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Abstract
Studies on wild-type and mutant glycosyltransferases have shown that they can transfer modified
sugars with a versatile chemical handle, such as keto or azido group, that can be used for
conjugation chemistry and detection of glycan residues on glycoconjugates. To detect the most
prevalent glycan epitope, N-acetyllactosamine (LacNAc (Galβ1-4GalNAcβ)), we have mutated a
bovine α1,3-galactosyltransferse (α3Gal-T)1 enzyme which normally transfers Gal from UDP-Gal
to the LacNAc acceptor, to transfer GalNAc or C2-modified galactose from their UDP derivatives.
The α3Gal-T enzyme belongs to the α3Gal/GalNAc-T family that includes human blood group A
and B glycosyltransferases, which transfer GalNAc and Gal, respectively, to the Gal moiety of the
trisaccharide Fucα1-2Galβ1-4GlcNAc. Based on the sequence and structure comparison of these
enzymes, we have carried out rational mutation studies on the sugar donor-binding residues in
bovine α3Gal-T at positions 280 to 282. A mutation of His280 to Leu/Thr/Ser/Ala or Gly and
Ala281 and Ala282 to Gly resulted in the GalNAc transferase activity by the mutant α3Gal-T
enzymes to 5–19% of their original Gal-T activity. We show that the mutants 280SGG282

and 280AGG282 with the highest GalNAc-T activity can also transfer modified sugars such as 2-
keto-galactose or GalNAz from their respective UDP-sugar derivatives to LacNAc moiety present
at the nonreducing end of glycans of asialofetuin, thus enabling the detection of LacNAc moiety
of glycoproteins and glycolipids by a chemiluminescence method.

Glycan moieties of glycoproteins and glycolipids, by mediating protein–carbohydrate (1–4)
and carbohydrate-carbohydrate interactions (5–7), play an important role in several cellular
processes and are implicated in human diseases and cancer. The terminal sugar residues of
the glycans are often important for their specific protein–carbohydrate interactions, for
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example only the sialyated glycans have high affinity for CD22, a regulatory molecule that
prevents the overactivation of the immune system and the development to autoimmune
diseases (4). Similarly, de-sialyated glycans with terminal galactose bind mostly to galectin
molecules. Pathophysiological role of glycans, as seen in the presence of the unusual short
glycans, such as Tn carbohydrate in Core 1 glycan or elongated glycans, such as the
polylactosamine moiety in N-glycans, have been associated with cancer (8–10). Therefore,
the ability to detect different terminal sugar moieties is vital for determining the association
of these moieties with different cellular states. The detection of these sugar moieties have
been achieved mostly through lectin- or antibody-binding studies. These methods, however,
lack high specificity and sensitivity. In limited situations, modified sugars with a unique
chemical handle have been used for in vivo incorporation in the metabolic pathway to
enable the detection of sugar residues on the glycoconjugates of a cell (11–14).
Consequently a highly specific and sensitive chemoenzymatic method to detect β-GlcNAc
residue at the nonreducing end of glycans using the mutant enzyme of β1,4-
galactosyltransferase, Y289L β4Gal-T1, has been recently developed (15–18).

A mutation of the residueTyr289 to Leu289 in bovine β4Gal-T1 broadens the sugar donor
specificity of the enzyme in such a way that the mutant enzyme, Y289L β4Gal-T1, transfers
GalNAc from UDP-GalNAc to a sugar acceptor with the same efficiency as Gal from UDP-
Gal (15). The mutant enzyme also transfers galactose analogues that have a chemical handle
at the C2 position of the galactose and are similar in size and shape to the N-acetyl group,
such as 2-keto-galactose (16) or GalNAz (Gal-2-NH-CO-CH2-N3) from their respective
UDP-sugar substrates (17). The transfer of these galactose analogues with a unique chemical
handle at the C2 position, such as a keto or azido group, by the mutant enzyme enables one
to detect of GlcNAc residue using a sensitive chemiluminescence method, or to conjugate
variety of molecules in a site-specific manner via GlcNAc residue (17, 18). Similarly, the
polypeptide-α-GalNAc-T2, which transfers GalNAc from UDP-GalNAc to the side chain
hydroxyl group of a Thr/Ser residue of a specific peptide sequence, has been shown to
transfer the modified galactose with a chemical handle, either 2-keto-galactose or GalNAz,
from its respective UDP-sugar (19).

It has been shown that only a few residues in the sugar donor-binding pocket of
glycosyltransferases determine the sugar donor specificity of these enzymes and that
mutation of these residues can alter their sugar donor specificity (15, 20–22). Consequently
novel glycosyltransferases with broader donor specificities can be designed to transfer a
sugar residue with a chemically reactive functional group to specific terminal moieties of
glycoconjugates. To detect the terminal N-acetyllactosamine (LacNAc (Galβ1-4GlcNAc))
moiety that is the most prevalent sugar moiety found on cells, we engineered the bovine
α3Gal-T enzyme, which has high acceptor specificity towards LacNAc, to transfer GalNAc
or C2-modified galactose which can be used to detect LacNAc. Because of its high acceptor
specificity, α3Gal-T enzyme has been previously used to transfer Gal from UDP-Gal to
asialo-glycoprotein with the free LacNAc moiety at its N-linked glycans (23).

The α3Gal-T enzyme transfers only galactose from UDP-Gal to the terminal galactose sugar
of the LacNAc or lactose moiety forming the product with Galα1-3-linkage. It belongs to a
family of α3Gal/GalNAc glycosyltransferases to which human blood group transferases A
and B also belong. The blood group transferases A (α1,3-GalNAc-T-A) and B (α1,3-Gal-T-
B) transfer GalNAc and Gal, respectively, to galactose moiety of the fucosylated LacNAc
acceptor, Fucα1-2Galβ1-4GlcNAc. The amino acid sequence of transferase A and
transferase B are identical (24, 25) except for four amino acids. Two of the four residues at
positions 266 and 268, Leu266 and Gly268 in blood group A transferase, and Met266 and
Ala268 in blood group B transferase, determine their respective sugar donor specificities. In
fact, in blood group A and B enzymes a mutation of the residue at position 266 is sufficient

Pasek et al. Page 2

Bioconjug Chem. Author manuscript; available in PMC 2012 October 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to alter the donor specificity of these enzymes (20, 21). Since α3Gal-T exhibits high
sequence similarity and nearly identical crystal structure with the blood group A and B
enzymes, a mutation of the corresponding sugar donor-binding residue in α3Gal-T,
specifically, His280, is expected to alter the sugar donor specificity of the α3Gal-T enzyme
(26). Indeed, recently the mutations of the residues in the sugar donor-binding site of bovine
α3Gal-T have been shown to enhance the GalNAc transfer from UDP-GalNAc (27, 28). In
the present study we have rationally mutated not only His280 residue, but also its
neighboring residues to alter its sugar donor specificity from Gal to GalNAc. We show that
the mutants also selectively transfer the modified sugar 2-keto-Gal from its UDP derivative
to LacNAc. This handle is used in biotinylation and subsequent detection of terminal
LacNAc moiety in glycoproteins by chemiluminescence.

Materials and Methods
The pET23a vector, His-Bind resin, His-Bind kit buffers, and BL21 (DE3) LysS cells were
purchased from Novagen. XL2 blue ultracompetent cells were purchased from Stratagene.
The Taq DNA polymerase, PCR nucleotide mix, and rapid DNA ligation kit were purchased
from Roche Pharmaceuticals. DNA miniprep spin, PCR purification, and low-melting
agarose extraction kits were from Qiagen. Restriction enzymes and PNGase F were
purchased from New England Biolabs Inc. DNA primers were synthesized by Integrated
Technologies Inc. Ampicillin, UDP-Gal, UDP-GalNAc, lactose and asialofetuin was
obtained from Sigma-Aldrich. UDP-[6-3H] galactose was purchased from Amersham
Biosciences, and UDP-[6-3H]-N-acetylgalactosamine was from American Radiolabeled
Chemicals. AG 1-X8 chloride resin, form 200–400 mesh, was from Bio-Rad. The micro
Spin Column with active charcoal was from Harvard Apparatus. UDP-GalNAz was
purchased from Invitrogen Inc., and UDP-2-keto-Gal was synthesized using the method
described (16). The N-aminooxymethylcarbonylhydrazino-D-biotin (AOB), an aldehyde
reacting probe (ARP), was purchased from Dojindo Laboratories.

Site-directed Mutagenesis and Protein Expression
Site-directed mutagenesis was performed using PCR. Construction of the mutants was
carried out using the plasmid pET23a-αGal-T-d79, described previously (29), that contains
a BamHI/EcoRI DNA fragment that codes for residues 80–368 of bovine α3Gal-T. The
mutation primers corresponding to the upper and lower DNA strands, respectively, for each
mutant were: 280SGG282: 5'-
GGGGATTTTTATTACTCCGGAGGCATTTTTGGGGGAACACCC-3' and 5'-
TCCCCCAAAAATGCCTCCGGAGTAATAAAAATCCCCTTCGCC-3', 280AGG282: 5'-
GATTTTTATTACGCCGGCGGCATTTTTGGGGGAACACCCACT-3' and 5'-
TCCCCCAAAAATGCCGCCGGCGTAATAAAAATCCCCTTCGCC-3', 280AAA282: 5'-
GATTTTTATTACGCGGCCGCCATTTTTGGGGGAACACCCACT-3' and 5'-
TCCCCCAAAAATGGCGGCCGCGTAATAAAAATCCCCTTCGCC-3' 280GAG282: 5'-
TTTTATTACGGGGCCGGCATTTTTGGGGGAACACCCACTCAGGTC-3' and 5'-
TCCCCCAAAAATGCCGGCCCCGTAATAAAAATCCCCTTCGCCGAA-3', 280VGG282

: 5'-TATTACGTAGGAGGAATATTTGGGGGAACACCCACTCAGGTCCTT-3' and 5'-
TGTTCCCCCAAATATTCCTCCTACGTAATAAAAATCCCCTTCGCC-3',
and 280TGG282: 5'-
TTTTATTACACCGGTGGCATTTTTGGGGGAACACCCACTCAGGTCCTT-3'and 5'-
AAAAATGCCACCGGTGTAATAAAAATCCCCTTCGCCGAAGGGAATGA-3'.
Mutation codons are shown in bold letters The restriction sites, which are part of the
mutation codons, are shown in italics and are underlined.

Typically, the entire α3Gal-T cDNA was PCR amplified as two fragments.
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For the amplification of fragment 1, the primers used were the lower-strand mutation primer
and the terminal cloning primer, 5'-
CGCGGATCCCACCACCACCACCACCACGAAAGCAAGCTTAAGCTA-3', that
introduced BamH I restriction site. For the amplification of fragment 2, the primers used
were the upper-strand mutation primer and the terminal cloning primer, 5'-
CCGGAATTCTCAGACATTATTTCTAACCACATTATACTCTTT-3', that introduced the
EcoRI restriction site. The fragments were then cut with the restriction enzymes BspE I,
NgoM IV, Eag I, NgoM IV, SspI, and Age I for
mutants 280SGG282, 280AGG282, 280AAA282, 280GAG282, 280VGG282, and 280TGG282,
respectively, and ligated. The full α3Gal-T cDNA with the mutation was PCR amplified
using the terminal cloning primers and then inserted at the BamHI/EcoRI restriction site into
the pET23a vector and transfected in ultracompetent XL2-blue cells. Clones were selected
for the unique restriction site introduced with the mutagenesis primer. Each mutation was
confirmed by sequence analysis of the insert in the plasmid DNA. Clones that were positive
for the desired mutation were transformed into BL21(DE3)LysS cells. The proteins were
expressed and purified according to the published method (29). The protein concentrations
were measured using the Bio-Rad Protein Assay kit, based on the Bradford method, and
further confirmed by SDS–the PAGE electrophoresis using ovalbumin as the standard
protein marker.

Enzymatic Assay for Wild-type and Mutant α1,3Gal-T
For specific activity measurements, reactions were carried out at 37 °C for 15 min in a 100
µL volume containing 5 mmol MnCl2, 25 mmol Tris/HCl (pH 7.0), 500 µmol UDP-Gal, or
UDP-GalNAc, 0.5 µCi of 3H-labeled sugar nucleotide and 20 mmol lactose for wild-type
and 200 mmol lactose for mutants with 1 µg of enzyme. The reactions were terminated by
the addition of 200 µL ice-cold water to the incubation mixture and analyzed as described
(29).

Kinetic Analysis for Wild-type and Mutant α1,3GalT
Different concentrations of the sugar donor, UDP-Gal in the range 10–500 µmol, and UDP-
GalNAc in the range of 100–1000 µmol, and six different concentrations of the lactose were
used in a range that allowed for an accurate Michaelis-Menten plot to be derived. Data were
analyzed for a two-substrate system using the following equation:

The EnzFitter Program, a non–linear curve-fitting program for Windows from Biosoft, was
used to obtain the kinetic parameters Ka, Kb, Kia and Vmax from the fitted curves using the
above rate equation.

MALDI Mass Spectroscopic Analysis of Oligosaccharides
MALDI mass spectrometry was performed using a 4700 Proteomics Analyzer (Applied
Biosystems, Framingham, MA). Two microliters of sample was mixed with 2 µL of DHB/
DMA matrix on a stainless steel plate and air dried or dried under a light vacuum at room
temperature as described (30). MS spectra were obtained using a laser intensity between
4500 and 6000 kW, with 2000 shots per sample.
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Transfer of Modified Sugars from Their UDP Derivatives to the LacNAc Residue on
Galactosylated Chitotetrose and on a Glycoprotein, asialofetuin

Reactions were carried out at 37 °C overnight in a 25 µL volume containing 5 mmol MnCl2,
25 mmol Tris/ HCl (pH 7.0), 500 µmol UDP-Gal-2-keto or UDP-GalNAz, and 0.1 mmol
sugar acceptor galactosylated chitotetrose (Galβ1-4GlNAc(β1-4GlcNAc)3) and 2 ug of
mutant enzymes SGG, AGG, or TGG. The samples were analyzed by MALDI-MS as
described above. The N-acetyl-lactosaminyl-chitoriose (galacto-chitotetrose) used as an
acceptor substrate in the transfer reactions was synthesized by galactosylation of chitotetrose
(GlcNAcβ1-4-GlcNAcβ1-4 GlcNAcβ1-4GlcNAcβ) with wild-type β-1,4-
galactosyltransferase. Full conversion of chitotetrose to galactochitotetrose
(Galβ1-4GlcNAcβ1-4-(GlcNAcβ1-4)3) was achieved by incubating, 100 µL of the mixture
containing 1 mmol chitotetrose, 3 µg of recombinant bovine C342T-Gal-T1 (15), 500 µM
UDP-Gal, 5 mmol MnCl2, and 25 mmol Tris-HCl (pH 8.0), overnight at 37 °C.

Asialofetuin (200 µg) was incubated with 1 mmol UDP-2-keto-Gal and 4 µg of the α3Gal-
T1 SGG and AGG mutants in a 10 µL final incubation mixture containing 5 mmol MnCl2
and 25 mmol Tris-HCl (pH 7.0). Reactions were incubated overnight at 37 °C. The samples
were placed on a Microcon YM-10 filter, washed with 1 mL of water, and samples were
eluted into 20 µL of water. A portion of the sample was analyzed by conjugation with AOB
and detected by chemiluminescence method as described previously (17) (see below).
Meanwhile, a portion of the sample that contained 10 µg of 2-keto-galctosylated asialofetuin
was digested with 2500 units of PNGase F in 20 µL of 50 mmol sodium phosphate buffer
for18 h at 37 °C. The oligosaccharides released from the PNGase F-treated samples were
purified on a micro SpinColumn with active charcoal prior to MALDI-MS analysis.

Biotinylation and Western Blotting of 2-keto-galactosylated asialofetuin
The 2-keto-galactosylated asialofetuin samples (100 µg) were diluted to 30µL in a mixture
containing 50 mmol NaOAc (pH 3.9) and 3 mmol AOB. The AOB reaction mixtures were
incubated with gentle shaking for 12–16h at 25 °C, and the reaction was stopped by boiling
in Tris-glycine-SDS sample buffer containing β-mercaptoethanol. The biotinylated protein,
25 and 50 ng, were analyzed by Western blotting, and detected by chemiluminescence using
streptavidin conjugated with HRP as described previously (16, 17).

Results & Discussion
Comparison of Sequence and Structure of α3Gal-T with the Human Blood group A and B
Glycosyltransferases

The protein sequence of the catalytic domain of bovine α3Gal-T used in our present and
past studies (29) is identical with the sequence reported by Zhang et al. (29) except at
position 347, where there is Ser instead of Ala (Figure 1). Comparison of the α3Gal-T
sequences from different species in the sequence data base show that mouse, rat and
capuchin have also Ser at the corresponding position. We have mutated the Ser347 in our
clone of bovine α3Gal-T to Ala347 and found that the two enzymes have comparable
enzymatic and kinetic parameters (see Supporting Information). All our mutational studies
reported here have been carried out with Ser at position 347 and is considered, herein this
paper, as the wild-type α3Gal-T.

A comparison of the protein sequences of the catalytic domain of bovine α3Gal-T with the
human blood group A (α3GalNAc-T-A) and B (α3Gal-T-B) shows a 46% similarity (Figure
1). On the contrary, the blood group A and B transferases differ by only four amino acids:
Gly176, Ser235, Leu266 and Ala268 for transferase A, and Arg176, Gly235, Met266 and
Gly268 for transferase B. Among these four amino acids, the residue at position 266, Met
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(for B) and Leu (for A), largely determines the sugar donor specificity for Gal or GalNAc,
respectively (24, 25). At the corresponding position in α3Gal-T is the residue His280.
Several other differences are found between α3Gal-T and the blood group A and B
transferases, such as residues in the sugar acceptor-binding site.

A number of crystal structures of both bovine α3Gal-T (26, 31–33) and human blood group
A and B enzymes (34–36), with and without substrates, are available and they show that the
crystal structure of the bovine α3Gal-T is quite similar to that of the human blood group A
and B enzyme, with an rms deviation of Cα atoms of only 0.8 Å (Figure 2). These crystal
structure studies have shown that in these enzymes, two similar, flexible regions undergo
conformational changes upon Mn2+ and UDP-Gal/GalNAc binding. In α3Gal-T, the first
flexible region is found between residues 190 and 199, and the second region is its C-
terminal 11 amino acids (26, 31–33); in the blood group A and B transferases the first
flexible region is between residues 177 and 195, and the second is its C-terminal 10 amino
acids (34, 35). Although these two flexible regions belong to the same part of their three-
dimensional structure, the nature of the conformational change in the first region between
the two proteins is quite different, while the conformational change in the C-terminal region
is the same. During the conformational changes in α3Gal-T, the first flexible region
positions the side chain of Trp195 residue (corresponding residue Trp181 in blood group A
and B) to form hydrophobic interactions with the bound donor sugar substrate. The second
flexible region, the C-terminal end, in addition to burying the bound donor substrate,
positions the side chain of Arg359 residue (Arg352 in blood group A and B) in such a way
that it forms a stacking interaction with the side chain of Trp195 residue from the first
flexible loop (32).

Although the crystal structure of the donor substrate, UDP-Gal, bound to α3Gal-T and blood
group B enzymes are available, but the crystal structure of UDP-GalNAc bound to blood
group A enzyme is not yet known. While the conformation of the bound UDP-Gal is the
same in these crystal structures, its molecular interactions with the protein molecules show
only few differences. In the UDP-Gal-bound α3Gal-T crystal structure (32) the side chain
NH atom of His280 forms a strong hydrogen bond with the O2 hydroxyl group of the
galactose sugar; in the blood group B structure, however, the corresponding residue,
Met266, forms only hydrophobic interactions with the O2 hydroxyl group (36).

A simple modeling of an N-acetyl moiety at the C2 of galactose that converts the donor
residue to GalNAc in the crystal structure of UDP-Gal-bound bovine α3Gal-T, indicates that
the side chain of His280 and Ala282 residues cause steric hindrance with the N-acetyl
moiety of GalNAc (Figure 3A). Interestingly, the corresponding residues in the blood group
A and B transferases are the ones that determine the sugar donor specificity of these
enzymes, indicating that His280 and Ala282 may determine the sugar donor specificity of
α3Gal-T toward galactose. In addition, the sequence comparison reveals that the Ala281
residue, the back bone of which forms a hydrogen bond with O3' of galactose in α3Gal-T
(32), is also naturally present as a Gly residue in both human blood group A and B
transferases. Thus, to accommodate a substitution at the C-2 position of galactose in the
sugar donor-binding site of bovine α3Gal-T enzyme, the three contiguous residues, His280-
Ala281-Ala282, were considered potential target residues for mutagenesis. A previous study
on bovine α3Gal-T (which has Ala at position 347) has shown that when the His280 residue
was mutated to the Ala residue, the mutant enzyme exhibited a weak GalNAc-T activity at
20 mmol lactose concentration and was very unstable (26). To convert α3Gal-T (which has
Ser at position 347) into an efficient α3GalNAc-T, based on the structural details of the two
enzymes, we have considered (1) substituting the His280 residue to Ala, Gly, Ser, Thr, Leu,
and Val, and (2) substituting the next two residues, Ala281 and Ala282, to Gly281 and
Gly282, which are the residues at the corresponding positions in the blood group A and B

Pasek et al. Page 6

Bioconjug Chem. Author manuscript; available in PMC 2012 October 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transferases. A mutation of His280 to Gly (GAA) did not produce stable protein and thus
could not be analyzed. Thus, in this study we have characterized the following α3Gal-T
mutants: Ala280-Ala281-Ala282 (AAA); Gly280-Ala281-Gly282 (GAG); Ala280-Gly281-
Gly282 (AGG); Ser280-Gly281-Gly282 (SGG); Thr280-Gly281-Gly-282 (TGG); Leu280-
Gly281-Gly282 (LGG); and Val280-Gly281-Gly282 (VGG) (Table 1). The final yield of the
purified mutant proteins ranged from 2 to 6 mg per liter of bacterial culture and they were
stable at a concentration of 2 to 4 mg/mL.

Mutation of His280 Residue Affects the Acceptor Affinity of the Enzyme
In the Gal-T activity, the Km value of the acceptor substrate lactose is only 4.5 mmol, which
is four–fold lower than the value (20 mmol) found by Zhang et al. (26). At the saturation
concentration of UDP-Gal, the wild-type enzyme reached its maximum catalytic activity at
less than 20 mmol lactose concentration and only very little inhibition even at 200 mmol
lactose concentration (Figure 4A and insert; Table 1). A mutation of His280 residue to Ala,
mutant AAA, reduces Gal-T activity to 14% at 20 mmol lactose, while at 200 mmol lactose,
the reduction is 41%, indicating that the mutant has also lost the affinity for the acceptor
substrate (Table 1). The AAA mutant, and including other mutants, show linear catalytic
activity from 20 to 200 mmol lactose concentration for nearly 4 h (Figure 4B and insert). In
the crystal structure of bovine α3Gal-T, the side chain of the acceptor substrate-binding
residue Gln247, stacks on the side chain imidazole ring of the His280 residue. Therefore, a
mutation of His residue to a smaller side chain residue is expected to affect the side chain
conformation of Gln247, which may cause a loss of acceptor substrate affinity. This
hypothesis is confirmed by the Km values found for the acceptor substrate in both the Gal-T
and GalNAc-T enzyme kinetic data of these mutants (Table 2).

Mutation of His280 to Gly280, the mutant GAA, produces unstable protein that precipitated
during purification and thus could not be analyzed further. In contrast, mutation of His280 to
Ala280, the mutant AAA produced stable and active protein. This mutant was analyzed for
GalNAc-T activity. In contrast to wild-type enzyme HAA, the mutant enzyme AAA has 4%
and 6% GalNAc-T activity at 20 mmol and 200 mmol lactose concentration, respectively.
Thus the substitution of His280 by Ala280 seems to have reduced the steric hindrance and
created a space to accommodate the N-acetyl group of the sugar donor GalNAc (Figure 3B).
A mutation of His280 to Gly280, together with the mutation of Ala282 to Gly282 (GAG
mutant), shows reduced activity at 200 mmol lactose with both UDP-Gal (27%) and UDP-
GalNAc (2%) as donor substrates, compared with the AAA mutant (Table 1).

With sugar donor substrate UDP-Gal, the mutants AGG, SGG, TGG, VGG, and LGG with a
Gly residue at both positions 281 and 282 (which is similar to the blood group A and B
transferases) exhibit only 0.4%, 5%, 3%, 4% and 2% Gal-T activity, respectively, at 20
mmol lactose concentrations, and 1%, 5%, 15%, 16% and 1% Gal-T activity, respectively, at
200 mmol lactose. When UDP-GalNAc was used as the donor substrate, the wild-type
α3Gal-T enzyme exhibited no GalNAc-T activity; however, the mutant enzymes at 20 mmol
lactose concentration exhibited GalNAc-T activity that corresponds to 3%, 2%, 1%, 0.5%
and 3%, respectively, of the Gal-T activity of the wild-type α3Gal-T at 20 mM lactose
(Table 1). Nevertheless, at 200 mmol lactose, the mutants showed higher GalNAc-T
activity, with the AGG and SGG mutants showing 19 and 11% activity, respectively, (Table
1). Recently Tumbale et al. (28) have generated bovine α3Gal-T mutants with altered donor
specificity from the wild-type α3Gal-T that has Ala at position 347 (α3Gal-T-Ala347). The
donor substrate mutants of α3Gal-T-Ala347 where 280HisAlaAla282 is mutated
to 280AlaGlyGly282, require mutation of Ile283 to Leu283 to make the mutant proteins
stable (28). As stated above the mutations in the donor substrate site affects the acceptor
binding (Table 1), increasing the lactose concentration from 20 to 200 mM increases the
specific activity towards UDP-GalNAc (Figure 4), the observation also made by Tumbale et
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al. (28). However, in their studies this observation was not exploited for screening the
mutants from the library at higher acceptor concentrations of lactose.

In the present studies, the mutants AGG and SGG with highest activity toward UDP-
GalNAc were selected for kinetic studies.

Kinetic Parameters of SGG and AGG Mutants
The results of the kinetic analysis with UDP-Gal and UDP-GalNAc for the wild-type
α3Gal-T (HAA) and the mutants AGG and SGG are presented in Table 2. The kcat for the
UDP-Gal of the mutants AGG and SGG was 170- and 34-fold lower, respectively, than that
of the wild-type. The Km for the UDP-Gal (Ka) and Kia decreased by about 20- and 10-fold
for AGG and SGG, respectively, while the Km for the acceptor lactose (Kb) of the two
mutants increased 60- and 40-fold, respectively. Thus, a mutation of HAA to either AGG or
SGG results in increased binding and decreased dissociation of UDP-Gal and lower affinity
for the acceptor lactose. However, in contrast to the wild-type enzyme, the mutants have
GalNAc-T activity and the kcat for UDP-GalNAc about 0.3–0.4 s−1, which is one-tenth the
wild-type kcat for UDP-Gal. In these mutants, the Km and Kia for the UDP-GalNAc are
similar to the Km and Kia for the UDP-Gal of the wild-type enzyme, while the Km for the
acceptor lactose (Kb) is nearly 60-fold higher.

In the modeled structures, the “HAA residue” in the sugar nucleotide-binding pocket of the
wild-type enzyme was mutated to AAA, AGG, SGG, TGG, or LGG. Moreover, the UDP-
GalNAc structure was superimposed on the bound UDP-Gal structure in these models
(Figure 3B–F). The N-acetyl group of GalNAc moiety in the AGG mutant has no steric
hindrance and is well accommodated in the substrate-binding pocket (Figure 3C). In
contrast, in the SGG mutant, the side chain of the Ser residue seems to have some steric
hindrance to the N-acetyl group (Figure 3D). For this mutant, the Km for UDP-GalNAc is
also one-and-a-half times higher than that for the AGG mutant. The mutants TGG (Figure
3E), LGG (Figure 3F), and VGG (not shown), which have a residue with a more extended
side chain than that of Ser exhibits much lower GalNAc-T activity (Table 1).

Transfer of Modified Sugars UDP-Gal-2-keto and UDP-GalNAz by α3Gal-T SGG and AGG
Mutants to LacNAc Acceptor

In our previous studies with the Y289L-β1,4-galactosyltransferase mutant (15–18) and the
poly-peptide N-acetylgalactosaminyltransferase (19), we have shown that the enzymes that
accommodate the N-acetyl group of the sugar donor GalNAc in the binding pocket also
accommodate C2-modified galactose, which has a chemical handle, such as a 2-keto- or
N-2-azido group. In this study we show that the α3Gal-T mutants SGG and AGG, which
transfer GalNAc from UDP-GalNAc, also transfer the modified sugars 2-keto-galactose or
GalNAz from their respective UDP derivatives to the LacNAc residues linked to chitotriose
(galacto-chitotetrose, (N-acetyl-lactosaminyl-chitotrios) (Figure 5 and Figure 6) or the
LacNAc on the glycoprotein, asialofetuin (Figure 7).

Transfer of 2-keto-galactose or 2-azido-galactose to LacNAc Moiety in N-Acetyl-
lactosaminyl-chitotriose (galacto-chitotetrose)

The transfer of C2 modified galactose, 2-keto-galactose, and GalNAz by the mutant
enzymes was followed by MALDI mass profiling, and the results are shown in Figure 6E–F.
The galacto-chitotetrose (Galβ1-4-GlcNAcβ1-4-(GlcNAcβ1-4-)3) used as an acceptor
substrate in the transfer reactions was prepared by galactosylation of chitotetrose
(GlcNAcβ1-4-(GlcNAcβ1-4-)3) with β-1,4-galactosyltransferase (Figure 5 (2)). The MS
analysis of the starting material used as an acceptor substrate for the transfer of 2-keto-
galactose or GalNAz from their UDP derivatives by the α3Gal-T mutants showed one peak
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at 1015 m/z corresponding to the mass of galacto-chitotetrose (Figure 6A). The mutant
enzymes SGG (Figure 6C) and AGG (Figure 6D), in contrast to TGG (Figure 6B),
transferred 2-keto-galactose efficiently, converting the acceptor substrate galacto-
chitotetrose (1015 m/z in Figure 6A) completely into 2-keto-galactosylated galacto-
chitotetrose, which has a mass of 1218 m/z (Figures 6C and D). The mutant enzymes SGG
and AGG transferred the GalNAz very poorly in contrast to the transfer of 2-keto-galactose
(Figure 6E and F).

Transfer of 2-keto-galactose to LacNAc Moiety on Asialofetuin
The transfer of 2-keto-Gal to the LacNAc moiety of glycoprotein asialofetuin, known to
have N-linked glycans with terminal LacNAc residues, by the mutant enzymes SGG and
AGG, is shown in Figure 7B and C. The MALDI analysis of the N-glycans released after the
PNGase F treatment of asialofetuin, show biantennary (1664 m/z) and triantennary (2029 m/
z) structures (Figure 7A) as reported (37). Both mutants, SGG (Figure 7B) and AGG (Figure
7C), transfer 2-ket-Gal to one (1886 m/z) or both (2086 m/z) arms of the biantennary glycan,
and to one (2231 m/z), two (2433 m/z), or all three (2636 m/z) arms of the triantennary
structure. The MS analyses indicate that the preferred transfer of 2-keto-Gal is to one arm of
the biantennary and triantennary structures.

After the 2-keto-galactose was transferred to LacNAc residues on the N-glycans of
asialofetuin by SGG and AGG mutants, the ketone moiety at the C-2 position of galactose
was coupled with AOB (Figure 8). The biotinylated product was analyzed on Western blots
and detected by chemiluminescence with streptavidin conjugated to HRP (Figure 8, (−)
samples). Chemiluminescence was detected only when samples were not treated with
PNGase F before Western blot analysis (Figure 8, (−) samples), in contrast to samples
treated with PNGase F (Figure 8, (+) samples), indicating that the transfer of 2-keto-
galactose occurred only to the N-linked carbohydrate moiety. These results show that the
transfer of 2-keto-galactose to the LacNAc moieties of glycoproteins can be used for
detection of LacNAc moieties of glycoproteins with very high sensitivity and to conjugate
glycoproteins via glycan chains. The transfer of modified galactose with a chemical handle
at the C-2 position to the LacNAc residues of a glycoprotein using the AGG and SGG
mutants makes it possible to (1) detect a LacNAc disaccharide unit in a glycoprotein with
high sensitivity, and (2) site-specifically conjugate a glycoprotein via its glycan chain.

Conclusion
Lactosamine (LacNAc) moiety on glycoconjugates is the most prevalent sugar found on
cells. α3Gal-T transfers Gal moiety to LacNAc (Galβ1-4GlcNAc), forming a Galα1-3Galβ-
linkage. Based on the structural information of wild-type α3Gal-T and human blood group
A and B glycosyltransferases, we have engineered bovine α3Gal-T enzyme in such a way
that it can transfer a galactose residue with a chemical handle at the C2 position, such as a
keto group to lactosamine that can be used for conjugation chemistry and detection of
LacNAc residues on glycoconjugates. In the blood group A glycosyltransferase sugar donor
binding site, three residues: Leu266, Gly267 and Gly268 – allow transfer of 2-N-acetylated
galactose (GalNAc) to fucosylated LacNAc. At the corresponding positions in the α3Gal-T,
three residues, His280, Ala281 and Ala282, determine the sugar-donor specificity toward
Gal. We have mutated these three residues to Ala280, Gly281, and Gly282 (AGG mutant),
and to Ser280, Gly281, and Gly282 (SGG mutant). These mutants lost Gal-T activity by
95% but gained the GalNAc transferase activity, which is 10–20% of the Gal-T activity at
200 mmol lactose concentration. The mutation results show that creation of a cavity in the
sugar-donor binding site allows the transfer of galactose with a C2 substitution of a bulky
group. The transfer of modified sugar that has a chemical handle at the C2 position of
galactose e.g., 2-keto-Gal to LacNAc moiety of a pentasaccharide, galacto-chitotetrose, and
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of a glycoprotein, asialofetuin was demonstrated by MS analysis of the product and by
bioconjugation of the transferred 2-keto-Gal to the aminooxybiotinylated derivative, which
was detected by the chemiluminescence method.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

α3Gal-T α1,3-galactosyltransferase

β4Gal-T1 β1,4-galactosyltransferase

GlcNAc N-acetylglucosamine

GalNAc N-acetylgalactosamine

GalNAz N-acetyl-azido-galactosamine (Gal-2-NH-CO-CH2-N3)

UDP-Gal Uridine 5’-diphosphogalactose

UDP-2-keto-Gal Uridine 5’-diphospho-2-acetonyl-2-deoxy-galactose

UDP-GalNAc Uridine 5’-diphospho-N-acetylgalactosamine

UDP-GalNAz Uridine 5’-diphospho-N-acetyl-azido-galactosamine

MALDI Matrix-Assisted Laser Desorption Ionization

DHB 2,5-Dihydroxybenzoic acid

DMA N,N-dimethylalinine

MS Mass Spectra

AOB N-aminooxymethylcarbonylhydrazino-D-biotin

HRP horseradish peroxidase

lac Lactose

LacNAc N-acetyllactosamine
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Figure 1.
Sequence comparison of the catalytic domain of α3Gal-T with the blood group A and B
transferases. The DVD motif (red box) and the sugar donor binding site residues (pink box)
are labeled. Secondary structural motifs of these proteins are shown above the sequence;
green and red tubes indicate alpha helix; blue arrows indicate beta strands; dashed navy line
indicates missed internal loop in blood group A and B transferase structure. Sites of
mutation of α3Gal-T are indicated by navy stars at positions 280–282.
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Figure 2.
Superposition of the structure of α3Gal-T with UDP-Gal complex (green) with blood group
A transferase (cyan). The structural similarity of the two enzymes is very high. The α
helix-4 is visible in α3Gal-T and is disordered in the blood group A and B transferase
structure.
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Figure 3.
Comparison of sugar donor binding site residues of wild-type α3Gal-T with the bound
UDP-Gal (green) (A) (PDB 1fg5) with the modeled structures of the mutants AAA (B),
LGG (C), TGG (D), AGG (E), and SGG (F). The UDP-GalNAc structure (yellow) (from
PDB 1oqm) is superimposed in these structures. H280 residue causes steric hindrance with
the N-acetyl moiety of GalNAc. A mutation of H280 to S280 or A280 and a mutation of
residues A281 and A282 to G281 and G282, respectively, accommodate the N-acetyl group
from UDP-GalNAc in the sugar donor binding site.
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Figure 4.
(A) The catalytic activities of the α3Gal-T mutants 280SGG282 (○) and 280AGG282 (●) with
UDP-GalNAc as the donor substrate at different concentrations of lactose. The insert shows
the catalytic activity of the wild-type α3Gal-T with UDP-Gal as the sugar donor at different
concentrations of lactose. Each assay was carried out for 15 min with 1 µg of enzyme, as
described in Materials and Methods. (B) Time course of GalNAc transfer with 1 µg of
mutant enzymes 280SGG282 (○) and 280AGG282 (●) at 200 mmol lactose and 500 µmol
UDP-GalNAc.
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Figure 5.
Scheme of the chemoenzymatic synthesis of galacto-chitotetrose, Galβ1,4-GlcNAcβ1,4-
(GlcNAcβ1,4)3) (2) and the transfer of modified sugars by the α3Gal–T mutants, SGG or
AGG. Galactose was transferred to chitotetrose (1) by the wild-type (WT) β1,4Gal-T1 to
give galacto-chitotetrose (2) that has a terminal LacNAc disaccharide moiety. Modified
sugars, GalNAz (A) or 2-keto-Gal (B), were transferred from their UDP derivatives to
galacto-chitotetrose, synthesizing the products (3) or (4), respectively, by the mutants SGG
or AGG.

Pasek et al. Page 17

Bioconjug Chem. Author manuscript; available in PMC 2012 October 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
MALDI mass spectra of the acceptor galacto-chitotetrose, Galβ1,4-GlcNAcβ1,4-
(GlcNAcβ1,4)3) (A) and after the transfer of 2-keto-Gal (B, C, D) and GalNAz (E, F) to the
sugar acceptor. Major peaks are annotated with the carbohydrate structure shown in the
symbols for monosaccharides, according to the nomenclature adopted by the consortium for
functional glycomics, http://www.functionalglycomics.org/static/consortium/. (GlcNAc
[blue square], Gal [yellow circle], 2-keto-Gal [yellow stars] and GalNAz [blue stars]). The
symbols were drawn using the GlycoWorkbench program found in the eurocarb database
http://www.eurocarbdb.org/. The transferred 2-keto-Gal moiety by the mutants TGG (B),
SGG (C), and AGG (D), and the transferred GalNAz by the mutants SGG (E) and AGG (F)
are shown. (A) Peak at 1015 m/z corresponds to the linear glycan structure, galacto-
chitotetrose. (B—D) Shift in the molecular mass after addition of 2-keto-Gal moiety to
galacto-chitotetrose, from the starting ion at 1015 m/z to a peak of 1218 m/z (Material and
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Methods section). (E—F) Shift in the molecular mass after addition of a GalNAz moiety to
galacto-chitotetrose, from the starting ion at 1015 m/z to a peak of 1232 m/z.
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Figure 7.
MALDI mass spectra of the glycans released from asialofetuin. After PNGase F treatment of
asialofetuin, the released oligosaccharides were passed through SpinColumn with active
charcoal and analyzed by MALDI mass spectrometry. Only the peaks of interest are
annotated, showing their molecular mass and possible structures. All carbohydrate structures
are shown in symbol form, as described in the Figure 6 legend, and Man is drawn as green
circle. Glycans released from the commercial sample (Sigma) of asialofetuin before 2-keto-
Gal transfer (A). Ions at 1664 m/z (biantennary galactosylated N-glycans) and 2029 m/z
(triantennary galactosylated N-glycans) are assigned to N-glycan structures reported for
asialofetuin (37). Glycan structures released from asialofetuin after the transfer of 2-ket-Gal
from UDP-2-keto-Gal with the mutant enzymes α3Gal-T1-SGG (B) and AGG (C). Ions at
1866 and 2068 m/z indicate mass of biantennary N-glycans with transferred 2-keto-Gal on
one and two arms, respectively. Ions at 2231, 2433, and 2635 m/z indicate mass of
triantennary N-glycans with one, two, and three transferred 2-keto-Gal residues to the three
arms, respectively.
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Figure 8.
Chemoenzymatic detection of the transferred 2-keto-Gal on asialofetuin. The transfer of 2-
keto-galctose to LacNAc residues on the N-glycans chains of asialofetuin by the α3Gal-T
mutant enzyme SGG and AGG was monitored by linking with the AOB, followed by
Western blotting and chemiluminescence detection. The chemiluminescence was detected
only in the samples that contained UDP-2-keto-Gal and mutant enzyme and 25 ng (1) and 50
ng (2) of asialofetuin. After the transfer of 2-keto-Gal, asialofetuin samples were treated
with PNGase F (see Materials and Methods section), which removes the N-glycan chains
from the protein (+). In contrast to the untreated samples (−), the PNGase F-treated samples
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(+) exhibited no chemiluminescence indicating that the transfer of 2-keto-Gal is selective for
the glycan portion of asialofetuin.
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Table 1

The catalytic activities of the wild-type α3Gal-T with Ser347, and mutants of α3Gal-T enzymes at different
lactose concentrations with each sugar nucleotides, UDP-Gal and UDP-GalNAc.

Donor substrates

Enzyme

UDP-Gal UDP-GalNAc

20 mmol lac
(%)

200 mmol lac
(%)

20 mmol lac
(%)

200 mmol lac
(%)

α1,3 GalT 280HAA282 (WT) 100 100 N/A N/A

α1,3 GalT 280AAA282 14 41 4 6

α1,3 GalT 280GAG282 5 27 0.3 2

α1,3 GalT 280AGG282 0.4 1 3 19

α1,3 GalT 280SGG282 5 5 2 11

α1,3 GalT 280TGG282 3 15 1 6

α1,3 GalT 280LGG282 2 1 3 2

α1,3 GalT 280VGG282 4 16 0.5 3

The 100% specific activity of the wild type (WT) is 1.100 ±0.20 pmol/ng/min.
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