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Abstract The human blood group A and B antigens are
synthesized by two highly homologous enzymes, glycosyl-
transferase A (GTA) and glycosyltransferase B (GTB), respec-
tively. These enzymes catalyze the transfer of either GaINAc
or Gal from their corresponding UDP-donors to aFucl—
2/3Gal-R terminating acceptors. GTA and GTB differ at only
four of 354 amino acids (R176G, G235S, L266M, G268A),
which alter the donor specificity from UDP-GalNAc to UDP-
Gal. Blood type O individuals synthesize truncated or non-
functional enzymes. The cloning, crystallization and X-ray
structure elucidations for GTA and GTB have revealed key
residues responsible for donor discrimination and acceptor
binding. Structural studies suggest that numerous conforma-
tional changes occur during the catalytic cycle. Over 300
ABO alleles are tabulated in the blood group antigen mutation
database (BGMUT) that provides a framework for structure-
function studies. Natural mutations are found in all regions of
GTA and GTB from the active site, flexible loops, stem region
and surfaces remote from the active site. Our characterizations
of natural mutants near a flexible loop (V175M), on a remote
surface site (P156L), in the metal binding motif (M212V) and
near the acceptor binding site (L232P) demonstrate the resil-
iency of GTA and GTB to mutagenesis.
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Introduction

Glycosyltransferases catalyze the transfer of a glycosyl resi-
due from donor substrates typically nucleotide sugars, to a
wide variety of acceptors [1, 2]. Acceptors include saccha-
rides, proteins, lipids, DNA, natural products and unnatural
compounds. Glycosyltransferases are encoded by about
1-2 % of all genes sequenced to date. Currently over
140,000 gene sequences for glycosyltransferases are tabulat-
ed in the CAZy GT database (www.cazy.org) [3],though the
activities of only about 2-3 % have been biochemically
verified. In contrast to the diversity of structural folds
seen for glycosidases, the nucleotide donor utilizing GTs
characterized to date exhibit variants of only two structural
fold types: the GT-A-fold and the GT-B-fold [1, 2].

The human blood group A and B antigen synthesizing
enzymes GTA and GTB are ideal models for investigating
the mechanism and structure-function relationships for
retaining glycosyltransferases of the GT-A-fold type. GTA is
an «-1,3-N-acetygalactosaminyltransferase which transfers
GalNAc from UDP-GalNAc donor to aFuc1-25Gal-R termi-
nating acceptors producing blood group A antigens (Fig. 1).
GTB is an «-1,3-N-galactosyltransferase transferring Gal
from UDP-Gal to aFuc1-25Gal-R acceptors producing blood
group B antigens (Fig. 1). GTA and GTB are the most homol-
ogous of all glycosyltransferases since they differ by only 4
amino acids of 354 in their full length sequences [4]. These
four residues are Arg/Gly-176, Gly/Ser-235, Leu/Met-266
and Gly/Ala-268 in GTA and GTB, respectively [4]. Two of
these four amino acids Leu/Met-266 and Gly/Ala-268 have
been suggested to determine donor specificity [5]. Gly/Ser-
235 and Leu/Met-266 are believed to affect acceptor binding
[6]. Crystal structures of GTA and GTB in complex with their
substrates reveal details of substrate binding interactions and
suggest that numerous conformational changes occur during
catalysis [7] which can be exploited for inhibitor design [8].
Over 300 ABO alleles are tabulated in the blood group antigen
mutation database (BGMUT) [9] that provides a framework
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Fig.1 The reactions catalyzed by
the human blood group A and B
synthesizing enzymes
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for structure-function studies. Natural mutations are found in
all regions of GTA and GTB from the active site, flexible
loops that undergo conformational changes during catalysis,
stem regions and surfaces remote from the active site. In this
study, we report our characterizations of naturally occurring
mutations near the internal flexible loop (V175M) and accep-
tor binding site (L232P), on a remote surface site (P156L) and
in the metal binding motif (M212V) (Fig. 2) which demon-
strate the resiliency of GTA and GTB to mutagenesis.

Experimental procedures
Cloning and expression
The mutant enzymes were cloned and expressed in E. coli

using standard site-directed mutagenesis with a QuikChange
II XL Site-Directed Mutagenesis Kit (Stratagene). Plasmid

s 1232P
\Y

“p156L <

Fig. 2 Overview of a GTB enzyme in the closed conformation with
bound substrates, depicted with gray transparent ribbons, and the position
of the described mutants. GTB is a dimer in-vivo, the second monomer is
depicted in pale orange ribbons. The 4 mutants are highlighted (side
chains only) with green carbons. The internal loop (residues 175-191)
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vector pPCW Alac containing either GTA or GTB genes (amino
acids 63-354) which are codon optimized for expression in
E. coli was used as a template. The PCR cycling conditions
were: Initial denaturation at 95 °C for 35 s followed by
18 cycles at 95 °C for 30s, 60 °C for 60s, 68 °C for 10 min
and a final extension at 68 °C for 10 min. The primers used for
mutagenesis were as follows:

P156L forward5’-CACCGACCAGCTGGCCGCGGTT
Cc-3

P156Lreverse5’-GAACCGCGGCCAGCTGGTCGGTG-3’

V175Mforward5’CTGTCCGTTCTGGAAATGGGCG
CCTACAAAC-3’

V175M reverse5’-GTTTGTAGGCGCCCATTTCCAG
AACGGACAG-3

M212V forward 5’-CCTGGTTTGCGTTGACATGGAC
ATGGAGTTCCGTG-3’

M212V reverse 5’-CACGGAACTCCATGTCCATGTC
AACGCAAACCAGG-3’

is depicted in cyan, and the C-terminal loop (from residue 346) in purple.
Also highlighted are the UDP-Gal donor (black carbons, stick model), the
manganese atom (purple sphere) and the acceptor (gray carbons, stick
model) and Y178 (arrow) within the cyan part of the ribbon
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L232P forward5’-CGCTGTTCGGTACCCCGCACCC
GAGCTTCTAC-3”

L232P reverse5’-GTAGAAGCTCGGGTGCGGGGTA
CCGAACAGCG-3

The altered nucleotides are underlined. To digest template
methylated non-mutated plasmid DNA the PCR reaction mix-
ture was treated with 1 pl Dpnl (10 U/ul) for 60 min at 37 °C.
The Dpnl treated plasmids were transformed into E.coli
XL10-Gold cells and sequencing was performed by Agowa
(Berlin, Germany). Positive mutants were transformed into
E.coli BL21-Gold cells for expression.

Purification —Enzymes were produced from the respective
clones, purified by ion-exchange (SP-Sepharose FF) and af-
finity chromatography (UDP-hexanolamine Sepharose eluted
with 4-10 mM UDP) as previously described [10].

Enzyme kinetics Kinetic constants were determined with a
radiochemical assay using «-1-Fucp-(1—2)-3-D-Galp-
0O-(CH,);,CHj as an acceptor [11]. In this assay, a Sep-Pak
reverse-phase cartridge is used to isolate hydrophobic
radiolabeled products from unreacted donor. Assays were
carried out at 37 °C in a total volume of 12 ul in 50 mM
MOPS buffer, pH 7.0, 20 mM MnCl, and BSA (1 mg/ml). At
least six different concentrations of donor and acceptor were
employed. Reactions were terminated by dilution with 500 pl
water, then the mixture was transferred to a Sep-Pak cartridge
which was washed with 100-200 ml water to remove
unreacted donor. Radiolabeled hydrophobic product was elut-
ed from the cartridge into a scintillation vial with 5 ml meth-
anol then counted in a Beckman LS6500 counter after addi-
tion of 10 ml of Ecolite cocktail. Initial rate conditions were
linear with no more than 10-20 % of the substrate consumed in
the reaction. For the donors, the K,,, values were determined at
1.0 mM acceptor and the K, for the acceptor was determined
at 1.0 mM donor. The kinetic parameters k., and K,,, were
obtained by non-linear regression analysis of the Michaelis
Menten equation with the Graph Pad PRISM 3.0 program
(GraphPad Software, San Diego, CA). Enzyme concentra-
tions were determined using the Bradford method using bo-
vine gamma globulin as a protein standard.

Modelling of mutant enzymes

Modeling of the mutants was made by modifying structure
PDB _ID: 2RJ7 which is a dual specificity hybrid AABB
enzyme with the following four critical residues Arg-176,
Gly-235, Met-266 and Ala-268 [7]. This structure features
bound UDP-Gal donor and«-L-Fucp-(1—2)-3-D-Galp-
0O-(CH,),CHjzacceptor with the enzyme in a fully closed con-
formation comprised of a structured internal loop and a
structured C-terminus. Amino acid mutations were made by
changing their side chains into their most likely conformer of
the new residue with PyMOL (PyMOL Molecular Graphics

System, Version 1.5.0.4 Schrodinger, LLC). In cases where
this resulted in clashes, further manual adjustment of individ-
ual atoms was carried out with PyMOL until clashes were
absent. Figures showing the mutations were also rendered
with PyMOL

Results and discussion

The mutant enzymes all expressed well as soluble proteins
and were purified to homogeneity from 1 L of E. coli culture.
The quantities of isolated enzymes were 25 mg/L GTB-
P156L, 36 mg/LL GTA-P156L, 2 mg/LGTB-V175M,18 mg/
L GTA-V212M and16mg/L GTB-L232P. The lower quantity
of purified GTB-V175M is due to somewhat weaker binding
of the enzyme to the UDP-hexanolamine column which re-
sulted in the loss of 10 mg of enzyme in the column washing
steps.

The K., and k¢, values for UDP-GalNAc or UDP-Gal
donor and «-Fucp-(1—2)-3-Galp-O-(CH,),-CHj3 acceptor
with GTA and GTB have previously been reported [12] and
are given in Table 1. The P156L mutation has different effects
on GTA and GTB. The k., for GTA-P156L is 34 % that of
GTA (Table 1). For GTA-P156L the K,,, for UDP-GalNAc
donor is increased two-fold compared to GTA. In contrast, for
GTB-P156L there is no effect on the k., and the K,,, for donor
increased 1.5-fold compared to GTB. There is no effect on the
K., for the acceptor for either mutant.

The GTB-V175M mutation resulted in a reduction in K,
and K,,, for acceptor with little effect on the donor Km. The
latter is surprising since there was a decrease in the binding of
this mutant enzyme to the UDP-hexanolamine column sug-
gesting donor binding might be impaired. The GTA-V212M
mutation which is in the metal binding motif has surprisingly

Table 1 Kinetic parameters for GTA, GTB and naturally occurring
mutant enzymes

Enzyme UDP-GalNAc UDP-Gal

Ko Kp® ka(s)  Ka  Kg o k(s
GTA® 99 87 175 88 27 5.1
GTB®
GTA-P156L g4 20 6
GTB-P156L 87 41 52
GTB-V175M 38 26 3
GTA-V212M 34 85 17
GTB-L232P 500 24 2

* Ky, for the acceptor in uM

K., for the donor in pM

¢ Data from reference 12

9 The errors on Km values are typically 10-15 % and ko 515 %

@ Springer



472

Glycoconj J (2014) 31:469-473

little effect on k.., while there are increases in the Km’s for
donor and acceptor. For the GTB-L232P mutation there was a
great elevation in the Km for acceptor with substrate inhibition
at concentrations greater than 1.5 mM acceptor. There was no
effect on donor binding while the k., was also greatly
reduced.

To understand the potential effects of the mutations on
catalysis, the respective mutants were modeled onto a GTB
structure (Fig. 2). This structure shows the enzyme in a closed
conformation with UDP-Gal donor and acceptor substrates
bound to the enzyme. Two loops are shown in cyan (internal
loop) and purple (C-terminal residues). In the absence of
substrates, the C-terminal loop is disordered while the internal
loop is disordered or in a semi-closed conformation with an
unusual distorted helical structure [7]. The P156L mutation
appears to be remote from the active site where substrates are
bound (Fig. 2). In Fig. 3, it can be seen that P156L caps a helix
that directly interacts with the end of the internal flexible loop
(in cyan). The internal loop is flexible and changes from a
distorted kinked helical structure with loss of a hydrogen bond
between Y178 (arrow, Fig. 2) and E190 in going from the
semi-closed (kinked helix) to the closed conformation with the
helix as shown in cyan. Thus mutations of P156 can be
expected to affect the dynamics of the internal loop folding
which can account for the elevation of K., for UDP-GalNAc
and decrease in k. seen in the GTA-P156L mutant. For GTB-
P156L there was also an elevation in K,,, for UDP-Gal with no
reduction in k., suggesting the loop folding dynamics were
not as drastically affected in GTB. Since GTB has a small
flexible Gly176 as a critical residue in this loop folding region
while GTA has Argl76, it is predicted to be more resilient to
mutations that affect loop folding dynamics.

Fig. 3 Zoom into the P156L and V175M mutants, highlighted with
green carbons. The internal loop is highlighted with a cyan ribbon and
the donor (stick model, black carbons) is visible in the back. V175M sits
at the hinge point for movement of the internal loop, while P156L caps a
helix that directly interacts with the loop. It is likely that both mutations
affect the dynamics of internal loop folding
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Fig. 4 Details around V212M (green carbons). The donor molecule
(black carbons, stick model), the manganese ion (purple sphere) and the
aspartates in the D,;1XD,; metal binding motif (grey carbons, stick
model) are also highlighted in the picture. The methionine side chain in
the V212 mutant is too large to fit in the pocket defined by V120, A122
and L130. Likely clashes with these residues are depicted with bent
arrows. This should result in a displacement of the whole DXD motif
and interference with the binding of manganese

For GTB-V175M, the dynamics of internal loop folding
should also be affected (Fig. 3). However, in this case the only
effect was on turnover with a reduction in kg, rather than
substrate K,s. This enzyme exhibited somewhat weaker bind-
ing to the UDP-hexanolamine column than the other mutants,
and GTA and GTB since much of it eluted in the column
washing step during purification, suggesting there is some
effect on UDP recognitionin GTB-V175M.

i\i UDP-Gal /
P —~

LY

g,-
¥ 4

Acceptor
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Fig. 5 Details around the L232P mutation (green carbons). This residue
is adjacent to His233 (stick model, gray carbons) which should be
displaced as a result of the mutation. His233 is hydrogen bonded (dashed
cyan lines) to the acceptor molecule (gray and red stick model to the
right), and the geometry of this interaction should be affected as a
consequence of the L232P mutation. The donor (stick model, black
carbons) is also visible
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The GTA-M212V mutation is modeled in Fig. 4. It occurs
in the middle of the DXD metal binding motif and was
expected to have a dramatic effect on catalysis since there is
no room to accommodate the bulky methionine in the hydro-
phobic pocket formed by Val120, Alal22 and Leul30. The
methionine was predicted to displace the DXD motif and
disturb the position of the Mn** ion [13]. While acceptor
and donor binding were both affected with elevations in K,
there was no effect on k¢, This suggests some flexibility in
the metal binding region that can accommodate the bulky
methionine that is not evident in X-ray structures.

The GTB-L232P mutation is modeled in Fig. 5. This
residue is next to His233 which is hydrogen bonded to the
acceptor. The proline mutation is predicted to displace His233
which should affect acceptor binding which can account for
the elevation in Km for acceptor. Donor binding and turnover
are not affected. Taken together, these mutations along with
previous mutations [7, 12, 13] demonstrate conformational
flexibility in GTA and GTB enzymes that confer resiliency to
mutagenesis. This flexibility is being investigated by normal
mode analysis to gain better insights into the dynamics of
GTA and GTB conformational transitions.
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