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Summary

Cell surface glycans play important cellular functions and are synthesized by glycosyltransferases.
Structure and function studies show that the donor sugar specificity of the invertebrate $1,4-N-acetyl-
glactosaminyltransferase (4GalNAc-T) and the vertebrate B1,4-galactosyltransferase | (B4Gal-T1)
are related by a single amino acid residue change. Comparison of the catalytic domain crystal
structures of the p4Gal-T1 and the a-polypeptidyl-GalNAc-T (appGalNAc-T) shows that their
protein structure and sequences are similar. Therefore, it seems that the invertebrate p4GalNAc-T
and the catalytic domain of appGalNAc-T might have emerged from a common primordial gene.
When vertebrates emerged from invertebrates, the amino acid that determines the donor sugar
specificity of the invertebrate B4GalNAc-T might have mutated, thus converting the enzyme to a
B4Gal-T1 in vertebrates.

Introduction

Glycosyltransferases exist as a super family of enzymes and constitute 1 to 2% of the human
genome [1]. These transferases have been thought to have evolved by gene duplication and
divergence as evidenced from their high protein sequence and gene structure (exon/intron
organization) similarity among the subfamily members [2-4]. They generally transfer a donor
sugar from an activated donor substrate such as a nucleotide-diphosphate-sugar to an acceptor
sugar, extending the glycan chain of glyco-proteins and glyco-lipids, one sugar moiety at a
time. The complex glycans, synthesized by involving many glycosyltransferases, are known
to have very important cellular functions [5]. Therefore, absence or lethal mutation in any
glycosyltransferase gene and its corresponding protein might lead to a total absence of a sugar
epitope, thus changing the cellular physiology. For example, in humans the aGall-3pGal
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epitope is absent and has an anti-aGal 1gG antibody against this epitope [6]. Sequencing of the
human a1,3-galactosyltransferase gene that is responsible for the synthesis of this epitope has
revealed that because of a number of lethal mutations, the active a3 galactosyltransferase
enzyme can not be expressed in humans, thus explaining the absence of the epitope [7].
Similarly, sequencing of the human CMP-N-acetylneuraminic acid hydroxylase gene showed
an inactivating mutation that is responsible for the lack of the N-glycolylneuraminic acid
(Neu5Gc) in humans; Neu5Gc is otherwise widely found in most mammalian tissues [8]. The
loss of Neu5Gc and access of its precursor N- acetylneuraminic acid (Neu5Ac) has been
implicated in the evolution of their binding proteins, Siglecs, and in the evolutionary changes
in the human lineage [9]. Similarly, other glycosyltransferases are known to have been involved
in the evolution and diversification of species [10].

Crystal structure of bovine B4Gal-T1 revealed that a single amino acid, Tyr289, determines
the donor sugar specificity

In vertebrate cells, the most prevalent epitope, LacNAc (BGal1-4BGIcNAC), is recognized by
asialoglycoprotein receptors [11]. Furthermore, a LacNAc moiety with a terminal sialic acid
linked in different configurations is involved in immunological and cell signaling functions
[12-14]. Thus, the galactose moiety in the LacNAc epitope seems to have played an important
role in vertebrate evolution. In the presence of manganese, the p1,4-galactosyltransferase |
(B4Gal-T1) enzyme transfers the donor sugar, galactose (Gal), from UDP-Gal to an acceptor
sugar B-N-acetylglucosamine (BGIcNAc) synthesizing LacNAc, pGall-4pGalNAc [15]. From
the enzyme Kinetic studies it has been known that the p4Gal-T1 poorly transfers N-
acetylgalactosmine (GalNAc) from UDP-GalNAc to the acceptor sugar GICNAc [16,17]. In
the crystal structure of the bovine p4Gal-T1Mn2*«UDP-GalNAc complex, the side-chain
hydroxyl group of the Tyr289 residue forms a hydrogen bond with the carbonyl oxygen atom
of the N-acetyl group of the bound UDP-GalNAc molecule; due to the lack of enough space
between them, the N-acetyl moiety is found in a unfavorable orientation (Figure 1a) [17]. It
was reasoned that this steric hindrance could be responsible for the poor catalytic activity by
the p4Gal-T1 enzyme with UDP-GalNAc as the donor substrate. Therefore, it was thought that
a substitution of the Tyr289 residue with an amino acid with a less bulky side chain, such as
Leu, lle, or Asn, might not cause such steric hindrance and thereby would be expected to
enhance the catalytic activity with UDP-GalNAc. Indeed, it was found that such substitution
with any of these three amino acids enhanced the catalytic activity using UDP-GalNAc. The
mutant enzyme with Leu substitution exhibited catalytic activity that was as efficient with the
UDP-GalNAc as it was with the UDP-Gal. Therefore, the single amino acid, Tyr289,
determines the donor sugar specificity of bovine p4Gal-T1 [17].

The B4Gal-T1 homolog in the invertebrates is B4GalNAc-T enzyme and has a mutation at the
Tyr289 residue

In contrast to vertebrate cells that have LacNAc moiety invertebrate cells have mainly a
LacdiNAc moiety where B-N-acetylgalactosamine (BGalNAc) is 1-4 linked to BGIcNAc
[18]. Thus, it seems that in the invertebrate cells the vertebrate p4Gal-T1, that is responsible
for the synthesis of LacNAc moiety, is replaced by a f1,4-N-acetyl-galactosaminyltransferase
(B4GalNACc-T) that synthesize the LacdiNAc moiety. Indeed in several invertebrates a
B4GalNAc-T enzyme has been found that is homologous to the vertebrate p4Gal-T1 protein
[19-22]. These two enzymes not only exhibit reasonable protein sequence similarity but also
similar gene structure [23]. However, the corresponding Y289 residue of bovine p4Gal-T1 in
the invertebrate p4GalNAc-T proteins is found either as Leu or Ile residue, suggesting that this
amino acid change may be responsible for the altered donor sugar, UDP-GalNAc, specificity
of these enzymes (Figure 1b) [20,21].
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To provide support for this hypothesis, we have expressed Drosophila B4GalNAc-TA protein,
a homolog protein of vertebrate p4Gal-T1, that transfers GaINAc from UDP-GalNAc to the
acceptor substrate GIcNAC; it transfers Gal from UDP-Gal to GIcNAc very poorly [23]. When
the 11289 residue is mutated to a Tyr residue, the mutant enzyme loses the catalytic activity
with UDP-GalNAc; instead, it exhibits high catalytic activity with UDP-Gal transferring Gal
to GIcNAc, thus confirming that this single amino acid determines the sugar donor specificity
of Drosophila p4GalNAc-TA enzyme [23]. It seems that when the vertebrates emerged from
the invertebrates nearly 500 million years ago, the vertebrate B4Gal-T1 enzyme might have
also emerged from invertebrate B4GalNAc-T, by the single amino acid mutation of Leu/lle in
the p4GalNAc-TA to Tyr, thus converting the p4GalNAc-T to B4Gal-T (Figure 2) [23].

The invertebrate B4GalNAc-T enzymes have an a-lactalbumin binding site

Lysozyme and a-lactalbumin (a-LA) share high similarity between their protein sequences and
gene structures but have completely different biological functions [24]. These proteins are
thought to have evolved from a primordial gene by a gene duplication nearly 300 million years
ago. o-LA is a calcium binding protein that is only expressed in the mammary gland during
lactation. The evolution of mammals has been associated with the appearance of a-LA in the
mammary gland where it plays a role in the synthesis of lactose, a hallmark of mammals. a-
LA modulates p4Gal-T1 by altering its acceptor specificity from GIcNAc to glucose (Glc),
thus synthesizing the disaccharide lactose, BGal1-4pGlc [25]. Also, a-LA is known to inhibit
the transfer of Gal to a GICNAc acceptor by p4Gal-T1. Interestingly, we have found that a-LA
binds to the wild-type Drosophila p4GalNAc-TA enzyme and inhibits the catalytic activity of
this protein but it does not alter its acceptor specificity from GIcNAc to Glc [23]. Earlier, a
similar property was also observed for the C. elegans p4GalNAc-T enzyme [20]. These
observations suggest that the a-LA binding site existed even before the appearance of the
vertebrate B4Gal-T1 protein, and that during the evolution of mammals, this site was utilized
by a-lactalbumin to modulate the acceptor specificity of the B4Gal-T1 in mammals (Figure 2).
This is further evidenced from the fact that the a-LA can bind and modulate the acceptor
specificity of a non-mammal vertebrate f4Gal-T1 enzyme, like the one from chicken [26].

Although the evolution of $1,4-galactosyltransferase appears to be coincidental with the
appearence of vertebrates, the evolution of this enzyme played an important role in vertebrate
development. For example, only in vertebates several sialyltransferases are found to synthesize
varity of sialyated LacNAc containing glycans, and during the evolution of mammals a-LA
was recruited for the synthesis of lactose. Similarly, different lectins had to be recruited to
recognize these new glycoconjugates. Thus, the appearance of $1,4-galactosyltransferases in
vertebrates created a boundary between vertebrate and invertebrate glycans and made it
possible to expand the variety of glycoconjugates that were needed for vertebrate development.

The B4Gal-T1 and the catalytic domain of appGalNAc-T enzymes show structural similarity

Having observed an evolutionary relationship between the vertebrate 4Gal-T1 and
invertebrate B4GalNAc-T enzymes, it was important to find out if there are any other GalNAc-
T enzymes that might be related to them. In all species, a-polypeptidyl-GalNAc-T
(oppGalNAC-T) exists as a family of enzymes, and in the presence of manganese, they transfer
GalNAc to the side-chain hydroxyl group of a Thr/Ser amino acid in a polypeptide acceptor
[27]. In these transferases the presence of a lectin domain C-terminal to the catalytic domain
and separated by a linker polypeptide had been predicted well before the crystal structure of
appGalNAc-T was available [28]. However, its structural relationship with the p4Gal-T1 was
first shown by Kubota et al. [29] who determined the crystal structure of an appGalNAc-
T10sMn2*sUDP-GalNAc complex, which showed that the binding of UDP-GalNAc to
appGalNAc-T10 molecules was similar to UDP-GalNAc binding to p4Gal-T1 enzyme [29].
The crystal structure studies on appGalNAc-T2 revealed that upon the binding of manganese
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and the donor sugar substrate, the enzyme undergoes conformational changes involving
separate short and long flexible loops, similar to the B4Gal-T1 enzyme (Figure 3a and b)
[30]. Interestingly, in the short loop of these proteins, the side chain of a Trp residue undergoes
conformational changes from outside to inside of the the catalytic pocket allowing it to interact
with the B-phosphate oxygen atom of the bound UDP-sugar substrate molecule. The
superposition of the crystal structures of the bovine 4Gal-T1 and the catalytic domain of
appGalNAc-T10 shows similarity in their crystal structures, protein sequences, and gene
structures (Figure 3e and f). Interestingly, the Tyr289 residue that determines the donor sugar
specificity of the bovine p4Gal-T1 is present as Ala in the appGalNAc-Ts. Therefore, the
catalytic domains of appGalNAc-T and the vertebrate f4Gal-T1 seem to be related. Since
vertebrate f4Gal-T1 emerged from the invertebrate B4GalNAc-T, the catalytic domain of the
appGalNAc-T and the invertebrate f4GalNAc-T might have evolved from a common
primordial glycosyltransferase; and during the evolution the appGalNAc-T acquired the lectin
domain (Figure 2). Based on their DNA sequences, this gene duplication and divergence was
predicted to have occurred 1.3 billion years ago [2].

An additional protein domain, as either a contiguous or a non-contiguous polypeptide, has been
observed in many other glycosyltransferases, and such domains have been defined as “add-
on” domains [31,32]. For example, in the lactose synthase complex, a-LA alters the acceptor
sugar specificity of p4Gal-T1 to Glc, thus acting as a non-contiguous “add-on” domain, similar
to the lectin domain in the appGalNAc-Ts (Figure 4). Recently, the crystal structure of a1,6-
fucosyltransferase-8 revealed that this enzyme also has at its C-terminal end a SH3-like “add-
on” domain that is usually found in proteins that interact with other proteins and mediate
assembly of specific protein complexes, typically via binding to proline-rich peptides in their
respective binding partner [31]. Interestingly, the N-terminal tandem-repeat, an “add-on”
domain in O-BGIcNAc-T, is known to impart acceptor substrate specificity of the enzyme
[33]. Thus, it seems that during evolution these enzymes have acquired these “add-on” domains
to impart new functions [32].

Evolution of B4Gal-T7 enzyme

In all vertebrates, the B1,4-galactosyltransferase family has seven members, p4Gal-T1 to -T7,
and they all transfer Gal from UDP-Gal to different acceptor sugar substrates [4]. Interestingly,
B4Gal-T7 differs from the rest by its gene structure [34]. However, all the known p4Gal-T7
protein homologs in invertebrates and vertebrates have the conserved Phe/Tyr residue as in
B4Gal-T1 [34,36—40]. The B4Gal-T7 is involved in the synthesis of the tetrasaccharide linker
sequence of proteoglycans for heparin/heparan sulfate or chondroitin sulfate or dermatan
sulfates, which are widely found on the cell surface and in the extracellular matrix of various
tissues and are known to play important roles in several cellular functions. 4Gal-T7 is an
important enzyme for the species viability [38]; mutation in the human p4Gal-T7 gene has
been linked to Ehlers-Danlos syndrome [41,42]. Although recent crystal structure of the
Drosophila B4Gal-T7 shows that the overall structure of this enzyme is similar to f4Gal-T1,
with a similar catalytic pocket, its evolutionary relationship with p4Gal-T1 is still not clear
[43].

Though high protein sequence similarity between the vertebrate p4Gal-T1 and invertebrate
B4GalNAc-T enzymes suggests that these proteins are related by evolution, the difference in
their donor sugar specificity is mainly due to a single amino acid change. Furthermore,
superposition of the three-dimensional structure of the catalytic domain of B4Gal-T1 with the
corresponding catalytic domain of ppGalNAc-T reveals a similarity in their protein sequence
and gene structure, suggesting that these proteins are also evolutionarily related. In addition to
protein sequence and structure similarity in their gene structure, exon/intron organization is
also observed among the proteins that have been thought to have evolved from a common
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primordial gene. This is in contrast to the observation of a common structural motif among the
glycosyltransferases that have DxD metal binding motif and use UDP-sugar as donor substrates
without any similarity in their gene structure. Thus, the structural and functional studies of

these enzymes have provided deeper insight into the evolution of these glycosyltransferases.
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Figure 1.

() The crystal structure of the bovine B4Gal-T1eMn2*sUDP-GalNAc complex (pdb 10QM)
with a GIcNAc molecule modeled in the acceptor binding site. The UDP-GalNAc and GIcNAc
molecules are shown in a ball and stick diagram. The side-chain hydroxyl group of Tyr289
residue forms a hydrogen bond (shown as black dotted line) with the carbonyl oxygen atom of
the N-acetyl group of the GaINAc moiety. (b) Protein sequence comparison of the bovine
B4Gal-T1 shown near the vicinity of the Y289 residues (black arrow), along with its homolog
proteins from various species. Only in the vertebrate homolog proteins is the Y289 residue
conversed as a Tyr residue, whereas in the invertebrates it is either Leu or lle.
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Figure 2.

Since the donor sugar specificity of the invertebrate f4GalNAc-T and vertebrate p4Gal-T are
related by a single amino acid change, it is possible that when the vertebrate emerged from the
invertebrate 500 million years ago, this single amino acid change might have happened, thus
converting the invertebrate f4GalNAc-T enzyme to a p4Gal-T enzyme in the vertebrates.
Furthermore, since the catalytic domains of p4Gal-T1 and apptGalNAc-T enzymes exhibit
protein structure, sequence, and gene structure similarity, the vertebrate f4GalNAc-T and the
apptGalNAc-T might have evolved from a common primordial gene by gene duplication and,
further, during evolution the apptGalNAc-T might have picked up the lectin domain to define
its acceptor specificity. Since a-lactabumin binds and inhibits but does not modulate the
invertebrate B4GalNAc-T enzyme, its binding site existed before the evolution of vertebrates.
Only during the evolution of mammals did a-lactabumin evolve to bind to this site in the
vertebrate f4Gal-T1 and modulate its acceptor sugar specificity to synthesize lactose during
lactation of mammals.
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Figure 3.

The crystal structure of the bovine p4Gal-T1 in the open (a) and closed (b) conformation. Upon
the binding of manganese and UDP-Gal, the enzyme undergoes conformational changes
involving a short and a long flexible loop. In the short loop, the side chain of the Trp314 residue
moves from outside to inside the catalytic pocket to bind to the bound UDP-Gal molecule,
while the long loop moves over the bound UDP-GalNAc molecule to cover it. The crystal
structure of the human appt-GalNAc-T2 is also found in an open (c) and a closed (d)
conformation. Similar to f4Gal-T1, upon the binding of manganese and UDP-GalNAc
molecule, this enzyme also undergoes conformational changes involving two flexible loops.
Also, in the short loop, the Trp342 residue moves from outside to inside the catalytic pocket
to bind to the bound UDP-GalNAc molecule, while the long flexible loop covers the bound
UDP-GalNAc molecule.. (e) The superposition of the catalytic domains of bovine B4Gal-
T1+MnZ*«UDP-Gal complex with the appGalNAc-T10eMnZ*UDP-GalNAc complex and (f)
the corresponding protein sequence comparison. The Trp residue in the short flexible loops of
these structures show good agreement, and the long flexible loop of B4Gal-T1 and
apptGalNAc-T10 are shown in blue and yellow, respectively. The Tyr289 residue in the bovine
B4Gal-T that determines the donor sugar specificity is naturally present as Ala318 residue in
appGalNAc-T10 in order to accommodate the N-acetyl moiety of the donor sugar GalNAc,
and it is conserved in all appGalNAc-T enzymes. In the protein-protein sequence comparison
(f), the amino acids are colored, based on their exons. Since the acceptor substrate for
B4GalNAc-T1 is a sugar residue, while it is a linear peptide with a Thr/Ser amino acid for the
appGalNAc-T10, these enzymes are expected to have different acceptor binding sites. The
additional amino acids in the exons 3 and 4 of appGalNAc-T10 are found as a part of the
acceptor substrate binding site in the appGalNAc-T10 crystal structure.
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Figure 4.

In the lactose synthase complex (left), a-LA modulates the sugar acceptor specificity of the
B4Gal-T1 enzyme from GIcNAc to Glc, while in the apptGalNAc-Ts (right), although the
catalytic domain alone exhibits catalytic activity, the lectin domain defines acceptor substrate
specificity to the enzyme. Thus, in these proteins a-LA and the lectin domain are considered
as “add-on” domains. There are many other transferases found where such a domain brings
about substrate specificity to the enzyme.
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