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Abstract

Structures of glycoconjugate N-glycans and glycolipids of invertebrates show significant differences
from those of vertebrates. These differences are due largely to the vertebrate p1,4-
galactosyltransferase-1 (B4Gal-T1), which is found as a p1,4-N-acetylgalactosaminyltransferase
(B4GalNACc-T1) in invertebrates. Mutation of Tyr285 to Ile or Leu in human p4Gal-T1 converts the
enzyme into an equally efficient B4GalNAc-T1. A comparison of all the human p4Gal-T1 ortholog
enzymes shows that this Tyr285 residue in human B4Gal-T1 is conserved either as Tyr or Phe in all
vertebrate enzymes, while in all invertebrate enzymes it is conserved as an lle or Leu. We find that
mutation of the corresponding lle residue to Tyr in Drosophila f4GalNAc-T1 converts the enzyme
to a p4Gal-T1 by reducing its N-acetylgalactosaminyltransferase activity by nearly 1000-fold, while
enhancing its galactosyltransferase activity by 80-fold. Furthermore we find that, similar to the
vertebrate/mammalian p4Gal-T1 enzymes, the wild-type Drosophila B4GalNAc-T1 enzyme binds
to a mammary gland-specific protein, a-lactalbumin (a-LA). Thus, it would seem that, during the
evolution of vertebrates from invertebrates over 500 million years ago, p4Gal-T1 appeared as a result
of the single amino acid substitution of Tyr or Phe for Leu or lle in the invertebrate p4GalNAc-T1.
Subsequently, the preexisting a-LA-binding site was utilized during mammalian evolution to
synthesize lactose in the mammary gland during lactation.
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Glycoconjugates in a cell play important roles in several cellular processes.1 The invertebrate
glycoconjugates differ from those in vertebrates in that they lack p1-4-linked galactose residues
in their N-glycans and glycolipids.2 In the vertebrates, a family of p1,4-galactosyltransferases
(B4Gal-T1 to T7) is responsible for the addition of galactose in p1-4-linkage, from the donor
UDP-galactose (UDP-Gal) to various egcans.3' 4 For example, B4Gal-T6 is involved in the

synthesis of Iactosylceramide,3v 4 the building block for the synthesis of the GM, GD, and Gb
series of glycolipids; p4Gal-T7 adds galactose to the O-linked xylose of proteins for the
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synthesis of the linker region of glycosaminoglycans such as heparin, heparan sulfate,
chondroitin, and dermatan sulfate to make proteoglycans. 4,5 These glycosaminoglycans are
essential for the normal development of the organism. Most importantly, B4Gal-T1 is mvolved
not only in the synthesis of the N-glycan of glycoproteins, but also in Notch 5|gnaI|ng This
enzyme, in complex with a-lactalbumin (o- LA),G‘8 also plays an important role in the
synthesis of lactose in the mammary gland during lactation.

The B4Gal-T1 orthologs present in all the invertebrates sequenced to date transfer N-
acetylgalactosamine (GalNAc) from UDP-GalNAc instead of galactose from UDP Gal in
vitro, and hence are named N-acetylgalactosaminyltransferases (GalNAc- T) =11 This finding
accounts for the low amount of B1-4-linked galactose moieties in their glycoconjugates. Among
the invertebrates, the Drosophila genome sequence is known, and three orthologs of p1,4-
?alactosyltransferase that correspond to p4Gal-T1, B4Gal-T6, and p4Gal-T7 of vertebratesgv
3 have been identified. The B4Gal-T1 ortholog in Drosophila has been shown to be an N-
acetlylgalactosaminyltransferase, but the B4Gal-T6 ortholog has not yet been characterized.
The B4Gal-T7 ortholog is a galactosyltransferase, which, like its vertebrate counterpart,
transfers galactose to the O-linked xylose of proteins involved in proteoglycan synthesis. 12,
13 Although the null mutation of B4GalNAc-T1 has been shown to disrupt the normal
neuromuscular physiology and development of Drosophlla it does not affect the survival of
the species. On the other hand, the p4Gal-T7 ortholog is essential for survival and maturation
to adulthood.1 By contrast, the B4Gal-T1 gene knockout in the mouse results in severe
disability and illness, indicating the importance of p4Gal-T1 in vertebrate wellness. 14

We have previously established that the sugar-donor specificity of bovine or human p4Gal-T1
towards UDP-Gal is determined by a single amino aC|d re3|due Tyr (or Phe), in the catalytic
pocket at position 289 or 286, respectively (Figure 1) 5=17\When the residue is mutated to
Ile or Leu, the specificity is broadened, and the mutant enzyme transfers N-acetylgalactosamine
from UDP-GalNAc as efficiently as it transfers galactose from UDP-Gal. In human p4Gal-T
homologs and in all known B4Gal-T orthologs from such vertebrates as mammals, birds,
amphibians, and fish, this residue has been conserved as either Tyr or Phe (Figure 2(a) (1)). In
contrast, the invertebrate worms, fly, snail, mosquito, and moth have either lle or Leu in the
corresponding position in their f4Gal-T orthologs (Figure 2&2 (11)) and show N-
acetylgalactosaminyltransferase (B4GalNAc-T) act|V|ty Interestingly, the p4Gal-T7
ortholog in Drosophila has a Phe residue and exhibits the galactosyltransferase activity
involved in the proteoglycan synthesis that is essential for its survival.12, 13

Although Drosophila p4GalNAc-T1 exhibits only 56% sequence similarity with the human
B4Gal-T1 in its catalytic domain (Figure 2(b)), it exhibits the same sugar-acceptor specificity
for N-acetylglucosamine. We show that the recombinant Drosophila f4GalNAc-T1 expressed
in Escherichia coli and folded in vitro from the inclusion bodies,8 1 18 exhibits high
GalNAc-T activity but low Gal-T activity (Figure 3(a)). By contrast the bovine and human
B4Gal-T1 exhibit high Gal-T activity and low GalNAc-T act|V|ty 5. When Tyr is substituted
for the active-site residue 11289 in Drosophila p4GalNAc-T1, its GalNAc-T activity is reduced
dramatically (Figure 3(b)) while its Gal-T activity is greatly enhanced (Figure 3(c)), making
it similar to human p4Gal-T1. 15 Similar results are obtained if Phe is substituted for the
1e15 in mammalian (bovine) enzyme. Clearly, the sugar-donor specificity of both invertebrate
and vertebrate enzymes is determined by a single amino acid at the catalytic site. The
substitution of this amino acid is associated with a single-point mutation of the codon AUU
for Ile to UUU for Phe.

Since vertebrate and invertebrate species diverged 500 million years ago, the vertebrate p4Gal-
T1 gene must have emerged from the primordial invertebrate p4GalNAc-T1 as a result of a
single amino acid substitution (Figure 4). Although one cannot rule out that there were other
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changes in the structure of these enzymes that played equally important role which might
account for the differences in the primary structure, a-LA interactions and catalytic efficiency
(kcap) Of these enzymes. The locations of introns in the gene sequence of the catalytic domain
of human B4Gal-T1 and Drosophila p4GalNAc-T1 at similar positions (Figure 2(b)) support
this hypothesis. However, exon 5 in Drosophila is split into exon 5 and exon 6 in the human
B4Gal-T1. The introns in the Drosophila gene are generally around 60 bases, whereas in the
human gene they are in the thousands of bases. In both genes, however, the exon boundaries
are in the vicinity of the functional residues of the protein molecule (Figure 2(b)). The similar
gene architecture, thus, confirms that these two proteins are evolutionarily related. On the other
hand the B4Gal-T7 or its orthologs are found in all the invertebrates and vertebrates and show
no gene structure similarity but exhibit low protein sequence similarity with their
corresponding p4Gal-T1/ p4GalNAc-T1 ortholog proteins. Also interestingly the gene
structure of human B4Gal-T7 differs very much from its Drosophila ortholog, suggesting that
these two proteins might have emerged from a common primordial gene.

The appearance of a mammary gland-specific protein, a-LA, during evolution has often been
associated with the emergence of mammals.19 20 - A has very high sequence,lg! 20
structure?L and gene architecture22 similarities with lysozyme. It has been postulated that
nearly 300 million years ago, a-LA evolved from a primordial lysozyme gene by gene
duplication and divergence (Figure 4).19’ 20 Lysozyme, an enzyme that catalyzes the cleavage
of the sugar glycosidic bond, is ubiquitously expressed in most living cells. By contrast, a-LA,
a Ca2*-binding protein, is expressed only in the mammary gland during lactation. It modulates
the sugar-acceptor specificity of the f4Gal-T1 in such a way that instead of transferring
galactose to N-acetylglucosamine, B4Gal-T1 transfers galactose to glucose,6* 7 to form lactose,
the milk sugar.

A protein sequence comparison shows that a-LA-binding site residues are present not only in
all the vertebrate B4Gal-T1 proteins, but also in the invertebrate f4GalNAc-T1 proteins (Figure
2(b)). The recombinant Drosophila B4GalNAc-T1 binds very well to an a-LA-affinity column
(Figure 5(a)) and also inhibits the transfer to N-acetylglucosamine in vitro (Figure 5(b)),
confirming the presence of an a-LA- binding site; however, it transfers neither N-
acetylgalactosamine nor galactose to glucose (Figure 5(b)). Similarly, in vitro, the GaINAc-T
activity of p4GalNAc-T from Caenorhabditis elegans has been shown to be inhibited by a-
LA.10 Although the presence of aLA binding site in the invertebrate f4GalNAc-T1 is observed
in vitro, it is not used for a-LA binding in vivo, since a-LA is found only in mammals. Thus,
it appears that the a-LA-binding site was indeed present in the primordial B4GalNAc-T , 500
million years ago, even before the divergence of vertebrates and invertebrates (Figure 4). After
the emergence of vertebrates and the appearance of B1,4-galactosyltransferase, and later of a-
LA in mammals, this binding site was utilized to make lactose in the lactating mammary gland.

Since the invertebrate f4GalNAc-T1 and B4Gal-T7 ortholog diverged from the common
ancestral gene, and the fact that f4Gal-T7 ortholog does not bind to a-LA (unpublished result),
while B4GalNAc-T1 binds to a-LA, is not coincidence. Later the same enzyme, when evolved
into p4Gal-T1 in vertebrates, this site is used in mammals by a-LA to form lactose synthase
complex for the synthesis of lactose. During the evolution of the mammals, a-LA evolved to
bind and modulate p4Gal-T1. This is further evidenced from the marsupial and monotreme
mammals which evolved in parallel to eutherian (placental mammals), where a-LA works
better as a lactose synthase with the p4Gal-T1 from the same sgecies, and they do not make
an efficient lactose synthase with 4Gal-T1 from eutherian.23:24 Whereas a-LA from any
eutherian forms an efficient lactose synthase complex with any p4Gal-T1, not only from
eutherians but also from the other vertebrate species like chicken, 29 suggesting that the well
evovled a-LA-binding site existed on the 4Gal-T1 orthologs of vertebrates before the
divergence of birds and mammals. Therefore, it is expected that even the primordial f4Gal-T1
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ortholog enzymes in invertebrates, such as Drosophila p4GalNAc-T1, to posses at least a
partial a-LA binding site.

The B1,4-GalNAc-containing glycoconjugates in invertebrates are not abundant? 11 and their
function in development is so far not well studied. These conjugates are synthesized by
GalNAc-Ts, which are p4Gal-T orthologs containing Leu/lle in their catalytic pockets. On the
other hand, the glycosaminoglycans of proteoglycans have a $1,4-linked Gal moiety in the
linker region that is synthesized by the p4Gal-T7 ortholog with a Phe residue in the catalytic
pocket. These molecules are needed for the survival and growth of invertebrates, 12 13, as well
357 morphological development, such as vulval morphogenesis in Caenorhabditis elegans.zev

In contrast to invertebrates, the p1,4-linked Gal-containing glycoconjugates are abundant in
vertebrates and participate in a variety of cellular functions. Although the evolution of p1,4-
galactosyltransferase appears to be coincidental with that of vertebrates, the evolution of this
enzyme played an important role in vertebrate development. Like the recruitment of a-LA
during mammalian evolution, several sialyltransferases had to be recruited to complete the N-
glycan and other glycoconjugate syntheses. Similarly, different lectins had to be recruited to
recognize the new glycoconjugates. Thus, the appearance of p1,4-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.
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Figure 1.

The catalytic pocket of p4Gal-T1 in the presence of bound Mn?*-UDP-GalNAc from the
B4Gal-T1-MnZ*-UDP-GalNAc-a-LA crystal structure (PDB entry 10QM ) and the GIcNAc
molecule is modeled based on its binding in the crystal structure of the p4Gal-T1-a-LA-
GIcNAc complex ( PDB entry INQI ). The wild-type p4Gal-T1 efficiently transfers Gal from
UDP-Gal to GIcNAc, forming a glycosidic bond between the C1 of Gal to the O4 atom of
GIcNACc (shown here as the arrows from the C1 atom of GaINAc moiety of UDP-GalNAc
rather than from UDP-Gal) in a B-configuration, thus synthesizing the disaccharide moiety
LacNAc (Galp1-4GIcNAc). However, it also transfers GalNAc from UDP-GalNAc to
GIcNAc, but this transfer is nearly 1000-fold less efficient than the transfer of Gal moiety from
the UDP-Gal. The previous crystal structure studies show that the UDP-GalNAc binding to
B4Gal-T1 is similar to the UDP-Gal binding: however, the N-acetyl moiety causes a severe
steric hindrance with the side chain hydroxyl group of Try289, as shown by their van der Walls
surface diagram (shown as dotted spheres), in which the spheres nearly merge together. In
contrast to the N-acetyl moiety of the acceptor GIcNAc, the N-acetyl moiety of GalNAc of the
donor UDP-GalNAc is in the same plane as the hexose moiety, a high-energy conformation.
The hydroxyl group of the residue Tyr289 makes a hydrogen bond with the oxygen of the N-
acetyl moiety of GalNAc (dotted line), applying a molecular brake during the transfer reaction.
Mutation of the Tyr289 to Leu or lle releases the brake and creates a space in the catalytic
cavity, resulting in an efficient transfer of the GalNAc residue from UDP-GalNAc to the
acceptor GIcNAc, and making the enzyme equally efficient as p1,4GalNAc-transferase as
[31,4Gal-trasferase.15 In addition, the mutant enzyme also transfers 2’-keto-galactose from its
UDP derivative to the acceptor GIcNAC.28
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Figure 2.

The sequence comparison of a region of vertebrate and invertebrate ortholog genes of f1,4Gal-
T. (a) The sequence comparison of the region containing Tyr286 in human p1,4Gal-T1 with
the corresponding region in the ortholog proteins of vertebrates (I) and invertebrates (11). In
some B1,4Gal-T homologs in vertebrates, Phe is substituted for the residue Tyr at position 286.
(b) The sequence comparison of the functional regions of human-f1,4Gal-T1 with Drosophila
CG8536 (Dro.) protein. The two proteins show about 49% overall similarity and about 56%
similarity in the catalytic domain. lle at position 289 of Dro. protein (arrow), which corresponds
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to residue Tyr at position 289 or 286 in bovine or human 1,4-Gal-T1, respectively, that imparts
the B4GalNAc-T1 activity in the Dro. protein. The residues involved in the binding of metal
ion, acceptor, sugar donor, and a-LA, 6,8 are conserved in the two proteins. The sequence
regions with different colors represent the regions coded by corresponding exons, and the line
represents the intron-exon junctions.
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Figure 3.

The GalNAc-T and Gal-T activities of the in vitro folded recombinant Drosophila CG8536
protein and of the 1289Y mutant protein. The cDNA, coding the soluble domain of the
Drosophila CG8536 protein, residues 29 to 403, was inserted into the pET23a vector and
expressed in E. coli. The recombinant protein accumulates as inclusion bodies, which is
purified and folded in vitro as described previously;si 18 the folded protein was further purified
on UDP-agarose columns. The SDS gel analysis of bound, washed, and eluted fractions from
the UDP-agarose column is shown in (a). The recombinant protein (wt) transferred mainly
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GalNAc from UDP-GalNAc (GalNAc-T activity) (b), whereas the transfer of Gal from UDP-
Gal (Gal-T activity) was less than 0.5% that of GalNAc (c). The mutation of the residue Ile to
Tyr (1289Y) at position 289 produced an enzyme that exhibited nearly 80-fold enhanced Gal-
T activity (c), while the GalNAc activity was reduced by more than 99% and comprised less
than 0.03% of Gal-T activity (b). Thus, mutation of 11e289 to Tyr changes the sugar-donor
specificity of p4GalNAc-T1 toward UDP-Gal. The 100% GalNAc-T or Gal-T activities
correspond to a specific activity of 32 pmol/min/ug or 12.8 pmol/min/pg of protein,
respectively. The average estimated error in these GaINAc-T and Gal-T activities based on the
assays without the acceptor substrate are 1 pmol/min/ug and 0.5 pmol/min/pg, respectively.
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Schematics of the divergence of vertebrate and invertebrate glycoconjugates and utilization of
the preexisting a-LA-binding site in B4Gal-T ortholog during mammalian evolution. Nearly
500 million years ago, when vertebrates diverged from invertebrates, a substitution of the Leu/
Ile residue to Tyr/Phe occurred in the catalytic pocket of the invertebrate f4GalNAc-T1, which
already had an a-LA-binding site. This substitution generated a p4Gal-T1 enzyme that had
sugar-donor specificity towards UDP-Gal, changing the glycosylation patterns of vertebrate
glycoproteins and glycolipids. However, the B4Gal-T7 ortholog of invertebrates has a Phe
residue in the catalytic pocket, keeping the specificity toward the sugar donor UDG-Gal to
synthesize proteoglycans, which are essential for the species survival. The evolution of a-LA
from lysozyme nearly 300 million years ago resulted in the emergence of the lactose synthase
enzyme complex in which a-LA utilized the preexisting a-LA-binding site in the B4Gal-T1
ortholog to modulate the acceptor specificity toward glucose to produce lactose.
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Figure 5.

The binding of the in vitro folded recombinant Drosophila CG8536 protein to the a-L A-agarose
column and inhibition of the protein’s GaINAc-T activity by a-LA. As shown by the SDS gel
analysis (), the in vitro folded protein also bound to the a-LA-agarose column in the presence
of 10 mM GIcNAc and was eluted from the column with the buffer without GICNAc. This
property indicates that Drosophila CG8536 protein has an a-LA-binding site that can be
accessed only in the presence of its substrate, a characteristic of mammalian B4GaI-T1.8’ 16,
17 g-LA is known to bind mammalian B4Gal-T1 at the extended sugar-binding site,16 where
it inhibits the transfer of galactose from UDP-Gal to GIcNAc or to an oligosaccharide. At the
same time, a-LA enhances the transfer of galactose to glucose to make lactose. In the presence
of recombinant bovine a-lactalbumin, the Drosophila CG8536 protein also inhibited the
transfer of GaINAc from UDP-GalNAc to GIcNAc (b), or to chitobiose; however, it failed to
transfer GalINAc to glucose (b). The 100% GalNAc-T activity corresponds to a specific activity
of 32 pmol/min/ug of protein. GICNAc and Glc concentrations were 25 mM each.
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