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Background: The enzyme �4Gal-T1 synthesizes the LacNAc moiety of glycans.
Results: The extended oligosaccharide moiety of �1–6-branched GlcNAc acceptors binds to a different region on the enzyme.
Conclusion: �4Gal-T1 has two different oligosaccharide binding regions for extended oligosaccharide moieties of different
acceptor substrates.
Significance:Multiple carbohydrate acceptor binding regions are observed on a glycosyltransferase.

N-Acetyllactosamine is the most prevalent disaccharide moi-
ety in the glycans on the surface of mammalian cells and often
found as repeat units in the linear and branched polylac-
tosamines, known as i- and I-antigen, respectively. The �1–4-
galactosyltransferase-I (�4Gal-T1) enzyme is responsible for
the synthesis of theN-acetyllactosaminemoiety. To understand
its oligosaccharide acceptor specificity, we have previously
investigated the binding of tri- and pentasaccharides of N-gly-
can with a GlcNAc at their nonreducing end and found that the
extended sugar moiety in these acceptor substrates binds to
the crevice present at the acceptor substrate binding site of the
�4Gal-T1 molecule. Here we report seven crystal structures of
�4Gal-T1 in complex with an oligosaccharide acceptor with a
nonreducing end GlcNAc that has a �1–6-glycosidic link and
that are analogous to eitherN-glycan or i/I-antigen. In the crys-
tal structure of the complex of �4Gal-T1 with I-antigen ana-
log pentasaccharide, the �1–6-branched GlcNAc moiety is
bound to the sugar acceptor binding site of the �4Gal-T1
molecule in a way similar to the crystal structures described
previously; however, the extended linear tetrasaccharide
moiety does not interact with the previously found extended
sugar binding site on the �4Gal-T1 molecule. Instead, it
interacts with the different hydrophobic surface of the pro-
tein molecule formed by the residues Tyr-276, Trp-310, and
Phe-356. Results from the present and previous studies sug-
gest that �4Gal-T1 molecule has two different oligosaccha-

ride binding regions for the binding of the extended oligosac-
charide moiety of the acceptor substrate.

The cell surface glycans play an important role in several
cellular functions (1). The N-acetyllactosamine (LacNAc)2
moiety (Gal�1–4GlcNAc�) is the most prevalent glycan moi-
ety found on the mammalian cell surface. In N-glycans, it is
linked to an �-mannose (�-Man) in a �1–2-, �1–4-, or �1–6-
glycosidic linkage, whereas in theO-glycans in core 2 and core 4
structures, it is linked to an �-N-acetylgalactosamine (�-Gal-
NAc) in �1–3- and �1–6-glycosidic linkages. Interestingly, the
N-acetyllactosamine is also found repeated in linear and
branched polylactosamines, characterized as i and I antigens,
respectively (2, 3) (supplemental Fig. S-F1). In linear repeats
(i-antigen), LacNAc is linked to �-Gal in a �1–3-glycosidic
linkage forming a linear structure such as (Gal�1-
4GlcNAc�)n1-3Gal�1-4GlcNAc�)-R, and in branched repeats
(I-antigen), it is linked to a �-Gal residue in the linear poly-
LacNAc in a �1-6-glycosidic linkage, such as the
(Gal�1-4GlcNAc�)n1-3 (Gal�1-4GlcNAc�1-6))Gal�1-
4GlcNAc�-R structure (underline indicates nonreducing end
GlcNAc residue). These linear repeats of the LacNAc moiety
are found to have Lewis-type carbohydrate moieties at their
nonreducing end, and they are known to play an important role
in several cellular recognition processes by binding to Sialic
acid-recognizing immunoglobulin superfamily lectin (4). Inter-
estingly, the LacNAc moiety is linked to a �-sugar in i/I anti-
gens, whereas in others, such as in N-/O-glycans, it is linked to
�-sugars.

Glycosyltransferases are Golgi-resident, type II membrane
proteins, and they are responsible for the synthesis of most
glycans on the cell surface (5). Among these transferases,�1–4-
galactosyltransferase I (�4Gal-T1) is involved in the synthesis
of the LacNAc moiety. In the presence of manganese, it trans-
fers galactose (Gal) from UDP-Gal to a nonreducing end �-N-
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acetylglucosamine (GlcNAc�) acceptor sugar moiety of glyco-
conjugates, thus synthesizing the LacNAc (Gal�1–4GlcNAc�)
moiety (6, 7). Although this enzyme transfers Gal to a mono-
saccharide �-GlcNAc acceptor, a �-GlcNAc at the nonreduc-
ing end of an oligosaccharide is a preferred acceptor substrate,
as judged from their kinetic constants (Km) (8, 9). The structure
and function of this enzyme have been well characterized by
both the single crystal structure determination and the enzyme
kinetics studies (10, 11). It has been found from the crystal
structure studies that in addition to the acceptor monosaccha-
ride binding site, an extended sugar binding site was first pre-
dicted and in later studies found to entertain the binding of the
extended sugars of the acceptor sugar GlcNAc (12, 13). Fur-
thermore, the oligosaccharide preference of this extended
sugar binding site has also been elucidated by these studies.
However, these studies have been carried out mostly with the
oligosaccharide acceptor substrates that are part of the N-gly-
can structure, particularly GlcNAc residues linked to �-man-
nose in �1–2-, �1–3-, and �1–4-glycosidic linkages. The bind-
ing of the nonreducing end GlcNAc with a �1–6-glycosidic
linkage to a linear saccharide or to a branch from a poly-Lac-
NAc glycanwas not known and has been investigated here. The
�1–6-glycosidic linkage differs from �1–2-, �1–3-, and �1–4-
glycosidic linkages by having a CH2 group between the glyco-
sidic bond and the sugar ring. The CH2-group present in the
�1–6-glycosidic-linked disaccharide gives more conforma-
tional flexibility for the disaccharide when compared with the
others. A GlcNAc residue �1–6-linked to �-Man sugar moiety
of anN-glycan is abundantly found in cancer cells (14). Here we
present the crystal structure studies on the binding of oligosac-
charide acceptors with �1–6-linked GlcNAc at the nonreduc-
ing end that is analogous to i/I antigens and an N-glycan
structure to the human �4Gal-T1molecule (see Fig. 1 and sup-
plemental Fig. S-F2). We find that the extended sugar moiety
attached to the acceptor�1–6-branchedGlcNAc residue in the
I-antigen analog binds to a new region of the acceptor binding

site of human �4Gal-T1 enzyme that has not been previously
observed or predicted.

EXPERIMENTAL PROCEDURES

The acceptor carbohydrates were purchased from Sigma and
ProZyme. The �1–4-galactosidase enzyme was purchased
from Calbiochem. In a typical degalactosylating reaction, a 10
mM oligosaccharide solution from 1 mg was treated overnight
with 2 milliunits of �1–4-galactosidase from Streptococcus
pneumoniae (Calbiochem) at room temperature. TheAcceptor
1 substrate was made by selective degalactosylation of lacto-
neohexaose by treating it with �1–4-galactosidase, which
degalactosylated the LacNAc moiety at the �1–6 branch (sup-
plemental Fig. S-F3). Similarly, the Acceptor 2 and Acceptor 3
acceptor substrates were made by treating the lacto-N-neo-
hexaose and lacto-neotetraose with �1–4-galactosidase,
respectively (supplemental Fig. S-F3). These degalactosylated
oligosaccharides were used in our crystallization without fur-
ther purifications.
The expression and purification of the human C338T-

M340H-�4Gal-T1 protein are similar to that previously
described (13). The protein complex with the acceptor sub-
strates was grown at 4 °C in the presence of 5 mM Mn2� and 5
mM UDP-hexanolamine. The three-dimensional diffraction
data from the single crystals were collected in-house at a data
collection facility equipped with a Mar345 area detector and
processed using HKL2000. The data collection statistics are
given in Table 1. The crystals are isomorphous to the previous
crystals of the same protein complex with the different oligo-
saccharide acceptors; therefore, the crystal structures were
solved by molecular placement methods using only protein
atoms without any substrates. The substrates Mn2�, UDP-
hexanolamine, and the acceptor were located from the differ-
ence Fourier electron density maps. The structures were
refined using REFMAC5, and WinCoot was used for model
correction and solvent locations (15, 16). The final refinement

TABLE 1
X-ray data collection and refinement statistics for human C338T-M340H-�4Gal-T1 protein complex with UDP�Mn2� and the oligosaccharide
Values shown in parenthesis correspond to high resolution shell.

1 2 3 4 5 6 7

Data collection
Crystal data
a � (Å) 107.6 107.3 107.3 107.4 107.4 107.8 107.3
b � (Å) 195.2 196.0 196.2 195.5 196.4 198.2 195.3
c � (Å) 143.7 143.8 143.6 143.7 143.8 143.7 143.9
Space group C2221 C2221 C2221 C2221 C2221 C2221 C2221

X-ray data collection data
Resolution (Å) 2.3 1.95 2.0 2.2 2.2 2.3 2.2
Unique reflections 60,823 97,326 96,684 70,184 72,510 64,732 70,949
Data redundancy 6.4 (5.3) 3.5 (3.1) 6.0 (4.9) 4.1 (3.4) 5.6 (4.5) 3.4 (3.2) 7.4 (6.6)
Completeness 91 (67) 94 (64) 100 (99) 96 (78) 99 (96) 95 (97) 98 (96)

Rsym (%) 9.2 (37) 4.0 (27) 4.9 (47) 8.2 (40) 7.4 (35) 5.8 (35) 7.0 (54)
Refinement statistics
Refinement parameters
Rfinal (%) 18.7 (26) 19.5 (28) 20.0 (33) 19.9 (29) 19.2 (27) 20.3 (29) 20.3 (28)
Rfree (%) 24 (34) 23 (33) 24 (36) 24 (33) 24 (32) 25 (39) 25 (32)

r.m.s.a deviation
Bond length (Å) 0.019 0.022 0.018 0.017 0.016 0.019 0.015
Bond angle (°) 1.948 2.004 1.822 1.834 1.759 1.755 1.732

Ramachandran map (using Procheck)
Preferred/Allowed region 87/13 89.2/10.8 88.8/11.2 87.4/12.6 88.5/11.5 88.5/11.5 88.7/11.3

PDB entry number 4EE3 4EE4 4EEA 4EEG 4EEM 4EEO 4EE5
a r.m.s., root mean square.
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statistics are given in Table 1. The final coordinates and the
diffraction data have been deposited in the Protein Data Bank
(PDB).
The catalytic activity using Acceptors 1 and 2 were carried

out using different acceptor substrate concentrations with 0.5
mM UDP-Gal was performed as described earlier (13). The
apparent Km values for these acceptor substrates were deter-
mined based on their enzyme activity curve fitted with Sigma-
Plot using an equation defining ligand binding to one site satu-
ration without inhibition (supplemental Fig. S-F5). The
MALDI-TOF analyses at different time points were also per-
formed as described earlier (supplemental Fig. S-F6) (17).

RESULTS AND DISCUSSION

Earlier we reported the crystal structure of the catalytic
domain of humanC338T-M340H-�4Gal-T1mutant protein in
the presence ofMn2� and UDP-hexanolamine with several oli-
gosaccharide acceptor substrates with GlcNAc at the nonre-
ducing end (13). Themutation of Cys-338 to Thr-338 in human
�4Gal-T1 (Cys-342 in bovine �4Gal-T1) gives stability to the
enzyme (18), whereas the mutation of Met-340 (Met-344 in
bovine �4Gal-T1) to His-340 helps the mutant enzyme crystal-
lize readily in the closed conformation in the presence ofMn2�

and UDP-hexanolamine (19). This allows the binding of the
oligosaccharide acceptor substrates and the crystallization of
the complexes (13). Here we report the crystal structures of the
mutant protein C338T-M340H-�4Gal-T1 in complex with
closely related seven oligosaccharide acceptor substrates (Fig. 1
and supplemental Fig. S-F2).
In all the present crystal structures, three C338T-M340H-

�4Gal-T1 protein molecules are found in the asymmetric unit,
and they all adopt the closed conformation. As expected, each
molecule has a bound Mn2� ion and a UDP-hexanolamine
molecule. Although the uridine nucleoside moiety is clearly
seen from the electron density maps in these crystal structures,
the electron densities for the phosphate and hexanolamine
groups are not clearly observed, suggesting that these groups
are disordered. The Mn2� ion forms coordination bonds with
the residues Asp-250, His-340, and His-343. In the closed con-
formation, each phosphate group oxygen atom of the diphos-

phate moiety forms a coordination bond with the Mn2� ion.
However, in the present crystal structures, due to the disor-
dered nature of the diphosphate groups, their coordination
with the Mn2� ion could not be clearly determined. This is
similar to the crystal structure of the bovineW314A-�4Gal-T1
complexwith�-lactalbumin protein, where the�4Gal-T1mol-
ecule was found in the closed conformation, with disordered
phosphate groups and Mn2� coordination (20). In all the crys-
tal structures, the respectively bound acceptor substrates could
be clearly seen in all three molecules in the asymmetric unit
from the electron density maps (supplemental Fig. S-F4). The
molecular interactions between the acceptor GlcNAc moiety
and the protein molecule are very similar to those found in the
previous crystal structures (10, 13). However, the extended
sugar interactions with the protein molecules vary; these inter-
actions are discussed below.
Interactions of the Pentasaccharide Gal�1–3GlcNAc�1–3

(GlcNAc�1–6)Gal�1–4Glc (Acceptor 1) with the �4Gal-T1—
The true minimum size I-antigen acceptor substrate for the
�4Gal-T1 enzyme is a pentasaccharide containing a linear di-
LacNAc tetrasaccharide with a nonreducing end GlcNAc resi-
due (underlined) in a �1–6-glycosidic linkage with the core
Gal, such as Gal�1–4GlcNAc�1–3 (GlcNAc�1–6)Gal�1-
4GlcNAc. This pentasaccharide is not commercially available.
The Acceptor 1 pentasaccharide, Gal�1–3GlcNAc�1–3
(GlcNAc�1–6)Gal�1–4Glc, is similar to the true I-antigen
acceptor pentasaccharide, except that it has a Glc residue
instead of a GlcNAc residue at the reducing end and there-
fore was used for crystallization with the human C338T-
M340H-�4Gal-T1 protein in the presence of Mn2� and
UDP-hexanolamine.
In the crystal structure of the pentasaccharide Acceptor 1

complex with the �4Gal-T1 molecule, the nonreducing end
�1–6 branch GlcNAc moiety is bound in the acceptor binding
site of the �4Gal-T1 molecule (Fig. 2A). The molecular inter-
actions between this GlcNAc moiety and the protein molecule
are very similar to those found in the earlier crystal structures
(10, 13). However, the binding of the extended tetrasaccharide
moiety to the protein molecule is quite different. The extended
tetrasaccharide forms a linear sheet structure and forms a num-
ber of intramolecular hydrogen-bonding interactions with the
�1–6-branched GlcNAc moiety (Fig. 2A). In addition, the
extended tetrasaccharide also has hydrophobic interactions
with the �4Gal-T1 molecule. The reducing end Glc, the core
Gal, and the �1–3-linked GlcNAc residues form hydrophobic
interactions with the aromatic side chains of the Phe-276, Trp-
310, and Phe-356 residues, respectively. Although in the elec-
tron density maps the electron density for the glycosidic bond
of the nonreducing end �1–3-linked Gal moiety is clearly
observed, it extends only to the cyclic atoms of the Gal moiety.
This may be due to the fact that this reducing end Gal moiety
does not have anymolecular interactions with the proteinmol-
ecule. The side-chain guanidine nitrogen atoms of the residue
Arg-355 form a hydrogen bond with the carbonyl oxygen atom
of the N-acetyl moiety of the GlcNAc acceptor and the �1–3-
linked GlcNAc residues; in addition, they form a hydrogen
bond with the O4 oxygen atom of the core Gal residue. This
hydrogen-bonding network specifically recognizes the trisac-

FIGURE 1. The seven oligosaccharide acceptors of �4Gal-T1 enzyme used
in the present crystal structure determination studies are shown. Accep-
tors 1, 2, and 7 are generated from the neo-glycosides, lacto-neohexaose,
lacto-N-neohexaose, and lacto-neotetraose, respectively.
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charide moiety, GlcNAc�1–6Gal�1–3GlcNAc. In the previ-
ously determined �4Gal-T1 complex with the oligosaccharide
complex crystal structures, the extended sugar moieties inter-
acted with the hydrophobic region created by the side chains of
the residues Tyr-282, Phe-356, and Ile-358 (Fig. 2B). However,
in the present crystal structure, the extended sugars do not
make any molecular interactions with the side chains of the
Tyr-282 and Ile-358 residues. Thus, the binding of the extended
tetrasaccharide in the present crystal structure is distinctly dif-
ferent from the binding of the oligosaccharide from the N-gly-
can determined previously (Fig. 2B). The apparentKm value for
the Acceptor 1 is 0.19 � 0.04mM, and it is comparable with the
binding of differentN-glycan trisaccharides to the enzyme (13).
Interactions of the Tetrasaccharide GlcNAc�1–3 (GlcNAc�1-

6)Gal�1–4Glc (Acceptor 2) with the �4Gal-T1—Although
the nonreducing end Gal moiety does not have any direct
molecular interactions with the proteinmolecule, this pentasa-
ccharide differs from the true I-antigen pentasaccharide accep-
tor by the glycosidic linkage of this Gal residue and therefore
raises the possibility that the observed different binding mode
for the extended tetrasaccharide may be due to this difference.
Thus, the binding of the tetrasaccharide Acceptor 2,
GlcNAc�1–3 (GlcNAc�1–6)Gal�1–4Glc (Fig. 1), without the
nonreducing end �1–3-linked Gal residue that is present in the

pentasaccharide Acceptor 1 to �4Gal-T1, was investigated.
This tetrasaccharide acceptor has two GlcNAc residues at its
nonreducing end, one that is linked by a �1–3- and the other
that is linked by a �1–6-glycosidic linkage. Although there are
two GlcNAc moieties available in the tetrasaccharide that can
bind to the acceptor site in the �4Gal-T1 molecule, it is the
�1–6-branched GlcNAc moiety that is bound to the acceptor
binding site in the crystal structure of the C338T-M340H-
�4Gal-T1 complex, whereas the �1–3-glycosidic-linked
GlcNAc moiety forms hydrophobic interactions with the aro-
matic side chain of the residue Phe-356 (Fig. 3A). The molecu-
lar interactions between the extended trisaccharide to the side-
chain amino groups of the Arg-355 are quite similar to those
found in the pentasaccharide complex (Fig. 3A). In addition, the
apparent Km value for the Acceptor 2 (0.29 � 0.07 mM) is com-
parable with theKm value for theAcceptor 1 (supplemental Fig.
S-F5) Thus, the present structure suggests that the presence of
the nonreducing end �1–3-linked Gal in the pentasaccharide
Acceptor 1was not responsible for the observed different bind-
ing mode of the extended sugar moiety of the pentasaccharide.
To see whether the �1–3-linked nonreducing end GlcNAc

moiety was bound in the acceptor binding site of the human
C338T-M340H-�4Gal-T1molecule in any other crystals of the
same complex, we collected x-ray diffraction data from more

FIGURE 2. A, stereo diagram showing the binding of the pentasaccharide acceptor (Acceptor 1) bound to the �4Gal-T1 molecule. The �4Gal-T1 molecule is
shown in the surface diagram with an embedded graphic diagram, and the key protein residues are shown in the stick diagram. The pentasaccharide is shown
in the cyan-colored stick diagram, and the hydrogen bonds are shown in dotted black lines. The O2 and O3 hydroxyl group of the Glc residue forms a hydrogen
bond with the O6 and O5 oxygen atoms of the nonreducing end GlcNAc molecule. Also, the side-chain amino groups of the Arg-355 form hydrogen bonds with
both the GlcNAc and the core Gal residues, specifically recognizing the GlcNAc�1– 6Gal�1–3GlcNAc motif. B, stereo diagram showing the comparison of the
binding of the I-antigen analog pentasaccharide (Acceptor 1, shown in yellow sticks) with the previously studied N-glycan trisaccharide,
GlcNAc�1–2Man�1– 6Man�- (shown in cyan-colored sticks; PDB 2AEC) to the �4Gal-T1 molecule (shown in green-colored surface diagram). The extended
saccharide in the N-glycan (cyan) is found to interact with the Tyr-282 residue, whereas the extended tetrasaccharide in the I-antigen analog (yellow stick) is
extended away from the N-glycan toward the residue Trp-310.
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crystals of the same tetrasaccharide Acceptor 2 complex. We
did not find any crystals that had the �1–3-glycosidic-linked
nonreducing end GlcNAc moiety bound to the �4Gal-T1 mol-
ecule. This suggests that this different binding mode could be
due to the strong hydrophobic interactions between the �1–3-
linked nonreducing ends GlcNAc moiety with the aromatic
side chain of the residue Phe-356 and its hydrogen-bonding
interactions with the residue Arg-355. Therefore, a trisaccha-
ride Acceptor 3, GlcNAc�1–6Gal�1–4Glc (Fig. 1), which is
without the �1–3-linked GlcNAc at the reducing end complex,
was crystallized with �4Gal-T1, and the crystal structure was
analyzed.
Interactions of the Trisaccharide GlcNAc�1–6Gal�1–4Glc

(Acceptor 3) with the�4Gal-T1—The trisaccharide Acceptor 3,
GlcNAc�1–6Gal�1–4Glc, was commercially available, andwe
have determined the crystal structure of its complex with the
humanC338T-M340H-�4Gal-T1 protein (Fig. 3B). In the crys-
tal structure, we observed that the trisaccharide acceptor is
bound to the �4Gal-T1molecule in a way that is very similar to
its precursor tetra- and pentasaccharide acceptor substrates.
The intramolecular hydrogen bond between the Glc and the
�1–6-branched GlcNAc sugars observed in the crystal struc-
tures of penta- and tetrasaccharide complexes is still present in
the trisaccharide complex. In addition, the hydrogen bond
between the O4 of the Gal to the side-chain nitrogen atom of
the Arg-355 is also observed (Fig. 3B). This suggests that the

different binding mode might be either inherently due to the
�1–6 branch or due to the reducing end Glc moiety and its
hydrogen-bonding interactions with the GlcNAc residue.
Therefore, it is important to determine the crystal structure of
the disaccharide GlcNAc�1–6Gal (Fig. 1, Acceptor 4), bound
to �4Gal-T1.
Interactions of the Disaccharide GlcNAc�1–6Gal (Acceptor

4) with the �4Gal-T1—In the crystal structure of the disaccha-
ride GlcNAc�1–6Gal (Acceptor 4) in complex with the human
C338T-M340H-�4Gal-T1 molecule (Fig. 3C), three protein
molecules are present in the asymmetric unit. Although the
electron density for the reducing end GlcNAc moiety is well
observed in all three molecules, only in two molecules (mole-
cules A and B) is the electron density for the Gal moiety clearly
observed. The exact configuration (�- or �-) of the reducing
end Gal moiety could not be clearly determined from the elec-
tron density maps, but it fits better as �-Gal than as �-Gal into
the electron density maps. In all three molecules, the GlcNAc
moiety is bound to the acceptor binding site of the �4Gal-T1
molecule, whereas the Gal moiety makes a hydrophobic inter-
action with the aromatic side chain of the residue Tyr-282,
which is well away from the residue Trp-310. The interactions
between theGalmoiety and the residueTyr-282 inmolecules A
and B are slightly different. Although the binding of the
reducing end GlcNAc moiety of the acceptor substrates 3
(GlcNAc�1–6Gal�1–4Glc) and 4 (GlcNAc�1–6Gal) to the

FIGURE 3. A–C, the binding of the tetrasaccharide Acceptor 2 (A), trisaccharide Acceptor 3 (B), and the disaccharide Acceptor 4 to the �4Gal-T1
molecule (C). The �4Gal-T1 molecule is shown in the surface diagram with the important residues shown in sticks, whereas the bound acceptor substrates are
shown in cyan-colored sticks. The binding of the acceptor substrates 2 and 3 is similar to its precursor, Acceptor 1, whereas the Acceptor 4 binds to the �4Gal-T1
quite differently (C). The extended sugar moiety Gal (shown in cyan) in Acceptor 4 interacts with the residue Tyr-282 away from Trp-310, whereas the same
residue in Acceptor 3 interacts with residue Trp-310 away from residue Tyr-282. The binding of Acceptor 4 is similar to the N-glycan oligosaccharides, whose
structures have been previously reported (13). Thus, these structures suggest that the different binding mode of the extended saccharide is due to the
presence of the reducing end Glc residue.
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�4Gal-T1 molecule is quite similar, the binding of their Gal
moiety is quite different, and it is due to the different torsion
angles about the C5-C6 (�) and C6-O6 (�) bonds of the Gal
moiety. The torsion angles (�,�) of theGalmoiety in the accep-
tor substrates 3 and 4 are (-65°, 148°) and (138°, -114°), respec-
tively. Simple modeling of the acceptor substrate 3 with the
(�,�) torsion angle of the Acceptor 4 shows a severe steric
hindrance between the reducing end Glc moiety and the resi-
due Tyr-282, suggesting that the Acceptor 3 cannot bind to the
�4Gal-T1molecule similar to the Acceptor 4, and this is due to
the presence of the �-linked reducing sugar moiety Glc. Fur-
thermore, it is not clear whether the intramolecular H-bonding
interactions observed between the Glc and the GlcNAc moiety
in the tri, tetra-, and pentasaccharide complex structures also
exist in a free state and therefore influence the moiety binding
to the proteinmolecule. To confirm this observation, the struc-
ture of a trisaccharide GlcNAc�1–6Gal�1–4Glc in complex
with the �4Gal-T1 molecule is essential. However, no such tri-
saccharide is commercially available. Instead, the disaccharide
acceptor substrates, GlcNAc�1–6Man�-methyl (Acceptor 5)
and GlcNAc�1–6GlcNAc�1-benzyl (Acceptor 6), were com-
mercially available, which are similar to GlcNAc�1–6 linked to
a sugar moiety that is �1-linked to a methyl or benzyl moiety.

Therefore, we have determined the crystal structure of these
disaccharides complexed with the human C338T-M340H-
�4Gal-T1 molecule.
Interactions of the Disaccharide GlcNAc�1–6Man�-Methyl

(Acceptor 5) and GlcNAc�1–6GlcNAc�-Benzyl (Acceptor 6)
with the �4Gal-T1—In the crystal structure of the disaccharide
Acceptor 5, GlcNAc�1–6Man�-methyl, in complex with the
�4Gal-T1 molecule, the GlcNAcmoiety is bound to the accep-
tor binding site of the �4Gal-T1 molecule, whereas the Man
residue exhibits extensive hydrophobic interactions with the
aromatic side chain of the Tyr-282 residue and its �-methyl
group, which is found to interact with the hydrophobic side
chain of the residue Ile-359 (Fig. 4A). In the crystal structure of
the disaccharideAcceptor 6, GlcNAc�1–6GlcNAc�-benzyl, in
complex with the �4Gal-T1molecule, the binding of the disac-
charide moiety is quite similar to that of the binding of
GlcNAc�1–6Man�-methyl disaccharide Acceptor 5 (Fig. 4B).
In this crystal structure, the benzyl group can be clearly located
in the electron density maps, and it is found to interact with the
hydrophobic side chain of the residue Ile-359. It is interesting to
note that the disaccharide GlcNAc�1–6Man�-methyl is
part of the N-glycan branch, similar to GlcNAc�1-
6Man�1–6Man�-GlcNAc�1–4GlcNAc-Asn. The synthesis of

FIGURE 4. A–C show the binding of Acceptors 5, 6, and 7 (shown in cyan sticks) to the �4Gal-T1 molecule (shown in the surface diagram with important
residues in sticks), respectively. The binding of the two acceptor substrates 5 and 6 are very similar, and their reducing end hydrophobic groups interact with
the hydrophobic side chain of Ile-359. Also, the binding of their extended moieties is similar to the binding of the extended sugar moiety of the N-glycan
acceptor sugars. C, in the crystal structure, the acceptor substrate 7 is bound in a way similar to the binding of chitotriose, where the acceptor GlcNAc residue
is bound in the acceptor binding site, whereas the core sugar makes hydrophobic interactions with the aromatic side chain of the Tyr-282, and the reducing end
sugar is exposed to the solvent without any molecular interactions with the protein molecule. The intramolecular hydrogen bond between the Gal and the Glc
moieties is shown in a black dotted line. Acceptor 7 differs from a true i-antigen by this reducing end Glc residue, where it is replaced by a GlcNAc residue.
Because this reducing end does not interact with a protein molecule, the binding of Acceptor 7 represents the true i-antigen acceptor binding to the �4Gal-T1
molecule.
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this 1–6 branch in N-glycan is initiated by the N-acetyl-gluco-
saminyl transferaseV that transfers aGlcNAc residue in a�1–6
linkage to the �-mannose in the 1–6 arm of the N-glycan and
that these 1–6-branched glycans are found in abundance in
cancer cells (15). Thus, it seems that the configuration of the
core sugar (�-sugar/�-sugar) to which the branched �1–6-
linked acceptor GlcNAc is attached determines the binding
mode of the extended oligosaccharide moiety of the acceptor
substrates. Furthermore, the present study clearly shows that
the I-antigen acceptor binding to the �4Gal-T1 molecule is
similar to the binding of the pentasaccharide Acceptor 1 and
that this binding is quite different from theN-glycan binding to
the �4Gal-T1.

In the complex of tetrasaccharide GlcNAc�1–3
(GlcNAc�1–6)Gal�1–4Glc (Acceptor 2) with the �4Gal-T1
molecule, only theGlcNAcmoiety�1–6-linked toGal is bound
to the acceptor binding site in the �4Gal-T1molecule, suggest-
ing that this moiety may have a higher affinity to the �4Gal-T1
molecule than the GlcNAc moiety �1–3-linked to Gal. Our
attempts to get crystals of the �4Gal-T1 complex with the tet-
rasaccharide Acceptor 2,where GlcNAcmoiety is �1–3-linked
toGal, which is bound in the acceptor binding site of�4Gal-T1,
have not been successful. The catalytic activity at different time
points using the acceptor substrate 2 together with the mass
spectroscopy (MALDI-TOF) analysis shows that the tetrasac-
charide acceptor is rapidly converted into a pentasaccharide
(supplemental Fig. S-F6). The conversion of the pentasaccha-
ride to a hexasaccharide is very slow. This suggests that
although there are two acceptor GlcNAc moieties present in
the tetrasaccharide acceptor substrate, only one GlcNAc moi-
ety is readily available for the catalytic activity, thus rapidly
converting the tetrasaccharide to a pentasaccharide. Therefore,
it seems that the GlcNAc residue �1–6-linked to Gal in the
linear tetrasaccharide GlcNAc�1–3 (GlcNAc�1–6)Gal�1-
4Glc (Acceptor 2) may hinder the binding of the GlcNAc moi-
ety�1–3-linked toGal andhence to the�4Gal-T1molecule. To
test this hypothesis, the binding of the trisaccharide Acceptor
7, GlcNAc�1–3 Gal�1–4Glc (Fig. 1), without the �1–6-
branched GlcNAc moiety, to �4Gal-T1 was investigated. The
trisaccharide GlcNAc�1–3 Gal�1–4Glc (Acceptor 7) is analo-
gous to i-antigen and differs from it by the reducing end Glc
moiety. Crystal of this trisaccharide Acceptor 7 complex with
the human C338T-M340H-�4Gal-T1 protein could be readily
grown. In the crystal structure, the binding of the trisaccharide
to the �4Gal-T1 molecule, the nonreducing end GlcNAc moi-
ety of the trisaccharide 7, was bound to the acceptor binding
site of the �4Gal-T1 molecule (Fig. 4C). This binding is similar
to the previously described chitotriose binding to �4Gal-T1
protein (13). In the extended sugar moiety, the Gal residue
forms hydrophobic interactions with the aromatic side chain of
Tyr-282, whereas the reducing end Glc moiety does not make
any molecular interactions with the protein molecule. The O6
hydroxyl group of the Gal moiety is found to have two disor-
dered positions, and it also exhibits van der Waals interactions
with the residue Tyr-282. Therefore, it seems that any �1–6
branch at the Gal residue may cause steric hindrance, thus
offering an explanation for not observing the binding of
GlcNAc �1–3-linked to Gal of the branched tetrasaccharide

GlcNAc�1–3 (GlcNAc�1–6)Gal�1–4Glc (Acceptor 2) in the
acceptor binding site of the �4Gal-T1 molecule.
Previously, we determined the crystal structure of the com-

plex of acceptor substrate inhibitor GlcNAc�1–3Gal�-
naphthalenemethanol with the human C338T-M340H-
�4Gal-T1 protein molecule (21). In the crystal structure of the
�4Gal-T1 complex with the Gal�-naphthalenemethanol mole-
cule, the naphthalene moiety forms hydrophobic interactions
with the N-glycan binding site on the �4Gal-T1 molecule,
whereas in the crystal structure of the linear trisaccharide
Acceptor 7 complex with �4Gal-T1, the Glc moiety is exposed
to the solvent region with no interactions with the �4Gal-T1
molecule.
The pentasaccharide Acceptor 1, Gal�1–3GlcNAc�1–3

(GlcNAc�1–6)Gal�1–4Glc, differs from the true I antigen
acceptor substrates largely by the linkage of its nonreducingGal
and the reducing endGlc. ThenonreducingGalmoietymaynot
influence the oligosaccharide binding because it is not involved
in any molecular interactions with the protein molecule. How-
ever, replacing the O2 of the reducing end Glc with anN-acetyl
could reasonably affect the binding of the true I-antigen accep-
tor binding to the enzyme. Similarly, the trisaccharideAcceptor
7, GlcNAc�1–3 Gal�1–4Glc, differs from a true i-antigen by
this reducing end Glc residue, where it is replaced by a GlcNAc
residue (supplemental Fig. S-F1). Because this reducing end
does not interact with the protein molecule, the binding of
Acceptor 7 therefore most likely represents the binding mode
of the true i-antigen acceptor binding to the �4Gal-T1 mole-
cule. Once the I-antigen acceptor (Acceptor 1) is galacto-
sylated by the �4Gal-T1 enzyme, the product �1–6LacNAc is
extended with a �1–3-linked GlcNAc moiety by the
�3GlcNAc-T enzyme, and then it becomes an i-antigen accep-
tor (Acceptor 7) for the �4Gal-T1 enzyme, thus synthesizing
the LacNAc moiety of I-/i-antigen.
In nature, LacNAcmoiety is found in a variety of glycans. The

�4Gal-T1 enzyme, one of the seven members of the �4Gal-T
family, is considered to be responsible for the synthesis of these
LacNAc moieties (22). The �4Gal-T1 enzyme does not have
high affinity for themonosaccharideGlcNAc (Km � 8–10mM),
in contrast to many glycosyltransferases that exhibit relatively
high affinity (Km �1mM) toward their nonreducing end accep-
tor sugar residues without any extended oligosaccharide moi-
ety (23, 24). However, �4Gal-T1 shows high affinity toward the
acceptor substrates with GlcNAc at nonreducing end of an oli-
gosaccharide (Km� 1mM). Therefore, it is expected to facilitate
the binding of the extended oligosaccharide moieties of these
glycans during the galactosylation of their nonreducing end
GlcNAc residue. Similar to�4Gal-T1,�2GlcNAc-T1 enzyme is
also known to exhibit high affinity for the oligosaccharide
acceptor substrate (25). Oligosaccharides exhibit a wide range
of conformational flexibility depending on the nature of the
sugars and their glycosidic linkages (26). Thus, to accommo-
date their inherent conformational flexibility, it is not surpris-
ing to find different binding regions for different extended oli-
gosaccharides of the acceptor substrates. This is the first time a
second carbohydrate binding region on a glycosyltransferase
has been observed, although a secondary carbohydrate binding
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site has been earlier observed in many carbohydrate-degrading
enzymes (27).
In mammals, during lactation in the mammary gland, �-lac-

talbumin protein is produced in large quantities (28). It modu-
lates the acceptor sugar specificity of�4Gal-T1 enzyme froman
oligosaccharide with a GlcNAc at the nonreducing end to a
monosaccharide, Glc molecule (29, 30). The crystal structures
of �4Gal-T1 in complex with �-lactalbumin and with different
substrates have clearly explained themodulationmechanismof
�-lactalbumin (10, 11). In the crystal structure of the complex,
the �-lactalbumin molecule is bound to the bovine �4Gal-T1
molecule in the closed conformation through many hydrogen-
bonding and hydrophobic interactions, particularly with the
residues Tyr-286, Phe-360, and Ile-363 (10). The correspond-
ing residues in human �4Gal-T1 are Tyr-282, Phe-356, and
Ile-359. The �-lactalbumin binding to the hydrophobic region
on the �4Gal-T1 molecule is utilized by the extended sugar
moieties linked to the acceptor GlcNAc residue formaximizing
their interactionswith the�4Gal-T1molecule. Becausemost of
the extended oligosaccharide binding residues have been con-
served in �4Gal-T1 molecules of non-mammal vertebrates,
many of which are also known to make i/I-antigen (31), the
observed binding of the extended oligosaccharides to the�-lac-
talbumin binding region of the �4Gal-T1 molecule is not a
coincidence. In fact, the presence of the �-lactalbumin binding
site in non-mammal �4Gal-T1molecules such as from chicken
and in its ortholog invertebrate �4GalNAc-T enzyme is a coin-
cidence because �-lactalbumin is not found in these species
(31–34). Therefore, the observation of this second carbohy-
drate binding region for the extended oligosaccharide of the
acceptor substrate must be physiologically significant. The
�4Gal-T1 enzyme is also involved in galactosylating the
GlcNAc residue of short glycoconjugates that are O-linked
to Ser/Thr residues of proteins, such as GlcNAc�1-
3Fuc�-O-Ser- or GlcNAc�1–2Man�-O-Ser- (35). It will be of
interest to see whether �4Gal-T1 enzyme utilizes its �-lactal-
bumin binding site for the binding of these proteins to enhance
its affinity toward these glycans.
Conclusion—In the present study, we find that if the

extended sugar, such as the LacNAc moiety, is linked to the
core sugar via �-configuration, the LacNAc moiety tends to
bind to the previously observedN-glycan binding crevice on the
�4Gal-T1 enzyme, whereas the poly-LacNAc moiety of the
branched �1–6GlcNAc linked via �-configuration binds to the
new binding region on the �4Gal-T1 molecule. Because Lac-
NAcmoiety is found in a variety of glycans, the �4Gal-T1 mol-
ecule is expected to facilitate the binding of these oligosaccha-
ride moieties that are part of the extended oligosaccharides of
the acceptor GlcNAc moiety. It is, therefore, not surprising to
find a second carbohydrate binding region in �4Gal-T1 mole-
cule. Attempts are being made in many laboratories to design
better acceptor-based inhibitors for the �4Gal-T1 molecule by
taking into account the hydrophobic N-glycan binding site on
the �4Gal-T1 molecule. The present observation of the new
binding region for the extended sugar not only enhances our
understanding of the oligosaccharide specificity of the
�4Gal-T1 enzyme but also aids one to design a better acceptor-
based inhibitor for the enzyme.
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