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Background: The B4GalT7 enzyme participates in the synthesis of the linker tetrasaccharide of proteoglycans.
Results: This study for the first time reveals the molecular interactions between a glycosyltransferase and its donor and acceptor

substrates bound together in the same crystal structure.

Conclusion: The enzyme follows an Sy2 type catalytic mechanism.
Significance: This study offers insight into substrate specificity and enzyme catalytic mechanism.

The p-1,4-galactosyltransferase 7 (B4GalT7) enzyme is
involved in proteoglycan synthesis. In the presence of a manga-
nese ion, it transfers galactose from UDP-galactose to xylose on
a proteoglycan acceptor substrate. We present here the crystal
structures of human B4GalT7 in open and closed conforma-
tions. A comparison of these crystal structures shows that, upon
manganese and UDP or UDP-Gal binding, the enzyme under-
goes conformational changes involving a small and a long loop.
We also present the crystal structures of Drosophila wild-type
B4GalT7 and D211N f34GalT7 mutant enzymes in the closed
conformation in the presence of the acceptor substrate xylo-
biose and the donor substrate UDP-Gal, respectively. To under-
stand the catalytic mechanism, we have crystallized the ternary
complex of D211N B4GalT7 mutant enzyme in the presence of
manganese with the donor and the acceptor substrates together
in the same crystal structure. The galactose moiety of the bound
UDP-Gal molecule forms seven hydrogen bonds with the pro-
tein molecule. The nonreducing end of the xylose moiety of
xylobiose binds to the hydrophobic acceptor sugar binding
pocket created by the conformational changes, whereas its
extended xylose moiety forms hydrophobic interactions with a
Tyr residue. In the ternary complex crystal structure, the
nucleophile O4 oxygen atom of the xylose molecule is found in
close proximity to the C1 and O5 atoms of the galactose moiety.
This is the first time that a Michaelis complex of a glycosyltrans-
ferase has been described, and it clearly suggests an Sy2 type
catalytic mechanism for the $4GalT7 enzyme.
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Glycosaminoglycans (GAGs)? are linker chains of monosac-
charides, including chondroitin/dermatan sulfate, heparin, and
heparan sulfate, that are assembled onto serine residues of pro-
teins known as proteoglycans (PGs) (1). PGs are the major com-
ponents of the extracellular matrix, and they are involved in
various physiological processes, including cellular proliferation
and differentiation, inflammatory responses, and wound heal-
ing (2—4). Despite their complexity, all GAGs have the same
core tetrasaccharide in their stem, GlcAB1,3GalB1,3GalB1,
4XylB1-O-Ser (1).

Because aberrant PG biosynthesis has been associated with
cancer progression and metastasis, using compounds that tar-
get enzymes involved in the core tetrasaccharide assembly may
be a beneficial method for halting cancer growth (2, 5, 6). For
example, hydrophobic xylose analogues, xylopyranosides, were
shown to prime GAG synthesis and act as decoy acceptors for
human f-1,4-galactosyltransferase 7 (84GalT7), with an anti-
proliferative effect (6). In the presence of a manganese ion,
B4GalT7 catalyzes the second step of the core tetrasaccharide
assembly using UDP-galactose as a donor substrate (7).
B4GalT7 resides in the Golgi apparatus and is predicted to be a
type II transmembrane glycoprotein comprising a short N-ter-
minal cytoplasmic tail, a transmembrane segment, and a stem
region followed by a soluble catalytic domain (1, 7). Several
point mutations in the catalytic domain are associated with
Ehlers-Danlos syndrome (EDS), which is characterized by fre-
quent joint dislocation, early onset arthritis, and abnormal
wound healing (8, 9). The EDS B4GalT7 catalytic domain
mutants are either folding-defective or only partially active, and
currently there is no effective therapy for treating EDS (8, 9).

An earlier study on the crystal structure of 84GalT7 from Dro-
sophila melanogaster showed that the enzyme undergoes confor-
mational changes upon binding with manganese and UDP, yet the
exact nature of the conformational changes is not known (10). The
overall amino acid sequence similarity between Drosophila and
human B4GalT7 is 58%, with a high sequence similarity of 67% in
the catalytic domain (supplemental Fig. S1). Here, we present

2The abbreviations used are: GAG, glycosaminoglycan; PG, proteoglycan;
B4GalT7, B-1,4-galactosyltransferase 7; EDS, Ehlers-Danlos syndrome;
MPD, 2-methy-2,4-pentanediol; r.m.s.d., root mean square deviation; UDP-
Gal, a-pD-UDP-galactose; Xyl, xylobiose.
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the crystal structures of human B4GalT7 in two different con-
formations. Structural comparisons of both conformations
reveal residues involved in a conformational change upon bind-
ing with UDP and manganese. Furthermore, we present the
crystal structures of the Drosophila 34GalT7 in the closed con-
formation with the donor and acceptor substrates and also with
both substrates bound together to the enzyme. These crystal
structures show residues that are undergoing conformational
changes and those that are important in determining the spec-
ificities of the donor and acceptor sugar molecules. These
structures also offer a possible molecular mechanism for EDS.

EXPERIMENTAL PROCEDURES

Expression and Purification of Human 4GalT7—A plasmid
used in one of our previous studies, pLgalsl-Tev-hum-g34-
Gal-T7 (11), was modified by deleting the hexa-His (His,) tag
from the plasmid and inserting it at the upstream tobacco etch
virus (TEV) protease cleavage site. Also, the sequence encoding
the N-terminal stem region of human 34GalT7, corresponding
to residues 53—80, was deleted using the QuikChange XL II
site-directed mutagenesis kit (Agilent Technologies). The
resulting construct was used to express and purify the N-termi-
nally truncated human B4GalT7 (B4GalT7A81), as described
previously (supplemental Fig. S2) (11).

Crystallization and Structure Determination—The purified
B4GalT7A81 (15 mg/ml) was readily crystallized using the
hanging drop vapor diffusion method with 100 mm imidazole
(pH 6.5) and 750 mM sodium acetate as a reservoir solution in
the presence of 5 mm MnCl, at 18 °C. The addition of MnCl,
was necessary for growing a larger, 0.1-0.2 mm crystal. The
tetragonal crystals appeared during week 4 and grew to full size
the following week. The tetragonal crystal was soaked in the
same pH 6.5 reservoir solution containing 15% 2-methy-2,4-
pentanediol (MPD) at 18 °C for 20 h followed by a brief soak in
100 mm Tris (pH 8.0), 750 mm sodium acetate, 15% MPD, 5 mm
MnCl,, and 5 mMm UDP-Gal at room temperature. This two-step
soaking procedure, combined with the pH change, was neces-
sary for lowering the crystal mosaicity and for improving the
overall data quality. The diffraction data from a single tetrago-
nal crystal were collected in-house with a Mar345 area detector
and processed using HKL2000 (12). The tetragonal crystal dif-
fracted to a maximum of 2.05 A resolution, and because of the
high similarity (73%) of amino acid sequences between human
and Drosophila B4GalT7 (supplemental Fig. S1), the structure
was solved by molecular replacement using, the Drosophila
B4GalT7 crystal structure (Protein Data Bank (PDB) ID 3LW6)
as a search model (10) without the manganese ion, the UDP
molecule, and a region encompassing residues 252—272, which
includes the long loop and a short a-helical segment. Due to the
presence of a disulfide bond in the loop region of Drosophila
B4GalT7 (10), the loop deletion from the model structure was
necessary for finding the solution by molecular replacement
using PHENIX (13). In the tetragonal crystal, there are two
B4GalT7 molecules in the asymmetric unit related by a non-
crystallographic, two-fold symmetry. Missing residues in the
N-terminal region, spanning residues Pro®' to Ser®’, and
restriction sites containing Gly-Ser-Asp-Ile were built based on
the difference electron density map using the Coot program
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(14). The electron density corresponding to a long loop region,
encompassing residues Asp>®° to GIn*”® in one 4GalT7 mol-
ecule and residues His**® to Asp®®? in the other molecule, was
absent; therefore, those residues were not built. One manga-
nese ion and one UDP molecule are located in the catalytic
pocket of each protein molecule. Although we used UDP-Gal in
the crystal-soaking solution, only a UDP moiety could be
located in the electron density maps. The refinement was car-
ried out using PHENIX with two manganese ions, two UDP
molecules, solvent, and water. The data collection and refine-
ment statistics are given in Table 1. The low backbone
root mean square deviation (r.m.s.d.) of only 0.27 A between the
two molecules indicates that the overall structure of the two
molecules is essentially identical. The most complete model
includes the N-terminal restriction site, residues Pro®' to
His**?, and Phe?”® to Ser®?”. This model was used to assign the
secondary structures by DSSP (15), and the figures were made
using PyMOL, a molecular graphics program (16).

The monoclinic crystals were obtained within 3 days using
100 mm Tris (pH 8.5) and 8% PEG8000 as a reservoir solution by
mixing it with 20 mg/ml 84GalT7A81 in 10 mm MES (pH 6.5),
150 mMm NaCl, 5 mm MnCl,, and 5 mm UDP-galactose at 18 °C.
Before data collection, the crystal was briefly soaked in the same
reservoir solution, but with 5% PEG8000 and 15% MPD, at
room temperature. The crystal diffracted to a maximum reso-
lution of 2.3 A, and the same Drosophila B4GalT7 search model
as that obtained from the tetragonal crystal structure was used
for molecular replacement by PHENIX (13). The monoclinic
crystal had four 84GalT7 molecules in the asymmetric unit,
forming two copies of a dimer. The electron density for the
missing residues in the loop region spanning residues 258 —284,
as well as the eight N-terminal residues Pro®' to Ala®, in the
molecular replacement model could be clearly seen in the elec-
tron density maps, and therefore the residues were built based
on the difference electron density map using the Coot program
(14). A Tris buffer molecule, found in all four molecules of the
asymmetric unit, was included in the refinement. The refine-
ment was performed as described above. The backbone r.m.s.d.
among the four molecules ranged from 0.3 to 0.5 A, with the
most complete model showing clear electron density from the
N-terminal residue Pro®' to the C-terminal residue Phe*°.
Thus, this model was used for the structural comparisons dis-
cussed here. The electrostatic potential of the human B4GalT7
structure was obtained using APBS (17) with 0.15 M ion con-
centrations for +1, +2, —1, and —2 ion species, and the poten-
tial was contoured at = 5 kT/e. The bound UDP, manganese,
and Tris were excluded from the potential calculation.

Crystal Structure Determination of Drosophila 4GalT7 with
UDP-Gal and Xylobiose—The expression and purification of
the catalytic domain of the Drosophila 34GalT7 has been pre-
viously described (10). Hanging drop vapor diffusion methods
were used to grow crystals with xylobiose from a protein solu-
tion containing 10 mg/ml protein, 10 mm MnCl,, 10 mm UDP,
and 10 mMm xylobiose, with a precipitating solution containing
100 mm HEPES buffer (pH 8.0), 100 mu serinol, 1.0 M NaCl, 5%
PEG6000, and 10% MPD. To grow the crystals with UDP-Gal,
the D318N B4GalT7 mutant protein was used in the crystalli-
zation. The hanging drop vapor diffusion method was use to
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TABLE 1
Single crystal x-ray data collection and refinement statistics

The values in the parentheses correspond to their high-resolution shell. The high R-value was noted because 10% of the total residues were missing. This is also due to weak
reflection arising from the presence of a strong translational pseudosymmetry. The statistics from the Ramachandran map were calculated using the PROCHECK program,
which is a part of the CCP4i package.

Human 4GalT7 Drosophila D211N-B4GalT7

Drosophila B4GalT7 Xylobiose and
Open conformation Closed conformation (xylobiose complex) UDP-Gal complex UDP-Gal complex

Crystal data_

Unit cell (A) a=b=1252,c=873 a=671,b=1215c¢=971, a=b=818c=1331 a=b=821,c=1334 a=0>b=28268,c=1315

B =951

Space group P4,2,2 P2, P4,2,2 P4,2,2 P4,2,2
Data collection

Resolution (A) 21 2.3 24 2.0 2.2

Unique reflections 44,450 66,815 15,814 27,652 24,123

Data redundancy 13.1(11.5) 4.4 (3.7) 7.6 (7.0) 11.2 (6.2) 9.6 (7.4)

Completeness (%) 99 (94) 97 (83) 95 (77) 97 (85) 99.9 (99.7)

1/a(]) 36.5 (4.6) 13.8 (2.3) 21.2 (2.0) 36.5 (3.2) 24.7 (2.2)

Ry 0.063 (0.49) 0.091 (0.52) 0.074 (0.65) 0.057 (0.35) 0.077 (0.66)
Refinement

Ry 0.216 (0.24) 0.193 (0.28) 0.183 (0.28) 0.181 (0.22) 0.188 (0.28)

e 0.27 (0.31) 0.24 (0.36) 0.22 (0.33) 0.20 (0.27) 0.21 (0.32)
r.m.s.d.
Bond length (A 0.022 0.004 0.014 0.006 0.007
Bond angle (°) 1.930 0.950 1.561 1.097 1.137

Ramachandran map

Core region 89.1 87.0 86.9 84.8 83.6

Allowed region 10.4 11.9 12.1 14.7 15.4

Generously allowed 0.5 0.8 0.9 0.5 0.9
PDB entry 4IRP 4IRQ 4LW6 4L W3 4M4K

(A) _‘/wzz4

FIGURE 1. The crystal structures of human 4GalT7 in the open (A) and the closed (B) conformation. A manganese ion and a UDP molecule are shown as
a purple sphere and a green-and-orange stick figure, respectively. In the open conformation (A), the electron density was visible up to His**°, and the clear
electron density appeared again at Gly?®° (blue sphere). The His**”-X-His**° motif, Trp?4, and the N and C termini are indicated. A disulfide bond is shown in a
ball-and-stick format, with the yellow spheres indicating sulfur atoms. In B, the long loop region, residues 260-285, invisible in the open conformation, is

highlighted in red.

grow crystals from a protein solution containing 10 mg/ml pro-
tein, 10 mm MnCl,, and 10 mm UDP-Gal, with the precipitating
solution containing 100 mm HEPES buffer (pH 8.0), 1.0 m NaCl,
5% PEG6000, and 10% MPD. The crystals of Drosophila D211N
B4GalT7 protein complex with both the donor and the accep-
tor substrates were grown using the same condition used to
grow the UDP-Gal complex except that 10 mm xylobiose
was also added in the crystallization mixture. The single-crystal
x-ray data collection statistics are given in Table 1. The crys-
tals were isomorphous to the previously solved Drosophila
B4GalT7 crystal structure (10). Therefore, a molecular replace-
ment method without substrates was used as a starting model in
the rigid body refinement using REFMACS5 (18). After the ini-
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tial refinements, the bound substrate molecules were located
from difference Fourier maps and included in the refinement
using PHENIX (13). The final refinement statistics are given
in Table 1.

RESULTS

Structural Comparison of Human B4GalT7 in Its Open
and Closed Conformations—The overall structure of human
B4GalT7 belongs to a typical GT-A-type glycosyltransferase
family (Fig. 1, A and B) (19). In the open conformation crystal
structure (Fig. 1A), no electron density was observed for a
region encompassing residues 260-278, and only weak back-
bone electron density could be traced for residues 278 —284. In
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FIGURE 2. Substrate binding to the Drosophila B4GalT7 molecule. The protein molecule is represented by the green graphic, with the interacting residues
shown as colored sticks. The substrate molecules UDP-Gal and xylobiose are shown as yellow sticks. The manganese and water molecules are shown as magenta
and red spheres. The hydrogen bonds are shown in black dotted lines, and the manganese coordination bond is shown in solid black lines. A, binding of a
xylobiose molecule to the Drosophila B4GalT7 molecule in the closed conformation. The acceptor substrate forms four hydrogen bonds with the protein
molecule. The C5 and O5 atoms of the acceptor xylose molecule form strong hydrophobic interactions with the aromatic side chain of the Tyr'”” residue. Thus,
the presence of this residue determines the enzyme acceptor specificity for xylose instead of glucose. The extended xylose moiety forms stacking interactions
with the aromatic side chain of the Tyr'”® residue. When the PG acceptor substrate binds to the enzyme, with its O-linked B-xylose moiety bound in the acceptor
substrate binding site, this extended binding site is likely to facilitate the binding of the protein moiety of the PG acceptor molecule. B, UDP-gal binding to the
D211N B4GalT7 mutant protein. The binding of the UDP moiety in the present crystal structure and in the human B4GalT7 closed conformation crystal
structure (Fig. 1B) is quite similar (supplemental Fig. S3). The Gal moiety of the bound UDP-Gal forms seven hydrogen bonds with the protein molecule. These
hydrogen-bonding interactions are similar to those that occur when UDP-Gal binds to the B4GalT1 molecule. C, the binding of the xylobiose together with
UDP-Gal to Drosophila D211N 4GalT7 molecule. The molecular interactions of the substrates with the protein molecule are similar to their individual binding
to the enzyme (panels A and B). In the present structure, the O4 oxygen atom of the xylobiose molecule forms a hydrogen bond with the Ne2 amino group of

the Asn®'" residue, which is in contrast to the panel A where the same 04 oxygen atom forms a hydrogen bond with the Oe2 atom of the Asp

21" residue. The

binding of the xylobiose does not seem to affect the binding of the UDP-Gal molecule or vice versa.

contrast, the same region in the closed conformation had clear
electron density corresponding to a long loop, residues 260 —
285 (Fig. 1B). The appearance of the long loop coincides with
the change in the orientation of the Trp®** side chain, from
pointing away to pointing toward the binding pocket, forming a
hydrogen bond with the B-phosphate oxygen atom of the
bound UDP (Fig. 1B). The assignment of these two conforma-
tional states is also in accord with the following observations.
When the open conformation crystals were grown in the
absence of manganese and UDP-Gal and then soaked in a cryo-
protecting solution containing manganese and UDP-Gal, clear
electron density for manganese and UDP was observed in the
structure. This observation suggests that the catalytic pocket is
accessible to the solvent; therefore, the structure is named the
open conformation. On the other hand, the closed conforma-
tion crystal was co-crystallized with MnCl, and UDP or UDP-
Gal. In the crystal structure, the bound manganese and UDP
molecule are buried under the long loop of the protein mole-
cule; thus, the structure is designated the closed conformation.
In addition to solvent accessibility to the binding pocket, the
side chain orientations of catalytic pocket residues Glu**” and
Asp?*® are different in the open and closed conformations (sup-

228 -

plemental Fig. S3). Asp“® is considered to be the catalytic base
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that binds to the O4 oxygen atom of the acceptor sugar mole-
cule, xylose. Interestingly, in the closed conformation, a Tris
molecule is wedged between the UDP and the side chains of
Glu**” and Asp??%, Due to conformational differences, there is a
small difference in the manganese ion coordination observed
between these two crystal structures (supplemental Fig. S4, A
and B).

Binding of Xylobiose to Drosophila B4GalT7—The crystal
structure of Drosophila 4GalT7 with a xylobiose, (XylB1-
4XylB) molecule, was found in the closed conformation with a
manganese ion, UDP molecule, and solvent serinol molecule
bound to it. The serinol molecule was wedged between the
bound UDP and the xylobiose molecule. The nonreducing end
of the xylose moiety of xylobiose was bound to the hydrophobic
binding site of the acceptor sugar, created by the Tyr'””, Tyr'”?,
Trp®®’, and Leu®® residues. In the binding site, it forms four
hydrogen bonds with the protein molecule. In particular, the O4
hydroxyl group of the bound xylose moiety forms a strong hydro-
gen bond with the side chain carboxylate oxygen atom of the cat-
alytic base residue Asp®"! (Fig. 2B). Only partial electron density
for the extended xylose moiety of the bound xylobiose molecule
was observed in the crystal structure (supplemental Fig. S5). The
extended xylose moiety of the xylobiose forms hydrophobic
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interactions with Tyr'”® (Fig. 24). A comparison between the
xylobiose-bound Drosophila B4GalT7 structure and the open
conformation of human B4GalT7 shows a different side chain
conformation for the xylose binding Asp®*® residue of the
human molecule (or Asp*'" of Drosophila B4GalT7), suggest-
ing that this difference arises from the presence of the xylose
moiety, which forms hydrogen bonds with the side chain
carboxyl oxygen atoms of Asp>*' residue. Furthermore, a
superposition between the xylobiose-bound Drosophila
B4GalT7 crystal structure and the closed conformation of
human B4GalT7 shows that interactions in the xylobiose bind-
ing sites of these two structures are similar. Xylobiose in the
Drosophila structure fits into the acceptor binding pocket of
human B4GalT7 (supplemental Fig. S5).

Binding of UDP-Gal to Drosophila B4GalT7—The B4GalT7
enzyme exhibits high UDP-Gal hydrolysis activity in the
absence of the acceptor substrate. Therefore, to crystallize the
B4GalT7 molecule with a UDP-Gal molecule while preventing
its hydrolysis, the catalytic base Asp®*® of human B4GalT7 or
the Asp®'' of Drosophila 84GalT7 was mutated to an Asn
residue. As expected, the resulting single-mutant enzyme
exhibited negligible catalytic activity. The Drosophila D211N
B4GalT7 protein readily crystallized in the presence of manga-
nese and UDP-Gal. In the crystal structure, the Drosophila
B4GalT7 molecule was found in the closed conformation with a
manganese ion and a UDP-Gal molecule bound to the protein
molecule (supplemental Fig. S6). The overall protein structure,
including the six coordination bonds of the manganese ion and
the binding of the UDP moiety of the UDP-Gal, is very similar
to the human B4GalT7 crystal structure in the closed confor-
mation (Figs. 1B and 2B). The galactose moiety of the bound
UDP-Gal molecule forms seven hydrogen bonds with the cata-
lytic pocket residues Asp**®, Glu*'°, and Asn*'" (Fig. 2B). A
comparison of the UDP-Gal-bound Drosophila B4GalT7 crys-
tal structure with the human 4GalT7 open conformation crys-
tal structure shows that the galactose binding Glu**” of human
B4GalT7 (Glu*'° in Drosophila B4GalT7) has a different side
chain orientation, suggesting that, in the presence of the Gal
moiety, it reorganizes its side chain conformation.

Binding of UDP-Gal and Xylobiose Together to Drosophila
B4GalT7—The ternary complex crystals of the Drosophila
B4GalT7 were grown using the D21IN B4GalT7 mutant
enzyme where the catalytic base Asp®'' was mutated to Asn
residue. The crystals were grown at 4°C, and the mutant
enzyme exhibited no measurable catalytic activity. We tested
many crystals and found that all crystals had bound UDP-Gal
and xylobiose substrates (supplemental Fig. S7). The best x-ray
diffraction data were collected from a single crystal up to 2.2 A
resolution. The binding of both the substrates together to the
protein molecule is quite similar to their individually bound
crystal structures (Fig. 2C). Thus, it seems that the presence of
the acceptor xylose does not seem to influence the binding of
the galactose moiety of UDP-Gal or vice versa. The side chain
Ne2 amino group of Asn®'' residue forms a hydrogen bond
with the O4 oxygen atom of the nonreducing end xylose mole-
cule. This interaction is quite similar to the xylobiose bound
wild-type B4GalT7 crystal structure, where the side chain Oe2
atom of Asp®'' forms a hydrogen bond with the O4 oxygen
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atom of the nonreducing end xylose molecule (Fig. 2, B and C).
The O4 atom of the xylose molecule is found 3.4 and 3.2 A away
from the C1 and O5 atoms of the galactose moiety of the UDP-
Gal molecule, respectively (Fig. 2C). Superposition of the crys-
tal structure of the substrate-bound Drosophila 34GalT7 mol-
ecule with the human B4GalT7 molecule in the closed
conformation shows a 0.8 A r.m.s.d. for the Ca atoms, suggest-
ing that the structures are similar (supplemental Fig. S8). Also,
because all the substrate-interacting residues in the Drosophila
B4GalT7 molecule are conserved in the human 4GalT7 mol-
ecule, the binding of both the substrate molecules to the human
B4GalT7 molecule is expected to be similar to their binding to
the Drosophila B4GalT7 molecule.

DISCUSSION

B4GalT7 Undergoes Conformational Changes upon Sub-
strate Binding—The present human 4GalT7 crystal structures
show that the B4GalT7 enzyme undergoes conformational
changes upon binding with manganese and UDP or UDP-Gal.
This conformational change involves small and long loops
containing residues Gly***-Trp*>* and His**® to Gly***, respec-
tively. An earlier isothermal calorimetric study suggested that
the binding of manganese and UDP or UDP-Gal molecules
induces conformational changes in the f4GalT7 molecule (20).
The present study clearly shows the nature of this conforma-
tional change at the atomic level. The conformational change
also involves reorganization of the Glu**” and Asp**® residues
in the catalytic pocket, and it is due to the binding of the galac-
tose and xylose sugar binding (supplemental Fig. $3). Similar
conformational changes were observed in other, related, glyco-
syltransferases, such as B4GalT1 and polypeptidyl-N-acetyl-
galactosaminy-transferase-2 (ppaGalNAc-T2), in which bind-
ing of the donor substrate results in the formation of an acceptor
substrate binding site following an ordered, sequential kinetic
mechanism (21). Thus, f4GalT7 is also expected to follow the
same kinetic mechanism, which involves donor substrate binding
followed by the creation of the xylose binding pocket.

The present human B4GalT7 crystal structures also show
that the manganese binding site is located at the N-terminal
hinge region of the long loop and that the conformational
changes also influence the manganese ion coordination,
involving the Asp'®3>-X-Asp'®® and the His**”-X-His*** motifs
(supplemental Fig. S4). Upon the conformational changes,
those residues are positioned properly to prepare the enzyme
for catalysis. A previous mutagenesis study reported that the
D165E mutant had a 4-fold increase in the K, for UDP-galac-
tose and a 6-fold increase in the K, for 4-methylumbelliferone-
B-p-xylopyranoside as compared with the wild type (22).
Although the weaker binding of UDP-galactose observed in
the D165E mutant is attributed to an improper coordination
of the bound manganese ion, the increase in the K, for the
xylose analogue suggests an allosteric communication
between the donor and the acceptor binding sites, possibly
mediated by the long loop dynamics.

Donor UDP-Gal Substrate Binding—Unlike p4GalTl,
B4GalT7 forms an additional hydrogen bond between the side
chain hydroxyl group of Tyr'”” and the B-phosphate oxygen
atom of the bound UDP-Gal molecule (23). A similar hydrogen
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bond interaction, involving a tyrosine residue and the B-phos-
phate oxygen atom of UDP-Gal, is observed in the crystal struc-
ture of a-1,3-galactosyltransferase. As in the f4GalT7 crystal
structure, the galactose moiety of UDP-Gal was not observed in
the a-1,3-galactosyltransferase crystal structure unless the cat-
alytic base of the enzyme, Glu®"7, was mutated to glutamine
(24). In contrast to both «-1,3-galactosyltransferase and
B4GalT7, the B4GalT1 enzyme is unable to hydrolyze the UDP-
Gal molecule in the absence of the acceptor sugar substrate.

The superposition of the UDP-Gal-bound Drosophila D221N
B4GalT7 crystal structure with the closed conformation of
human B4GalT7 showed that the UDP moieties of these struc-
tures overlap, suggesting similar molecular interactions with
the bound Gal moiety of the UDP-Gal molecule (supplemental
Fig. $6). Thus, in the human enzyme, Glu**” residue is expected
to engage in hydrogen bond interactions with the galactose
moiety of the UDP-Gal, and the side chain reorientations of this
residue, in the open to the closed conformational change, are
due to the presence of the Gal moiety of the UDP-Gal molecule
(supplemental Figs. S3 and S6).

Acceptor Substrate Xylobiose Binding—The binding of xylo-
biose to the Drosophila B4GalT7 molecule is comparable with
the binding of chitobiose to the B4GalT1 enzyme (25). The
nonreducing end of the xylose moiety of xylobiose is the accep-
tor substrate for 4GalT7, and it is bound to the acceptor bind-
ing site, similar to glucose bound to B4GalT1. The O3 and O4
atoms of the acceptor molecule form hydrogen bonds with the
side chain of the catalytic base Asp>'". Thus, the Asp>'" (Asp>*®
in human) side chain conformational change in the closed con-
formation is due to the formation of hydrogen bond with the
acceptor xylose molecule. Tyr'”” determines the acceptor spec-
ificity of B4GalT?7 as its side chain forms hydrophobic interac-
tions with the C5 and O5 atoms of the acceptor substrate. This
is corroborated by a mutagenesis study in which mutating
Tyr'”” to Ala or Gly alters its acceptor specificity from xylose to
glucose, although the specific activity of the mutant enzyme is
very poor (data not shown). The hydrophobic environment in
the acceptor binding site is formed by two Tyr residues at 177
and 179 (Fig. 2), suggesting that aromatic stacking interaction is
a preferred mode for acceptor binding. This is in line with the
observation that K, values for the p-nitrophenol-, 4-methyl-
umbelliferone-, and estradiol- 3-p-xylosides range from 0.5 to 1
mMm as compared with a 16 mm K, value for the xylose mono-
saccharide (11, 20).

Exploiting the hydrophobic environment in the acceptor
binding pocket has been shown to be a promising cancer ther-
apy strategy (6, 26). For instance, a variety of hydrophobic xylo-
sides show antiproliferative activities in human A549 lung car-
cinoma cells and inhibit proteoglycan synthesis in bovine
microvascular endothelial cells (26). GAG synthesis can be
primed on these hydrophobic xylosides, and more aromatic
rings in xylosides correlate with better GAG priming efficiency
(27, 28), low IC,, in A549 cells, and low K, values in in vitro
kinetic assays (26). Because similarities exist between the
human and Drosophila f4GalT7 xylose binding pocket struc-
tures (supplemental Fig. S5), the crystal structures presented in
this study provide an opportunity for the development of a
structure-based xyloside design approach for cancer therapy.
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FIGURE 3. The electrostatic potentials of the open (A) and the closed (B)
conformations of human B4GalT7 are shown, with the positively and
negatively charged surfaces colored blue and red, respectively. The sticks
represent UDP and a modeled xylose molecule in A and B, respectively.

B4GalT7 binds to XylB1-O-Ser on a wide range of protein
substrates with various protein surface features, including sol-
uble extracellular matrix, and membrane-spanning glycophos-
phatidylinositol-anchored proteoglycans (4). Although the
xylose binding pocket is hydrophobic, consisting of Tyr'®%,
Tyr'?, Tyr'®?, and Trp*** in the human B4GalT7 enzyme, the
region around the xylose binding pocket is highly positively
charged (Fig. 3). This charged surface is expected to facilitate
the interaction of the enzyme with the acidic residue clusters
flanking Ser-Gly repeats found in the xylose attachment sites of
various proteoglycan substrates (29). The lack of B-carbon in
glycine residues confers structural flexibility to the Ser-Gly
repeats in the proteoglycan substrates, thereby facilitating an
induced fit between the charged surface of 84GalT7 and the
acidic residue clusters of the proteoglycan substrates. Thus,
protein shape and charge complementarities are expected to
facilitate the interactions between 34GalT7 and proteoglycan
substrates.

Enzyme Catalytic Mechanism—The present ternary com-
plex between the Drosophila D211N B4GalT7 enzyme with its
substrates UDP-Gal and xylobiose and manganese represents a
Michaelis complex, and this is the first example of a glycosyl-
transferase structure in a Michaelis complex. This complex
could only be achieved by mutating the catalytic base of the
enzyme, Asp>'' to Asn”!' residue. Because the binding of the
xylobiose to the mutant enzyme is quite similar to its binding to
the wild-type enzyme, the mutation does not appear to have an
effect on the binding of xylobiose molecule. Earlier, the crystal
structure of a similar Michaelis complex of B-lactamase mutant
enzyme and substrate complex had been reported (30). How-
ever, previous crystal structures of glycosyltransferases have
been determined either in the presence of substrate analogues
or in the presence of a poor donor substrate with the acceptor
substrate (31-33). In all these structures, it was not possible to
elucidate the actual environment of the nucleophile oxygen
atom of the acceptor sugar and the C1 atom of the donor sugar
molecules. Although in the present crystal structure the cata-
lytic base Asp residue has been mutated to an Asn residue, the
interactions of the Ne€2 amino group of Asn>'! do not seem to
alter the binding of the nonreducing end xylose moiety. In 31,4-
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galactosyltransferase-1, based on the distance between the
nucleophile O4 oxygen atom of the acceptor and the O5 ring
oxygen atom of the donor substrate, it has been postulated that
the O5 ring oxygen may play a role during the catalysis (32, 34).
In the present crystal structure, the distance between the
nucleophile O4 oxygen atom of the xylose to the galactose ring
05 and C1 atoms is comparable (3.2 and 3.4 A, respectively);
therefore, it is possible that the B4GalT7 enzyme may also fol-
low a very similar S\ 2-type catalytic mechanism as the 81,4-
galactosyltransferase-1 (32, 34).

A Possible Molecular Mechanism for EDS—In the crystal
structures of human B4GalT7, the missing and weak electron
density from residues 260 —284, together with the presence of
the Trp*** side chain rotamers in the open conformation
(data not shown), suggest structural flexibility in this region.
Although the long flexible loop of B4GalT7 and B4GalT1
enzymes have the least protein sequence similarity, they all
have high content of basic amino acid residues (35). The fact
that the conformational changes of the long flexible loop take
place due to the binding of the UDP-Gal to the enzyme, and that
the basic amino acid residues on the long flexible loop exhibit
molecular interactions with the diphosphate group of the
bound UDP-Gal molecule, suggests that the basic amino acid
residues in the long flexible loop play an important role in its
conformational flexibility and dynamics in these enzymes. One
of the EDS mutations, R270C, is located in the middle of the
long loop region, and a previous isothermal calorimetric study
showed that although the R270C mutation did not affect UDP-
galactose binding or the k_,,, the K, for a hydrophobic xylose
analog, 4-nitrophenyl-B-p-xylose, was increased 6-fold as com-
pared with the wild-type enzyme (36). However, the present
crystal structures show that Arg?’° engages in neither the donor
nor the acceptor sugar binding. Because the acceptor binding
site is created by the conformational change on the enzyme, the
loss in the acceptor binding in the R270C mutation enzyme
might be due to the compromised structural flexibility in the
long loop region. In the B4GalT1 enzyme, the conformational
flexibility of the enzyme was shown by the limited proteolysis
experiments (35, 37). A similar experiment and other biophys-
ical studies are needed with B4GalT7 to prove this hypothesis.
Similar to the crystal structure of Drosophila 34GalT7 enzyme,
in the human B4GalT7 enzyme, the Ala'®*® and Leu?°° residues
are surrounded by hydrophobic residues (supplemental Fig.
S9). It has been suggested that the mutations of these residues
are expected to disrupt the hydrophobic cores that stabilize the
overall fold, thus affecting the catalytic activity of these
enzymes (10).

The present study shows that the $4GalT7 enzyme under-
goes conformational changes upon binding with the manga-
nese ion and the UDP-Gal molecule, as well as a reorganization
of the catalytic pocket residues Glu®*” and Asp>*®. In addition,
the study shows the donor and the acceptor substrates binding
to the enzyme. It also offers a possible structure-based explana-
tion for EDS. The extended hydrophobic environment created
by a cluster of tyrosine residues found at the acceptor binding
site could be exploited for the development of effective decoy
acceptors for cancer therapy.
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