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Abstract: UDP-glucose: anthocyanidin 3-O-glucosyltransferase (UGT78K6) from Clitoria ternatea
catalyzes the transfer of glucose from UDP-glucose to anthocyanidins such as delphinidin. After
the acylation of the 3-O-glucosyl residue, the 3'- and 5'-hydroxyl groups of the product are further
glucosylated by a glucosyltransferase in the biosynthesis of ternatins, which are anthocyanin pig-
ments. To understand the acceptor-recognition scheme of UGT78K6, the crystal structure of
UGT78K6 and its complex forms with anthocyanidin delphinidin and petunidin, and flavonol kaemp-
ferol were determined to resolutions of 1.85 on, 2.55 A, 2.70 i\, and 1.75 A, respectively. The enzyme
recognition of unstable anthocyanidin aglycones was initially observed in this structural determina-
tion. The anthocyanidin- and flavonol-acceptor binding details are almost identical in each complex
structure, although the glucosylation activities against each acceptor were significantly different.
The 3-hydroxyl groups of the acceptor substrates were located at hydrogen-bonding distances to
the N&2 atom of the His17 catalytic residue, supporting a role for glucosyl transfer to the 3-
hydroxyl groups of anthocyanidins and flavonols. However, the molecular orientations of these
three acceptors are different from those of the known flavonoid glycosyltransferases, VvGT1 and
UGT78G1. The acceptor substrates in UGT78K6 are reversely bound to its binding site by a 180°
rotation about the O1-03 axis of the flavonoid backbones observed in VvGT1 and UGT78G1; conse-
quently, the 5- and 7-hydroxyl groups are protected from glucosylation. These substrate recogni-
tion schemes are useful to understand the unique reaction mechanism of UGT78K6 for the ternatin
biosynthesis, and suggest the potential for controlled synthesis of natural pigments.
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Introduction

The world market for dyes and organic pigments is
anticipated to grow at 3.6% annually and reach 11
million metric tons by 2018.') Complex dye and
pigment compounds are typically challenging to
synthesize chemically, but specifically synthesized as
secondary metabolites in plants. Recombinant plant
enzymes, including mutant forms based on struc-
tural information, can contribute to the develop-
ment of biosynthesis of novel dyes and organic
pigments.

Many small lipophilic compounds in living cells
are modified by glycosylation, a process that can reg-
ulate the chemical property and bioactivity of those
compounds, their intracellular localization, and their
metabolism.? One of the most significant and repre-
sentative glycosylation reactions in plants is the for-
mation of anthocyanin pigments, a class of flavonoid
secondary metabolites. Because of their environmen-
tal friendly, nontoxic and biodegradable characteris-
tics, these flavonoids recently have received much
attention as high performance pigments, such as
dyes or inks, and also as antioxidants for applica-
tions in functional foods.>® Anthocyanins are water-
soluble compounds based on a tricyclic flavonoid
core that are known to function as pigments
involved in determining the color of flowers, leaves,
seeds, and fruits.”*® The chromophoric aglycones of
anthocyanins, anthocyanidins, are red polyhydroxy-
lated flavylium salts. They have limited solubility in
water, are rapidly destroyed by alkali, and are very
unstable compared with their glycosides (anthocya-
nins).! Various anthocyanins modified by species-
specific glycosylation and acylation have been identi-
fied as flower pigments in a number of plants.'>!3
The structural diversity of anthocyanins serves to
stabilize the flavonoid aglycones and to produce
their characteristic color appearing red, purple, or
blue upon pH.™

A large group of specific uridine diphosphate
glycosyltransferases (UGTs) controls the glycosyla-
tion of flavonoids, which is one of the major factors
determining the transfer positions of glycosyl
groups.'® UGT78K6, previously known as Ct3GT-A,
was identified in butterfly pea (Clitoria ternatea) as
a UDP-glucose: anthocyanidin 3-O-glucosyltransfer-
ase (GenBank accession no. AB185904), which cata-
lyzes glucosyl transfer from UDP-glucose (UDP-Gle)
to anthocyanidins such as delphinidin [Fig. 1(A)].'6
The glucosylation of delphinidin at the 3-hydroxyl
group was proposed as an initial glucosylation step
toward the biosynthesis of ternatins, which are
blue anthocyanins found in the petals of C. terna-
tea.'” The putative amino acid sequence of
UGT78K6 shows high identity (45%) with that of
VuGT1 from a red grape (Vitis vinifera). VoGT1 is
a cyanidin 3-O-glycosyltransferase involved in the
formation of anthocyanins, with minor activity
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toward flavonols such as kaempferol.® The crystal
structure of VvGT1, in complex with the acceptor
kaempferol and the nontransferable donor UDP-
2FGle, provided the structural basis for under-
standing its catalytic mechanism and substrate
recognition.

We previously determined the three-dimensional
structure of recombinant wild-type UGT78K6 and,
as expected from its high sequence homology,
observed high overall structural similarity with fla-
vonoid UGTs.'® These flavonoid UGTs share the GT-
B fold, one of two general folds for the glycosyltrans-
ferase superfamily of enzymes, and comprise two N-
and C-terminal domains with similar Rossmann-like
folds. There is a large cleft between the domains in
which the sugar-donor and sugar-acceptor sub-
strates bind.'®'® The His17-Asp114 dyad identified
at the catalytic site is widely conserved among the
flavonoid UGTs.2° The members also show a com-
mon signature motif known as putative secondary
plant glycosyltransferase (PSPG) box near the C-
terminus that is thought to be involved in binding
the UDP moiety of the sugar-donor substrate [Fig.
S1, Supporting Information].!

Although the crystal structures of several flavo-
noid UGTs have been determined,'® the acceptor-
substrate complexes are limited to the flavonol-
bound forms, VvGT1 in complex with kaempferol or
quercetin,” and UGT78G1 with myricetin,?? presum-
ably because of the instability of anthocyanidins. In
solution, anthocyanidins have a positively charged
ring system; consequently, deprotonation of the
hydroxyl groups is easily facilitated to lead neutral
species, quinoidal bases [Fig. 1(A)], which is believed
to be of vital importance to flower coloration.
Structural comparison of UGT78K6 with VuvGT1
revealed that several residues employed for binding
kaempferol in VuvGT1 were not conserved in
UGT78K6. The relationship between the primary
structures of these enzymes and their acceptor-
substrate specificity has not been clarified. Under-
standing how flavonoid UGTs discriminate between
natural plant substrates, including anthocyanidins,
flavonols, and isoflavones, will provide key informa-
tion for flower color modification by genetic engi-
neering and the isolation of novel pigment
compounds.

Here we present the crystal structures of
UGT78K6 in complex with anthocyanidins, delphini-
din, and petunidin, determined to 2.55 and 2.70 A
resolutions, respectively. The flavonol-kaempferol
bound form was also determined to 1.85 A to under-
stand the structural determinants in acceptor-
substrate recognition. These structures provide
insight into anthocyanidin configurations in
enzymes and a different binding scheme for
acceptor-substrate recognition as compared with the
known flavonoid UGTs.

Crystal Structures of UGT78K6 in Complex with Flavonoids
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Figure 1. (A) Catalytic reaction by UGT78K6. The glucose moiety is transferred from a UDP-Glc donor to the 3-hydroxyl group
of delphinidin. The neutral quinoidal base and the flavylium cation are in equilibrium according to pH. The position numberings,
as used in the text, are indicated for the flavylium cation form of delphinidin. (B) Chemical structures of the acceptor substrates
examined in this study. Flavonoid backbone structures are composed of two parts: the bicyclic ring system containing the A-
and C-rings, and the unicyclic B-ring as indicated for anthocyanidin. The acceptor substrates have a variety of substituents
(hydroxyl or methoxyl groups) at the 3’ and 5 position on the B-ring, in addition to a hydroxyl group at the 4’ position.

Results

Glucosylation activity of UGT78K6 against
various acceptor substrates

Glucosylation activities were measured using UDP-
Glc as a sugar-donor substrate in the presence of
various anthocyanidins (cyanidin, delphinidin, mal-
vidin, pelargonidin, peonidin, and petunidin) and
flavonols (isorhamnetin, kaempferol, myricetin, and
quercetin) [Fig. 1(B)]. After normalization of the
enzymatic activity of UGT78K6 against delphinidin,
the relative activities against other anthocyanidins,
malvidin, peonidin, and petunidin, were greater
than 70% (Table I). The 3-O-glucosylation of antho-
cyanidins, particularly delphinidin, was preferably
catalyzed by UGT78K6. Significant lower activities
(less than 30%) were detected on pelargonidin and
cyanidin, suggesting that the different substitution
patterns on the B-ring tend to affect activity. Fur-
thermore, UGT78K6 exhibited weak glucosylation
activities on a series of flavonols; the relative activ-
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ities decreased to less than 10% in all cases. These
results are consistent with the previous observation
that a cyanidin 3-O-glycosyltransferase from V.
vinifera showed weak glucosylation activities against

Table I. Glucosylation Activities for Various Acceptor
Substrates

Relative
activity (%)

Specific activity
(nkat/mg protein)

Anthocyanidin
Delphinidin 122.9 100
Malvidin 107.1 87
Peonidin 94.6 77
Petunidin 89.0 72
Pelargonidin 35.7 29
Cyanidin 21.1 17
Flavonol
Isorhamnetin 10.1 8.2
Quercetin 6.6 54
Kaempferol 5.5 4.5
Myricetin 3.0 2.4
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Table II. Data Collection and Refinement Statistics of the UGT78K6 Structures in Complex with UDP, Delphini-
din, Petunidin, and Kaempferol

Unliganded UDP Delphinidin Petunidin Kaempferol

Data collection®
Space group P2,
Cell dimensions

a,b,c(A) 50.2, 55.2, 86.2 50.1, 55.3, 85.5 50.0, 55.1, 86.0 49.9, 55.3, 85.8 50.0, 55.1, 85.9

B () 105.1 105.0 104.6 104.6 104.92
Wavelength EA) 0.978 1.000 0.978 0.978 1.000
Resolution (A) 1.85 (1.92-1.85) 1.85 (1.92-1.85) 2.55 (2.64-2.55) 2.70 (2.8-2.7) 1.75 (1.81-1.75)
Observed reflections 139,758 142,408 53,965 46,602 165,969
Roerge 9.9 (42.2) 8.3 (37.4) 9.9 (32.3) 9.9 (40.2) 6.0 (36.7)
I/s(D) 24.7 (4.6) 15.2 (2.1) 20.9 (6.3) 16.2 (4.0) 21.5 (2.0)
Completeness (%) 99.1 (99.2) 99.6 (97.5) 99.5 (99.9) 98.9 (98.4) 99.7 (97.8)
Redundancy 3.6 3.7 3.6 3.7 3.7
Refinement
Unique reflections 39,179 38,545 14,854 12,437 45,271
Ryori/Riree 0.170/0.211 0.151/0.187 0.181/0.234 0.182/0.241 0.159/0.195
Number of atoms

Protein 3,436 3,437 3,437 3,437 3,437

Water/Others 436/16 486/41 127/40 75/47 408/47
B-factors

Protein 18.9 15.1 32.4 32.6 18.3

Water/Others 217.1/42.7 25.7/22.5 30.2/41.7 26.2/34.3 27.9/34.0
Rmsds

Bond lengths (A) 0.013 0.006 0.003 0.003 0.006

Bond angles (°) 1.5 1.1 0.7 0.7 1.1
Ramachandran plot (%)

Favored/Allowed 98.4/1.6 97.1/2.9 96.4/3.4 96.0/3.8 96.9/2.9

Outliers 0.0 0.0 0.2 0.2 0.2
PDB ID 3WC4 4WHM 4REM 4REN 4REL
# Numbers in parentheses represent statistics in highest resolution shell.
flavonols, which have an additional 4-carbonyl group  the reservoir solution containing UDP-Gle, as

on the flavanol ring system.®

Structure of UGT78K6 with and without the
donor substrate
The crystal structures of UGT78K6 in complex with
and without the UDP-Glc donor were both deter-
mined to a resolution of 1.85 A. The overall struc-
ture shows a typical GT-B fold comprising two
Rossmann-like B/o/B domains [Fig. 2(A)], which is
conserved in the known flavonoid UGTs.?° The N-
terminal B/oa/B domain (N-domain) comprising resi-
dues 1-244 consists of a central seven-stranded,
twisted parallel B-sheet surrounded by eight helices.
The C-terminal B/o/B domain (C-domain) is com-
posed of a twisted B-sheet with six strands accompa-
nied by ten helices on its two sides. The N- and C-
domains are connected by a flexible loop comprising
residues 245-253. There is a cleft between these
domains, and its internal space can be largely
divided into two cavities that are used as a donor-
binding and an acceptor-binding sites [Fig. 2(B)].
The C-terminal helix containing residues 431-445
participates in forming the N-domain after crossing
the cleft [Fig. 2(A)].

The donor-substrate-complex form of UGT78K6
was prepared by soaking the ligand-free crystals in
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described in Materials and Methods section. The
crystal structure was solved to a resolution of 1.85
A; however, only electron density corresponding to
the UDP moiety of UDP-Glc was observed at the
donor-binding site [Fig. 3(A)]. Instead of the missing
sugar part of UDP-Gle, the residual electron density
located adjacent to the UDP moiety was assigned to
a glycerol molecule (GOL1002). Similar loss of elec-
tron density for the sugar moiety was reported in
the UGT71G1 structure in the presence of UDP-
galactose and the UGT78G1 structure using UDP-
Glc,?%%% which was attribute to enzymatic hydrolysis
of the linkage between the B-phosphate and the
sugar. The overall structure of the UDP-bound form
is nearly identical to that of the unliganded form of
UGT78K6, with a root-mean-square deviation (rmsd)
of 0.36 A for all Ca atoms.

The protein surface around the donor-binding
site is rich in positive charges [Fig. 2(B)], which
would be suitable to attract the anionic diphosphate
of UDP-Glec. The donor-binding site is connected to
the acceptor-binding site in the protein interior. The
acceptor-binding site can be accessed from the sol-
vent through two openings, termed 1 and 2, which
are separated by the hydrophobic side-chains of
Pro78 from the N-domain and Val274 from the loop

Crystal Structures of UGT78K6 in Complex with Flavonoids



This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.
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Figure 2. (A) Stereo view of the UDP-bound form of UGT78K6. The N-domain (green) and the C-domain (red) are shown with
the secondary structures. The PSPG motif comprising residues 325-368 is in yellow. The UDP molecule (light blue carbon)
observed in this study is shown as a stick model. The delphinidin molecule was modeled at the acceptor-binding site of the
UDP-bound form using the coordinates of the structure in complex with delphinidin (marine blue carbon). Amino acid residues
discussed in the text are indicated. (An interactive view is available in the electronic version of the article.) (B) Electrostatic sur-
face potential of UGT78K6. The electrostatic potentials of the protein surface were calculated using the APBS program?* and
colored by electrostatic potential isocontours from the potential of +5 kT e ' (blue) to —5 kT e ' (red). Front view, same direc-

tion as Figure 2(A); top view, rotated ~90° around the horizontal axis.

region (residues 273-277) in the C-domain. Opening
1, located near the donor-binding site, is surrounded
by the relatively positively charged surface. Opening
2 is formed at the negatively charged surface, as
shown in Figure 2(B), which may contribute to select
the cationic character of the flavylium ring of antho-
cyanidins. Indeed, an acidic residue, Asp181, located
at a polar edge on the lip of opening 2 is involved in
the acceptor binding, as described below.

The UDP moiety bound at the donor-binding
site shows several specific interactions with the resi-
dues in the UGT signature PSPG motif (residues
325-368) of the C-domain [Fig. 3(A)]. The uracil ring
of UDP forms a n-stacking interaction with the
indole ring of Trp325, which was rotated nearly 180°

Hiromoto et al.

around the y2 relative to that observed in the unli-
ganded form of UGT78K6 [Fig. S2, Supporting Infor-
mation]. The 2'- and 3'-hydroxyl groups of the ribose
moiety form hydrogen-bonding interactions with the
side-chain carbonyl oxygens (Oel and Oe€2) of
Glu351, which resulted in the rotation of the Asn347
side-chain to form a new hydrogen bond between the
N&2 atom of Asn347 and the «-phosphate of UDP.
Furthermore, the diphosphate part of UDP shows
hydrogen bonds with the side-chains of surrounding
Ser16, His343, Ser348, and Thr273. This UDP recog-
nition scheme is consistent with previous observa-
tions for the flavonoid UGTs complexed with sugar
donors.®?%25 The average temperature factor for the
flexible loop (residues from Thr273 to Pro277) was

PROTEIN SCIENCE ‘ VOL 24:3%0-407 399
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Figure 3. (A) Close-up view of the donor-binding site in UGT78K6. The UDP moiety and a glycerol molecule are shown as stick
models. Residues involved in the UDP-binding are shown as yellow lines and labeled. Hydrogen bonds are depicted with dot-
ted lines. The F,—F, omit electron density map around the UDP and glycerol molecules are represented as blue meshes, coun-
tered at 3.5 o. (An interactive view is available in the electronic version of the article). (B) Close-up view of the donor-binding
site in WWGT1 (PDB ID: 2C12). The structure was determined as a complex with the acceptor kaempferol and the nontransfer-

able donor UDP-2FGilc.

51.5 A in the unliganded form of UGT78K6; how-
ever, it was significantly reduced to 22.7 A? after
binding of residue Thr273 (the main-chain amide
and the side-chain Oyl atom) to the B-phosphate
group of UDP.

Structures of UGT78K6 in complex with the
acceptor substrates

Crystal structures of ligand complexes with different
acceptor substrates, delphinidin, petunidin, and
kaempferol, were determined to resolutions of 2.55,
2.70, and 1.75 A, respectively. When the structures
were compared with the wunliganded form of
UGT78K6, the rmsds for all Ca atoms were 0.27,
0.35, and 0.22 A for the delphinidin, petunidin, and
kaempferol complexes, respectively.

The electron density of the delphinidin molecule
was clearly visible at the acceptor-binding site [Fig.
4(A)]. The binding orientation was determined based
on the electron density of the 4’-hydroxyl oxygen
atom on the B-ring. If the acceptor was positioned in
an opposite orientation, some uninterpretable elec-
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tron densities appeared. At the acceptor-binding
site, the 4/-hydroxyl group of delphinidin is in
hydrogen-bonding distance to the main-chain car-
bonyl oxygen of Pro78. The 3-, 5-, and 7-hydroxyls of
the bicyclic ring form hydrogen bonds with the Ne2
atom of His17, and the side-chain carbonyl oxygens
of Asp367 and Aspl81, respectively. Some water-
mediated hydrogen bonds were also observed at the
5- and 7-hydroxyls of delphinidin. The rest of the
flavylium ring is surrounded by three phenylalanine
side-chains from Phell6, Phel92, and Phe365, and
hydrophobic side-chains from Prol79 and Leul96
[Fig. S3, Supporting Information]. The B-ring of del-
phinidin is slightly rotated (9°) from the plane of the
bicyclic ring, corresponding to the existence of a fla-
vylium cation form at the acceptor-binding site [Fig.
1(A)].

The petunidin-bound form shows that the 5'-
methoxy group on the B-ring occupies a position
exposed to the bulk solvent, as shown in Figure
4(B). The interaction at the acceptor-binding site is
very similar to that of delphinidin. The 3'- and 4’'-

Crystal Structures of UGT78K6 in Complex with Flavonoids
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Figure 4. Stereo views of the acceptor-binding sites in the complexed structures with (A) delphinidin, (B) petunidin, and (C)
kaempferol. Residues interacting with the acceptor substrates are shown as yellow lines and labeled. Hydrogen bonds are
depicted with dotted lines. The F,—F; omit electron density maps around the acceptor substrates are represented as blue
meshes, countered at 3.0, 2.5, and 3.5 o, respectively. (An interactive view is available in the electronic version of the article).
(D) Superimposition of the delphinidin-bound form of UGT78K6 (yellow lines) and the modeled structure of UGT78K8 (green
lines). The UGT78K8 model was generated by the SWISS-MODEL server?® using the delphinidin-bound form of UGT78K6 as a
template. The delphinidin molecule is shown as a stick model. Residues involved in the binding of delphinidin are labeled.
Hydrogen bonds are depicted with dotted lines. Although the regioselectivities for glucosylation of the acceptors are different,
most of the residues involved in acceptor recognition are conserved except for Asp181 of UGT78K6, which is replaced by the
nonhydrogen-bonding residue, Pro181, in UGT78K8.
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hydroxyl groups of petunidin are in hydrogen-
bonding distance to the main-chain carbonyl oxygen
of Pro78. The 3-, 5-, and 7-hydroxyls of the bicyclic
ring form hydrogen-bonding interactions with the
Ne2 atom of Hisl7, and the side-chain carbonyl oxy-
gens of Asp367 and Aspl81, respectively. The B-ring
of petunidin is also rotated (12°) from the plane of
the bicyclic ring, indicating the existence of a flavy-
lium cation form at the acceptor-binding site [Fig.
1(A)].

The kaempferol molecule is situated in the
acceptor-binding site in a manner similar to that
seen in the complex structures with delphinidin and
petunidin. The 3-hydroxyl group to be glucosylated
forms a hydrogen bond to the catalytic residue
His17 with a distance of 2.5 A [Fig. 4(C)]. The 4-
carbonyl group on the bicyclic ring makes contact
with the N382 atom of Asn137 at a hydrogen-bonding
distance of 2.9 A. Therefore, compared with delphi-
nidin, the flavonol backbone is rotated ~10° around
the C3 carbon atom. Because of the rotation of
molecular orientation, the 4'-hydroxyl group on the
B-ring no longer interacts with the polypeptide
directly. The side-chain carbonyl oxygen atoms of
Aspl81 and Asp367 are located within hydrogen-
bonding distances to the 5- and 7-hydroxyls of
kaempferol; however, the side-chain of Aspl81 is
exposed to a bulk solvent with a different conforma-
tion from those in the anthocyanidin complexes. The
B- and bicyclic rings of kaempferol are not coplanar
(deviating by a 13° angle).

From these observations, it was revealed that
UGT78K6 can similarly accommodate the respective
acceptor substrates, delphinidin, petunidin, or
kaempferol, at its acceptor-binding site. The enzyme
primarily interacts with the hydroxyl groups on the
bicyclic ring of the acceptors by forming several
hydrogen bonds but does not strongly influence on
the B-rings, which are located near the opening
exposed to the solvent region. Thus, it appears that
the different substitution patterns on the B-ring are
not recognized positively by this enzyme, although
the glucosylation activities against each acceptor
were significantly different (Table I).

Discussion
We have identified and characterized three anthocy-
anidin/anthocyanin UGTs from C. ternatea

(UGT78K6, previously called Ct3GT-A; UGT78K7,
Ct3GT-B: AB185905 with 92% identity; UGT78KS,
Ct3'5'GT: AB115560 with 87% identity) involved in
the glucosylation of delphinidin/delphinidin glucoside
for the biosynthesis of ternatins [Fig. S1, Supporting
Information]. Although the enzymes show high over-
all sequence identities, UGT78K6 and UGT78K7 cat-
alyze the glucosyl transfer from TUDP-Gle to
anthocyanidins such as delphinidin (data not shown),
and UGT78K8 glucosylates the 3'- and 5-hydroxyl
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groups of delphinidin 3-O-(6"-O-malonyl-B-glucoside),
which is the later step of the 3-O-glucosylation of del-
phinidin in the ternatin biosynthesis.2” Of these three
enzymes, we succeeded in determining the tertiary
structure of UGT78K6 to a resolution of 1.85 A.'°
Enzyme recognition of unstable aglycones, anthocya-
nidins, in the flavonoid UGTs was initially revealed
by this structural analysis of UGT78KS6. In describing
the structural features of UGT78K6, two important
aspects should be noted; one is the structure of the
donor-binding site, which is commonly seen in the fla-
vonoid UGTs; the other is the structure of the
acceptor-binding site, which recognizes
acceptor substrates to be glycosylated by the UGTs.

various

Structure of the donor-binding site
and the catalytic function of UGT78K6
The structure of the donor-binding site in UGT78K6
was clarified in complex with UDP to a resolution of
1.85 A resolution, and the structure was compared
with that of an enzyme with similar enzymatic func-
tion. From the structural comparison obtained using
the Dali server,?® we chose the flavonoid UGT VoGT1
from V. vinifera (PDB ID: 2C1Z, rmsd: 1.9 A for 432
Ca atoms, Dali Z-score: 49.9). When the conserved
residues in the PSPG motif of UGT78K6 were over-
laid onto those of VvGT1, it was found that the sugar
moiety of UDP-2FGlc in VvGT1 can occupy the corre-
sponding position at the donor-binding site of
UGT78K6 [Figs. 3(B) and 5(A)]. The Asp374 and
GIn375 side-chains interacting with the glucose moi-
ety in VoGT1 are conserved as Asp367 and GIn368 in
UGT78K6; however, Thr141 in VvGT1 is replaced by
the nonhydrogen bonding residue Pro136. The side-
chain of Asn137 in UGT78K6 could participate in the
recognition of the glucose moiety instead of Thr141 in
VuGT1 because the Asn137 side-chain of UGT78K6
can be located sufficiently close to the 6-
hydroxymethyl group of UDP-2FGlc in VoGT1. There-
fore, it is considered that the glucose moiety of UDP-
Glc would be located at essentially the same position
of UDP-2FGlc as that observed for VoGT1.
Furthermore, it was found that the location of
the catalytic residues (His1l7 and Aspll4) were
essentially the same in each structure. Since the
hydrogen bond between His17 and Aspll4 is indis-
pensable for effective deprotonation of Hisl?7
through the charge relay system with the negatively
charged Asp114,2° the glucosylation by UGT78KS6 is
likely to follow a typical inverting mechanism
shared among flavonoid UGTs [Fig. 6]. The distance
between the Ne2 atom of His17 and the anomeric C1
carbon of glucose is 5.2 A in UGT78K6, which is
comparable to the distance 5.1 A in the VoGT1 com-
plex structure [Fig. 5(A)]. His17 would serve as a
general base that deprotonates the 3-hydroxyl group
of acceptor substrates, and then the anomeric C1
carbon on the glucose is attacked by the nucleophilic
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oxyanion.”! In the transition state, the negative
charge on the leaving phosphate may be stabilized
by the positively charged residue, His343 (hydrogen
bonded to the B-phosphate group of UDP with a dis-
tance of 2.9 A) in UGT78KS6, followed by displace-

ment of the UDP moiety.

Hiromoto et al.

Acceptor-binding site in complex with various
acceptor substrates

In the structure of UGT78K6 in complex with del-
phinidin, the 3'-; 4’-, 5-, and 7-hydroxyl groups of
delphinidin are recognized by the proton acceptors,
the main-chain carbonyl of Pro78, and the aspartate
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generated negative charge on the departing phosphate can be stabilized by the positive amino acid, His343, or the hydroxyl
group of Ser16 which is adjacent to both the B-phosphate of UDP and the O5 oxygen of glucose. (i) The resulting glucoside

product and UDP are released from the active site.

side-chains of Aspl181 and Asp367, respectively.
Because the crystals were prepared under mild
acidic conditions (pH 5.6), the hydrogen bonds with
the aspartate residues at the 5- and 7-hydroxyls
imply that the delphinidin molecule has a flavylium
cation form, which is in equilibrium with neutral
quinoidal base forms in solution [Fig. 1(A)].23%° The
quinoidal base forms usually exist as a mixture,
since the pK, values of the 4'-, 5-, and 7-hydroxyl
group of anthocyanidins are very similar.?’ The reso-
lution of the structure determination may not be
sufficient to discuss the keto-enol tautomers of
anthocyanidins in detail; however, such transforma-
tions at the hydroxyl groups of the acceptor sub-
strates appear to affect the glucosylation activity of
UGT78K6. The enzyme showed significantly lower
glucosylation activities against pelargonidin and
cyanidin compared with delphinidin, as shown in
Table I. These two acceptor substrates have a higher
acidity at the 5- or 7-hydroxyl group than the 4'-
hydroxyl group; consequently, they tend to adopt the
neutral 5- or 7-quinoidal base form under the experi-
mental conditions,?"*2 which would be unfavorable
for interaction with the deprotonated aspartate resi-
dues of Aspl81 and Asp367 at the acceptor-binding
site of UGT78K6. Thus, the enzyme can potentially
discriminate between the flavylium cation and the
neutral quinoidal forms of anthocyanidins in
solution.

In terms of biosynthesis, the anthocyanidins are
divided into only three types; delphinidin, pelargoni-
din, and cyanidin.?® Delphinidin and its derivatives,
petunidin and malvidin, generally tend to show
blue/violet color under physiological condition.?* If
the cyanidin derivative, peonidin, become expressed
in the petal of C. ternatea by genetic engineering,
the red/purple color pigment could be accumulated
due to the activity of UGT78K6. To synthesize new
pigments based on pelargonidin, which is a source of
orange/red color, the mutations at Aspl81 and
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Asp367 of UGT78K6 would be required for the effec-
tive production.

Comparison of the acceptor recognition with
the known flavonoid UGTs

The UGT78K6 structures showed that both anthocy-
anidin and flavonol substrates bind to the acceptor-
binding site in the same manner, although the gluco-
sylation activities against flavonols were signifi-
cantly low (Table I), supporting that the activities
depend on the deprotonation efficiency of the
hydroxyl group to be glucosylated.® On the other
hand, the superposition of the UGT78K6 structure
on the VuGT1 (with the closest sequence similarity
to UGT78K6) shows that the acceptor-substrate rec-
ognition scheme of UGT78K6 is quite different from
that of VoGT1.° In the scheme of VvGT1, the flavo-
nol kaempferol lies at the acceptor-binding site in a
reverse direction from that seen in UGT78K6, by
rotating 180° about the O1-O3 axis of the acceptor
substrate [Fig. 5(A)]. At the binding site, the 4'-
hydroxyl group of the B-ring and the 7-hydroxyl
group of the flavonol backbone form hydrogen bonds
with the imidazole ring of His150 and the side-chain
amide of GIn84, respectively. The 3-hydroxyl group
to be glycosylated is located near the catalytic
His20. This binding orientation was also observed in
the UGT78G1 structure in complex with myricetin
(PDB ID: 3HBF),?? in which two basic side-chains of
Arg89 and His155, and the main-chain carbonyl of
Glul192 form hydrogen bonds with the hydroxyls of
the acceptor [Fig. 5(B)l. In both VuvGT1 and
UGT78G1, the three important residues, GIn84/
Arg89, His150/His155, and Gly190/Gly193, are sub-
stituted to I1e79, Tyr145, and Asp181 in UGT78K6,
respectively. Thus, the rotated binding mode for the
acceptors observed in UGT78K6 is presumably
caused by the absence of direct hydrogen-bonding
interaction with the substrate because of substitu-
tion of GIn84 to I1e79, by the positional shift in the
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acceptor due to the His145 to Tyr145 substitution,
and by the formation of a strong hydrogen-bonding
interaction between the acceptor and UGT78K6 by
the substitution of Gly190 to Asp181.

Acceptor-binding sites of the enzymes involved
in ternatin biosynthesis
It is known that the ternatin biosynthesis in C. ter-
natea requires at least three flavonoid UGTs,
UGT78K6, UGT78K7, and UGT78K8. Comparing
the residues involved in acceptor recognition in
UGT78K6, UGT78K7, and UGT78K8 based on struc-
tural modeling, the active site structure of
UGT78K7 was essentially the same as that of
UGT78K6 [Fig. S1, Supporting Information]. Within
the same plant, UGT78K7 may be a homolog of
UGT78K6. In UGT78KS8, most of the residues form-
ing the acceptor-binding site were conserved; how-
ever, Aspl81 of UGT78K6 was replaced by Prol81
[Fig. 4(D)]. This substitution suggests that the resi-
due Aspl81 is a key candidate for determining the
binding orientation at the acceptor-binding site, and
plays an important role in the differentiation of the
regioselective glucosylations by UGT78K6 and
UGT78KS. It is further supported by the report that
the site-directed mutagenesis at the acceptor-
binding site close to Asp181 (Phel48 to Val or Tyr
202 to Ala in UGT71G1) resulted in a drastic change
of regioselectivity for quercetin glycosylation.3®
Various anthocyanins modified by species-specific
glycosylation and acylation have been found as flower
pigments in a number of plants.'®> The structural
diversity of anthocyanins serves not only to stabilize
the flavonoid aglycones but also to produce their char-
acteristic coloring, which depends on the copigmenta-
tion phenomenon, the complexation with metals, and
the pH values under physiological conditions.®® Ter-
natins isolated from C. ternatea are anthocyanins, all
of which are delphinidin derivatives that are glucosy-
lated regioselectively at the 3-, 3'-, and 5'-hydroxyls of
the delphinidin aglycone.?”373® This study indicates
that the 5- or 7-hydroxyl group of delphinidin cannot
approach to the catalytic His17 at the acceptor-
binding site and that delphinidin 5-O-glucoside or 7-
O-glucoside would not be accommodated as an
acceptor substrate because of the large substituent.
Consequently, the enzyme may contribute to the
determination of the positions to which glucosyl resi-
dues are transferred, and the unique glycosides are
predominantly produced through the ternatin biosyn-
thetic pathway of C. ternatea.

Materials and Methods

Protein expression and purification

The gene encoding UGT78K6 (GenBank accession
no. AB185904) was PCR-amplified using the sense
primer 5-GACGACGACAAGATGAAAAACAAGCAG
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CATGTTGC-3' and the antisense primer 5'-
GAGGAGAAGCCCGGTTTAGCTAGAGGAAATCACT
TC-3’, and the obtained product was ligated into a
pET-30 EK/LIC vector (Novagen).!® From the result-
ant plasmid, the cDNA fragment with an enteroki-
nase cleavage site was isolated by digestion with
BglIl and Xhol and subcloned into the BamHI/Sall
digested pQE31 vector (Qiagen). The recombinant
protein was over-expressed in Escherichia coli XL1-
Blue cells (Stratagene) by inducing with 1 mM
isopropyl-B-D-galactoside for 20 h at 298 K. The cells
were harvested by centrifugation and resuspended in
a buffer containing 50 mM Tris-HCI (pH 8.0), 500 mM
NaCl, 20 mM imidazole, 1 mM dithiothreitol, and
0.5 mM phenylmethylsulfonyl fluoride. After disrupt-
ing the cells by sonication, the cell debris was
removed by centrifugation, and the supernatant was
applied to a Ni-Sepharose column (GE Healthcare).
The eluted fraction containing UGT78K6 was dia-
lyzed against 20 mM Tris-HCl (pH 7.4), 200 mM
NaCl, and 2 mM CaCly,. The N-terminal His-tag was
removed by digestion using recombinant enterokinase
(Novagen). Then, cation exchange chromatography
was performed on an SP-5PW column (Tohso, Japan)
to purify the enzyme to homogeneity.

Glucosylation activity

To examine the acceptor-substrate specificity of
UGT78K6, six types of anthocyanidins (cyanidin,
delphinidin, malvidin, pelargonidin, peonidin, and
petunidin chloride) were purchased from Funakoshi
(Tokyo, Japan). Four types of flavonols (isorhamne-
tin, kaempferol, myricetin, and quercetin) and UDP-
Glc were purchased from Wako Pure Chemicals
(Kyoto, Japan).

The enzymatic reactions were carried out by
adding 2 pg of the purified protein to a 20 pL reac-
tion mixture containing 0.1M potassium phosphate
(pH 7.4), 0.4 mM of each acceptor substrate and
1 mM UDP-Glc as a sugar-donor substrate. To deter-
mine the specific activity expressed in nkat (the
amount of enzyme catalyzing the glucosylation of 1
nmol of substrate per second), the reaction mixtures
were incubated for 30, 60, and 90 s at 303 K. The
reactions were then terminated by adding 4 uL of
1M HCI solution for anthocyanidins or 1M HCI in
50% methanol for flavonols. After addition of an
equal volume (24 pL) of 0.05M trifluoroacetic acid in
5% acetonitrile for anthocyanidins or 0.05M tri-
fluoroacetic acid in 80% acetonitrile for flavonols, 5
uL aliquots of each reaction mixture were analyzed
by reverse-phase HPLC equipped with a Develosil
C30-UG5 column (Nomura Chemical, Japan).

Crystallization and structure determination

The recombinant wild-type UGT78K6 was crystal-
lized by the hanging-drop vapor-diffusion method as
reported previously.'® After mixing equal volumes of
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the protein solution (20 mg mL ™ !) and the reservoir
solution containing 0.1M sodium citrate tribasic
dihydrate (pH 5.6), 0.2M ammonium acetate, and
26% (w/v) polyethylene glycol 4,000, the mixture
was equilibrated against the reservoir solution at
293 K. After growing the ligand-free crystals up to
0.05 X 0.05 X 0.5 mm in size, the acceptor sub-
strates (delphinidin, petunidin, and kaempferol) in
dimethyl sulfoxide or UDP-Glc in the reservoir solu-
tion were added to each drop up to concentrations of
0.5 or 20 mM. The crystals were then soaked in a
cryoprotectant solution containing 25% (v/v) glycerol
in addition to the reservoir. X-ray diffraction data
were collected under a stream of gaseous nitrogen at
100 K at beamline BL6A at the Photon Factory (Tsu-
kuba, Japan) or at beamline BLL38B1 at the SPring-
8 facility (Harima, Japan). All data sets were proc-
essed and scaled using the HKL2000 software pack-
age.?® The crystal of the unliganded form of
UGT78K6 belongs to the space group P2; with cell
dimensions of a =50.2 A, b=55.2 A, ¢ =86.2 A, and
B =105.1°. The substrate-bound crystals were suffi-
ciently isomorphous with the unliganded form,;
therefore, its coordinates (PDB ID: 3WC4) were used
as a starting model for each refinement with the
PHENIX software.’® After several rounds of itera-
tive manual rebuilding of the protein coordinates,
each ligand was constructed into 2F,—F. and F,—F,
electron density maps. Model building and water
picking were conducted using Coot*' and verified
manually. PROCHECK*? was employed to evaluate
the final molecular models. The statistics for data
collection and structure refinement are summarized
in Table II. All graphic images of molecular struc-
ture were generated using the PyMOL molecular
visualization system.*3

Accession numbers

The atomic coordinates of each substrate-bound
forms of UGT78K6 have been deposited in the RCSB
Protein Data Bank (PDB), codes 4WHM (UDP
bound), 4REM (delphinidin bound), 4REN (petunidin
bound), and 4REL (kaempferol bound).
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