP-Glc was obtained. Structural,
functional, and computational studies support the idea that
upon UDP-Glc binding to this readily open cavity, a loop
(residues 249-262) undergoes major conformational changes
for catalysis to take place. The displacement of this loop allows
Arg252 to hydrogen bond with the ribose part of UDP-Glc.
Kinetic studies using an Arg252Ala mutant suggest that this
interaction is needed not only for proper binding of UDP-Glc
and activation but also to maintain this loop in the “closed”
conformation, in which the catalytic complex is protected.
Arg252 is conserved among all spider mite UGTs, which
suggests that this mechanism extrapolates to all these UGTs
(Fig. S7). To our knowledge, this work is the first one to reveal
this lid-like mechanism in the GT-B superfamily. However,
this mechanism cannot be concluded to be unique to spider
mite UGTs. Many PDB deposits of UGTSs from other organ-
isms lack partial or full electron density for this region which
makes it very challenging to determine whether other species
use a similar mechanism; plus most studies focus on the N-
terminal end domain and the mechanism of binding of the
acceptor compound and overlook conformational changes in
the C-terminal domain.

Furthermore, two additional TuUGT202A2 crystal com-
plexes were obtained, one included UDP and (S)-naringenin
and the other included UDP and naringin. Pairing structural
analysis with the identification of the reaction products
enabled us to conclude that chain A of the UDP-(S)-nar-
ingenin crystal structure may represent a catalytically pro-
ductive complex. The rest of the crystal complexes, chain B of
UDP-(S)-naringenin and UDP-naringin, are believed to be
products of the high plasticity of the acceptor-binding site and
most likely they do not mimic productive complexes. This
enzyme displays a promiscuity characteristic of “drug-metab-
olizing” enzymes (55). Other UGTs, from human, plants, and
bacteria, have also been shown to possess this property (34, 41,
56). Notably, we successfully elucidated the molecular basis of
TuUGT202A2 promiscuity by determining the flexibility and
open-ended nature of its catalytic site, which allows to
accommodate a wide range of substrates in different orienta-
tions, including already decorated ones. Working with sugar
derivatives of flavonoids is particularly challenging for two
main reasons: first, as our LC chromatograms show that they
tend to elute very close to each other. In fact, the idea that
some of these isomers are co-eluting resulting in a single peak
cannot be ruled out, which will result in an even lower
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regioselectivity than what our results suggest. Secondly, not all
isomers are commercially available and use of some that are
available can be cost prohibited. While one limitation of this
study is that the nature of all products could not be identified,
this restriction does not take away from the main idea of this
manuscript: a plastic and open-ended catalytic site underlies
the substrate promiscuity of TuUGT202A2, which was proved
by structural and functional studies.

In summary, this paper presents the first crystal structure of
a UGT originating from a chelicerate. The structural analysis
performed pointed out important structural differences in the
acceptor-binding domain when compared to bacterial homo-
logs. Interestingly, these features may be characteristic of an-
imal UGTs, as they are also present in theoretical models of
human UGTs. The structural and functional characterization
of this enzyme enabled us to determine the molecular basis of
substrate promiscuity, as its broad, highly flexible, and open-
ended acceptor-binding site allows for the incorporation of a
wide range of compounds in different orientations. Further-
more, the crystallization of this enzyme, not only in its apo-
form but also in other catalytically relevant stages, revealed
important conformational changes that this enzyme undergoes
for catalysis to occur. This work does not only represent a
steppingstone on the understanding of host-shift and acaricide
adaptation of a major agricultural pest but due to the structure
similarity among UGTs across diverse species, and the fact that
we are the first to reveal the folding of the N-terminal end of a
UGT originated from an animal, the impact of this work
reaches far beyond the understanding of TSSM.

Experimental procedures
Protein production and purification

All reagents were purchased from Sigma-Aldrich, Santa
Cruz Biotechnology, or Thermo Fisher Scientific. The pET100
Directional TOPO (pET100-D-Topo) plasmid containing
Tetur22g00270 (UniProt: T1KUK4) was transformed into
E. coli strain BL21(DE3) by heat shock method and spread on
2% agar plates (100 pg/ml ampicillin). A single colony of
BL21(DE3) cells harboring pET100-D-Topo-tetur22g00270
was picked up and grown overnight in 5 ml LB medium
(100 pg/ml ampicillin) supplemented with 50 mg of glucose.
Then, 1 | of terrific broth media supplemented with 100 pug/ml
ampicillin was inoculated with 5 ml of overnight cultures and
incubated at 37 °C, 200 rpm, until the Ao reached approxi-
mately 0.8. Cultures were cooled to 16 °C and protein
expression was induced with 0.4 mM IPTG. Protein produc-
tion was continued overnight at 16 °C with shaking at
150 rpm. Cultures were centrifuged at 13,000¢ for 15 min at 4
°C. Supernatants were discarded, while pellets were collected
and frozen at —80 °C until further use.

Bacterial cell pellets were thawed and resuspended in 5 ml
of lysis buffer (20 mM Na,HPO,, 500 mM NaCl, 10 mM
imidazole, 2% (v/v) glycerol, pH 7.9) per 1 g of the pellet.
Solutions were lysed on ice by sonication using a Q500 Soni-
cator (Qsonica) for ten cycles. Each cycle had 10 s of soni-
cation and 50 s rest on 250 W. The cell debris was removed by

J. Biol. Chem. (2023) 299(12) 105421 9



Glycosyltransferase from Tetranychus urticae

centrifugation (36,000g, 40 min, 4 °C). TuUGT202A2
construct was designed to contain a poly-histidine tag at the
N-terminal end to help with purification. Thus, the superna-
tants were run through HisPur Ni-NTA Resin (Thermo
Fischer Scientific) in Econo-Pac Chromatography Columns
(Bio-Rad) which had previously been equilibrated with lysis
buffer. The Ni-NTA resin was washed with wash buffer
(20 mM Na,HPO,, 500 mM NaCl, 30 mM imidazole, 2% (v/v)
glycerol, pH 7.9) to remove bound contaminants, and (His)6-
UGT was eluted from the column with elution buffer
(20 mM Na,HPO,, 500 mM NaCl, 250 mM imidazole, 2%
(v/v) glycerol, pH 7.9). Protein concentration was estimated
with the Pierce Coomassie Plus (Bradford) Assay Reagent
(Thermo Fisher Scientific), whereas protein content and purity
of samples were inspected with 12% SDS-PAGE. The samples
containing target protein were further purified on HiLoad 16/
600 Superdex 200 pg size-exclusion column attached to an
AKTA Pure protein purification system (GE Healthcare) using
20 mM Na,HPO,, 150 mM NaCl, pH 7.9. Fractions containing
UGT were pooled together, concentrated using Amicon Ultra
centrifugal filter units with 10 kDa MWCO (Millipore), and
sample purity was estimated with 12% SDS-PAGE (Fig. S17).
Protein concentration was determined using the molecular
weight and extinction coefficient estimated by ProtParam (57)
with NanoDrop 2000c Spectrophotometer (Thermo Fisher
Scientific).

The primers and annealing temperatures used for site-
directed mutagenesis are shown in Table S4. The PCR was
performed using a PTC-100 PCR Programmable Thermal
Controller in a Hard Shell 96-Well PCR plate (Bio-Rad) sealed
with Bio-Rad Microseal PCR Plate Sealing Film. The protocol
followed was similar to the previously described one (58). The
PCR product was analyzed using 1% agarose gel. After con-
firming the correct size of the amplification product, the PCR
products were methylated and ligated and later transformed to
DHb5a, as previously described (58). Plasmids from single
colonies were purified and the presence or absence of the
mutation was confirmed by sequencing the construct using T7
promoter and T7-terminator using the plasmid sequencing
services from Eton Bioscience or Genewiz. Purified DNA
confirmed to have the mutation was transformed into
BL21(DE3), as mentioned above. The mutant was expressed
and purified following the same procedure as the WT
(Fig. S18).

Crystallization

Preliminary crystallization conditions, for the apoform
protein, were tested by sitting drop vapor diffusion method
and commercially available screens: Index, Natrix, PEG/Ion
(Hampton Research), PACT premier (Molecular Dimensions),
Wizard Cryo, Wizard Classic, and JCSG+ (Rigaku Reagents).
Crystallization drops were set up in protein:mother liquor ratio
1:1 at 4 °C or 20 °C on Intelli-Plate 96-2 Original crystalliza-
tion plates. The apoform of TuUGT202A2 was finally obtained
in 5% Tacsimate, pH 7.0, 0.1 M Hepes, 10% w/v PEG 5000.
Different techniques were used to trap the different substrates
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in the crystal structure. TWWGT202A2 and UDP-Glc complex
was obtained by adding UDP-a-D-Glucose powder (Cayman
Chemicals) to the well containing native protein crystals.
TuUGT202A2, UDP, and naringin/naringenin were obtained
following the same procedure as with apoform protein, but the
enzyme was incubated with 1 mM UDP (Cayman Chemicals)
and 2.5 mM naringin (Sigma-Aldrich) or 5 mM (+)-naringenin
(Sigma-Aldrich), for 30 min at 4 °C prior to crystallization.
The conditions that yielded the crystal structures were as
follows: 0.2 M NaCl, 0.1 M Bis-tris pH 6.5, 25% w/v PEG 3350;
and, 0.2 M lithium sulfate monohydrate, 0.1 M Bis-tris pH 6.5,
and 25% w/v PEG 3350, for UDP-naringin and UDP-
naringenin, respectively. No cryoprotectant was used in any
case. All crystals were flash-cooled in liquid nitrogen.

Data collection, structure determination, and model
refinement

Table S5 shows the data collections statistics for determined
crystal structures of TuUGT202A2 and complexes structures.
Crystals were cryo-cooled in liquid nitrogen and most data was
collected using the Southeast Regional Collaborative Access
Team 22ID beamline, and Structural Biology Center (SBC-
CAT) at Argonne National Laboratory 19BM beamline was
used in the case of TuUGT202A2 and UDP-Glc complex.
Datasets were processed with the HKL-3000 software package
(59). Molecular replacement for 6PNT was performed using
MOLREP (60) integrated with HKL-3000 (61) and the PDB
entry 2IYA as a starting model. BUCCANEER (62) and HKL-
3000 were used to rebuild the initial model. Refinement was
performed using REFMAC (63) and HKL-3000. When appli-
cable, the noncrystallographic symmetry was used during the
whole process of refinement. TLS refinement was used during
the last stages of refinement and the TLS Motion Determi-
nation server was used for partitioning protein chains into the
rigid bodies undergoing vibrational motions (64). The model
was updated and validated with COOT (65). MOLPROBITY
was used in the final steps of the model validation (66). For all
complexes containing flavonoids, a similar approach was used.
In this case, all data sets were collected using SER-CAT 22ID
beamline and processed using HKL-3000. PDB entry 6PNT
was used as the initial model for molecular replacement for
UDP-(S)-naringenin structure, and afterward, chain A of UDP-
(S)-naringenin structure was used for the complex containing
naringin. The crystal structures of TuUGT202A2 were
deposited in the Protein Data Bank (PDB) (67) with the
accession codes 6PNT, 8SFY, 8GKN, and 8SFU.

Computational analysis of TuUGT202A2 crystal structures

COOQOT, PyMOL (68), and UCSF-Chimera (69) were used to
visualize and analyze the structures, as well as to generate
figures. DALI and PDBeFold were used to search for similar
structures. Jalview (70) was used to elaborate the MSA be-
tween homologous sequences, whereas ConSurf (71) was used
for conservation analysis between all UGTSs originating from
spider mite, whose full sequence was available in UniProt
database (72). AlphaFold2 model of human UGTs were

SASBMB



obtained from UniProt as well and only a few residues were
modeled with a pLDDT score lower than 50. The pl values
were calculated using the ExPASy ProtParam tool. PDBePISA
(73) was used to analyze the crystal structures and evaluate the
formation of quaternary structures in solution. FoXS and
MultiFOXS (40, 74) were used to analyze small angle X-ray
scattering data. ModWeb was used to generate a model of the
full construct (75). LigPlot was used to generate 2D repre-
sentations of the ligand-binding site (76).

Size-exclusion chromatography-small angle X-ray scattering

SAXS was performed at BioCAT (beamline 18ID at the
Advanced Photon Source, Chicago) with in-line SEC-SAXS to
separate the sample from aggregates and other contaminants
thus ensuring optimal sample quality. Five hundred microliters
of the sample at a concentration of 5 mg/ml were loaded onto
a Superdex 200 Increase 10/300 GL column (Cytiva), which
was run at 0.6 ml/min by an AKTA Pure FPLC (GE) and the
eluate after it passed through the UV monitor was flown
through the SAXS flow cell. The flow cell consists of a 1.0 mm
ID quartz capillary with ~20 pm walls. A coflowing buffer
sheath is used to separate sample from the capillary walls,
helping prevent radiation damage (77). Scattering intensity was
recorded using an Eiger2 XE 9M (Dectris) detector which was
placed 3.654 m from the sample giving us access to a q-range
of 0.0027 A™* to 0.42 A™*. 0.5 s exposures were acquired every
1 s during elution and data was reduced using BioXTAS RAW
2.1.1 (78). Buffer blanks were created by averaging regions
flanking the elution peak and subtracted from exposures
selected from the elution peak to create the I(q) versus q curves
used for subsequent analyses. Table S6 includes additional
information regarding the data collection. Evolving factor
analysis was used for deconvolution of the data and MultiFoXS
to generate theoretical models that best represent the experi-
mental data.

Activity assay

1-naphthol was the model substrate used to obtain kinetic
parameters. The formation of the corresponding glucoside was
measured by fluorescence spectrophotometry, using excita-
tion/emission wavelength of 287/335 nm, in a 96-well plate
with a Bio-Tek Synergy H1 multimode microplate reader, in a
similar fashion previously described (10). These kinetic assays
were done in pseudo-first order by keeping UDP-Glc or
1-naphtol at saturated conditions (2 mM) and varying the
concentration of the other substrate from 0 to 300 uM, in the
case of 1-napthol and 0 to 600 pM in the case of UDP-Glc. The
reaction was incubated at room temperature for 5 min. The
total volume reaction was 250 pl and contained 0.5 pg of the
enzyme. This reaction was performed in 20 mM sodium
phosphate buffer, 150 mM NaCl, pH 7.8. 1-naphthyl-B-D-
glucoside sodium salt was purchased from Santa Cruz
Biotechnology, Inc and used to create a standard curve to
relate relative fluorescence units to quantities of product being
formed. Data was fit to the Michaelis—Menten model for all
enzyme kinetics studies using OriginPro software (https://
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www.originlab.com/). The Michaelis—Menten graphs are
included in Fig. S19, and no cooperativity was observed when
data was fit to the Hill equation.

For the analysis of the products of the reactions, a reaction
mixture containing 25 pg of the enzyme, 1 mM UDP-Glc, and
1 mM acceptor substrate was incubated at room temperature
for an hour. Afterward, the reaction was stopped by adding
three volumes of 50:50 water:methanol. The mixture was
centrifuged for 15 min and diluted by adding more 50:50
water:methanol to a final concentration of 5 uM prior to LC-
MS analysis on with Waters Xevo G2-XS QTof with C18
column. Ten microliters of the mixture was injected and run at
a flow rate of 0.3 ml/min using water with 0.1% formic acid as
solvent A and acetonitrile as solvent B. The gradient started at
90%A-10%B, increased to 50%A-50%B in a span of 5 min, held
at that gradient for 2 min, and then ramped up to 100%B for
1 min to then return to the initial gradient. MS was set to
detect a range of masses from 50 to 1500 Da and the energy of
collision used in MS was a ramp of 10 to 60 V, with a scanning
time of 0.2 s. For all experiments, a control reaction (nonen-
zymatic) was performed following the same procedure. Co-
injection experiments were conducted in a similar fashion,
but the reaction mixture was spiked with the standard: nar-
ingenin-4'O-glucoside (Extrasynthese) or naringenin-7-O-
glucoside (Gifted from Julieta Petrich, Grotewold lab at MSU).

Isothermal titration calorimetry

All calorimetric experiments were conducted on an affinity
isothermal titration calorimeter from TA Instruments. Before
titration, the reference cell was filled with double-distilled
water. All solutions were filtered and degassed for 10 min
under vacuum. The sample cell was filled with 350 pl of 80 uM
enzyme in 20 mM phosphate buffer pH 7.5, and the syringe
was loaded with 5.0 mM UDP-Glc in 20 mM sodium phos-
phate pH 7.5. During the titration, the reaction mixture was
continuously stirred at 150 rpm, and the injection volume was
2 pl for a total of 20 injections at room temperature. The
background titration profiles were obtained by injecting
5.0 mM UDP-Glc into 20 mM sodium phosphate pH 7.5. The
amount of heat produced per injection was calculated by
integration of the area under individual peaks by the Launch
NanoAnalyze software (https://www.tainstruments.com) pro-
vided with the instrument. Results are presented as averages
from three independent experiments.

MD simulations

Prior to MD simulations, each protein model was placed in a
virtual box with 10 A margins between the protein and the box
walls. Then, to mimic the physiological conditions, explicit
TIP3P water molecules were added to the box. To neutralize
the system charge and create ionic strength typical for physi-
ological fluids, that is, 0.15 M, appropriate number of Na* and
Cl™ ions were added. The protein was described with the ff14sb
amber force field, whereas the substrates were parametrized
within the GAFF2 force field. All of the steps described above
were taken with the tleap program from the AmberTools
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package (79). Thus, prepared models were subjected to energy
minimization during three consecutive stages: first, just the
water molecules and ions underwent relaxation (with atomic
positions of the protein complex restrained with a force con-
stant of 500 kcal/molA®), then protein complexes were
relaxed, first with the force constant of positional restraints of
10 kcal/molA?, and then with no restrains applied. After en-
ergy minimization, heating of the system from 0 to 300 K was
simulated during a 100-ps-long MD simulation under constant
volume conditions with a Langevin thermostat and the system
then underwent a second, 1-ns-long equilibration at a constant
pressure of 1 bar. During the heating and density equilibration,
the backbone of the protein was restrained with a force con-
stant of 1 kcal/molA”. Then, the production stage of the MD
simulations followed (102 ns). During this stage of the MD,
pressure and temperature were kept constant at 1 bar and
300 K, respectively, the frequency of saving current geometry
to a data file was set to once per every 5000 steps, and the
SHAKE algorithm was used to constrain values of valence
bonds and angles including hydrogen atoms. The time step of
the simulation was set to 2 fs, long range electrostatic was
calculated with the PME method, whereas for direct non-
bonded interactions, the default cut-off radius of 8 A was
used. Each simulation was repeated three times with a different
seed of pseudo random number generator. The GPU version
of pmemd program from the AMBER package was used (80,
81). To analyze the MD trajectories, the cpptraj program from
AmberTools was used, particularly to (1) cluster the MD ge-
ometries according to structural similarities using the Hier-
Agglo algorithm and (2) to calculate the RMSD values for the
protein backbone.
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