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Abstract

Silkworm Bombyx mori is one of the insect hosts for recombinant protein production at
academic and industrial levels. B. mori and other insect cells can produce mammalian
proteins with proper posttranslational modifications, such as N-glycosylation, but the
structures of N-glycans in B. mori are mainly high mannose- and paucimannose-type,
while mammals also produce hybrid- and complex-type glycans. Recently, complex-type
N-glycans whose structures are different from mammalian ones have been identified in
some insect cell N-glycomes at very low levels compared with levels of high mannose-
and paucimannose-type glycans. However, their functions and the enzymes involved in
the biosynthesis of insect complex-type N-glycans are not clear, and complex-type N-
glycans, except for N-acetylglucosamine-terminated glycans, are still not identified in the
B. mori N-glycome. Here, we focused on the B-1,4-galactosyltransferase family (also
known as glycosyltransferase family 7, GT7) that contains mammalian [-1,4-
galactosyltransferase and insect -1,4-N-acetylgalactosaminyltransferase. A gene for a
GT?7 protein (BmGalNAcT) from B. mori was cloned, expressed in a soluble form using
a silkworm expression system, and the gene product showed strict B-1,4-N-
acetylgalactosaminyltransferase activity but not -1,4-galactosyltransferase activity. A
mutation in [1e298 or Ile310, which are predicted to be located in the active site, reduced
its glycosyltransferase activity, suggesting that these residues and the corresponding
residues are responsible for substrate specificity of GT7. These results suggested that
BmGalNAcT may be involved in the complex-type N-glycans, and moreover,
bioinformatics analysis revealed that B. mori might have an extra gene for a GT7 enzyme

with different specificity in addition to the known insect GT7 glycosyltransferases.
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1. Introduction

Glycoconjugates play important roles in numerous biological processes, including
development, differentiation, cellular interaction, and viral infection (Varki, 2017). In
eukaryotes, protein glycosylation is one of the most common co- and posttranslational
modifications of proteins and is involved in protein folding, function, stability, and
trafficking (Apweiler et al., 1999; Helenius et al., 2001; Moremen et al., 2006).
Glycosylation of proteins is divided into several types based on linkages between
carbohydrates and amino acid residues, e.g., N-glycosylation and O-glycosylation. N-
glycosylation is a relatively well-studied protein modification that occurs in the
endoplasmic  reticulum (ER), where a precursor of tetradecasaccharide
GlcsManyGlecNAc: (Gle, glucose; Man, mannose; GlcNAc, N-acetylglucosamine) is
transferred to an asparagine residue in the Asn-X-Ser/Thr motif (where X is any amino
acid residue except for Pro) of a nascent polypeptide. N-glycans are further processed by
glycoside hydrolases and glycosyltransferases that are located in the ER and Golgi
apparatus to produce many types of N-glycans, such as high mannose-type, hybrid-type,
and complex-type glycans. The sequential monosaccharide trimming from the glycan
precursor by a-glucosidase I, a-glucosidase Il and a-mannosidase in the ER produces
oligomannosidic N-glycans, which are extremely conserved among eukaryotes (Miyazaki
et al., 2011; Moremen et al., 1994). In contrast, in the later steps of glycan processing,
several Golgi-resident enzymes modify the structure of N-glycans, which diverge
significantly among different phyla and kingdoms (Wilson, 2002).

Insects and their cultured cells produce mainly high mannose-type and
paucimannose-type N-glycans that contain 2—9 mannose residues and are partially core-
fucosylated with a-1,3 and a-1,6 linkages (Kajiura et al., 2015; Koles et al., 2007; Kurz
et al., 2015; Liu et al., 2019; Santon et al., 2017; Scheys et al., 2019). Insect cells are
widely used to produce recombinant proteins because of the high productivity and

capability of proper posttranslational modifications, including N-glycosylation, but



structural differences in N-glycans between insect and mammalian cells influence the
biological activity of recombinant glycoproteins, especially when they are applied to
biopharmaceuticals. For instance, core fucosylation and degalactosylation of
immunoglobulin G1 N-glycans negatively affect antibody-dependent cellular cytotoxicity
and complement-dependent cytotoxicity, respectively (Hodoniczky et al., 2005; Sakae et
al., 2017; Shinkawa et al., 2003). To address this problem, several research groups have
established approaches for the conversion of the N-glycan structure of recombinant
glycoproteins expressed in insect cultured cells into mammalian-like N-glycan structures
(Aumiller et al., 2003, 2012; Breitbach et al., 2001; Geisler and Jarvis, 2012; Hollister et
al., 1998, 2001, 2002; Jarvis et al., 2001; Mabashi-Asazuma et al., 2013, 2014;
Palmberger et al., 2012; Palomares et al., 2003; Suganuma et al., 2018; Tomiya et al.,
2003).

Recent studies have revealed that insects produce a variety of complex-type N-
glycans at much lower levels compared to high mannose- and paucimannose-type N-
glycans (reviewed in Paschinger and Wilson, 2019). Not only neutral sugars (Gal,
GlcNAc, and GalNAc) but also anionic sugars (glucuronic acid) and anionic and
zwitterionic modifications (sulfate, phosphorylcholine, and phosphoethanolamine) have
been observed in the N-glycomes of dipterans (Drosophila melanogaster [Aoki and
Tiemeyer, 2010], Anopheles gambiae and Aedes aegypti [Kurz et al., 2015]),
lepidopterans (Trichoplusia ni and Lymantria dispar [Santon et al., 2017]), and royal jelly
glycoproteins (Hykollari et al., 2018). Though causing controversy, terminally sialylated
N-glycans were found only in D. melanogaster embryos (Aoki et al., 2007; Koles et al.,
2007). Moreover, in the past two decades, glycosyltransferases, which were suggested to
be involved in complex-type glycan Dbiosynthesis, including p-1,2-N-
acetylglucosaminyltransferase II (B2GnTII) (Geisler and Jarvis, 2012; Miyazaki et al.,
2019), B-1,4-N-acetylgalactosaminyltransferase (34GalNAcT) (Haines and Irvine, 2005;
Vadaie and Jarvis, 2004) and sialyltransferase (Kajiura et al., 2015; Koles et al., 2004),

have been identified in insects. Some glycosyltransferases have been reported to affect



the development of the pest beetle Tribolium castaneum (Walski et al., 2016); however,
the details of the physiological function of insect complex-type glycans are not clear.

Domestic silkworm Bombyx mori is used for the production of recombinant proteins
via baculovirus vector and transgenic techniques (Kato et al., 2010; Maeda et al., 1985).
We have also expressed several glycoproteins using the B. mori nucleopolyhedrovirus
(BmNPV) bacmid (Ishikiriyama et al., 2009; Miyazaki et al., 2018; Motohashi et al.,
2005; Ogata et al., 2009; Sasaki et al., 2009), which is a derived from BmNPV genomic
DNA, and converted N-glycans of immunoglobulin G1 expressed in silkworm pupae into
the mammalian-like structure by transfecting human p2GnTII and f-1,4-
galactosyltransferase (34GalT) genes related to the complex-type N-glycan biosynthesis
(Kato et al, 2017). In a previous study, recombinant human f-1,3-
glucosaminyltransferase 2 expressed in silkworm larvae had an unusual N-glycan with
bisecting GIcNAc and terminal Gal without introducing mammalian GTs (Dojima et al.,
2009). However, there are fewer studies on glycan-related enzymes in B. mori than in D.
melanogaster and other lepidopterans, and glycosyltransferases that catalyze the
formation of the unusual glycan structure are not identified.

Here, we focused on the f4GalT family, also known as glycosyltransferase family
7 (GT7), in the CAZy database (http://www.cazy.org/) (Lombard et al., 2014). The GT7
family contains mammalian B4GalT that elongates the complex-type N-glycan by adding
a B-1,4-Gal residue whereas its orthologs from the insects D. melanogaster and T. ni
prefer GalNAc to Gal (Haines and Irvine, 2005; Vadaie and Jarvis, 2004). In this study,
we cloned and enzymatically characterized the B. mori f4GalT ortholog and identified it
as B4GalNAcT. Mutational analysis of the enzyme revealed that two amino acid residues
are important for the recognition of GalNAc in donor substrate, and moreover, the
distribution of P4GalT and B4GalNAcT in the GT7 family was discussed based on

bioinformatics analysis.



2. Materials and Methods

2.1. Chemicals

p-Nitrophenyl B-D-glucopyranoside (GlcB-pNP), p-nitrophenyl B-D-
galactopyranoside, p-nitrophenyl N-acetyl-B-D-glucosaminide (GIcNAcB-pNP), p-
nitrophenyl  N-acetyl-B-D-galactosaminide  (GalNAcB-pNP, p-nitrophenyl o-D-
mannopyranoside (Mana-pNP), uridine-5’-diphosphogalactose (UDP-Gal), and uridine-
5’-diphospho-N-acetylgalactosamine (UDP-GalNAc) were purchased from Merck
(Darmstadt, Germany). GIcNAcB1-3GalNAco-pNP and GalNAcB1-4GIcNAcB-pNP
were obtained from Tokyo Chemical Industry (Tokyo, Japan). Galp1-4GlcNAcB-pNP
was synthesized previously (Usui et al., 1993). The fluorescent pyridylaminated (PA)
glycans used were purchased from Masuda Chemical Industries (Takamatsu, Japan). All
other reagents were of analytical grade and purchased from Wako Pure Chemical Industry

(Osaka, Japan) or Merck unless otherwise stated.

2.2. Transcriptional analysis

First- to fifth-instar larvae, pupae, and adults (Ehime Sanshu, Ehime, Japan) were
flash-frozen in liquid nitrogen and ground to powder. Total RNA was extracted from the
resulting powder using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA).
The first-strand cDNA was synthesized with a PrimeScript RT reagent kit (Takara Bio,
Kusatsu, Japan) according to the manufacturer's protocol. The expression of the
BmGalNACT gene was analyzed using quantitative PCR (qPCR) using THUNDERBIRD
SYBR gPCR Mix (Toyobo, Osaka Japan) and the gene-specific primer set
BmGalNAcT F and BmGalNAcT R (Table 1). The program for thermal cycling was
performed using the Mx3000P system (Agilent Technologies, Santa Clara, CA, USA);
the cycling conditions were 15 s denaturation at 95°C and 60 s annealing/extension at
60°C. The gene for glyceraldehyde-3-phosphate dehydrogenase (BmMGAPDH) was also
amplified as a reference using the BnGAPDH _F and BmGAPDH_R primers (Table 1).



The entire experiment was performed in three independent biological replicates.
Quantification of the relative transcript abundance was achieved using the AACq method.
Primers for qPCR were designed wusing the Primer-BLAST  server

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Ye et al., 2012).

2.3. Construction of the BmNPV bacmid and mutagenesis

DNA fragments encoding full-length BmGaINAcT were amplified by PCR using
the synthesized cDNA from a fifth-instar larva as a template and a pair of primer sets,
BmGalNAcT EcoRI F and BmGalNAcT Xbal R (Table 1), followed by subcloning
into the pFastBacl vector (Thermo Fisher Scientific). The transmembrane region of
BmGalNAcT was predicted using the TMHMM server
(http://www.cbs.dtu.dk/services/ TMHMM/) (Krogh et al.,, 2001). DNA fragments
encoding the N-terminally FLAG (DYKDDDDK)-tagged BmGalNAcT (Asp38—Ser420)
without putative cytosolic and transmembrane regions were amplified by PCR using the
synthesized cDNA as a template and a pair of primers, FLAG-BmGaINAcTA37 F and
BmGalNAcT Xbal R (Table 1). A sequence encoding bombyxin secretion signal peptide
(MKILLATALMLSTVMWVST) was added by PCR using the resultant DNA fragment
as a template and a pair of primers, ECORI-Bx-FLAG F and BmGaINAcT Xbal R
(Table 1), and then the products were ligated into the pFastBacl vector using EcoRI and
Xbal restriction sites. The constructs were verified by DNA sequencing. Escherichia coli
BmDH10Bac-CP-Chi~ competent cells, which contain cysteine protease- and chitinase-
deficient BmNPV bacmid (Park et al., 2008), were transformed with the resultant plasmid
and cultured on LB agar plate medium containing 50 pg/mL kanamycin, 7 pg/mL
gentamicin, 10 pug/mL tetracycline, 40 pg/mL isopropyl B-D-1-thiogalactopyranoside,
and 100 pg/mL 5-bromo-4-chloro-3-indolyl-4-galactopyranoside at 37°C for 2 days. The
recombinant BmNPV bacmid containing the BmGalNACT gene was extracted from a
white positive colony after blue-white selection.

Site-directed mutagenesis was performed using the QuikChange Site-Directed



Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) with the desired primers
(Table 1) and the pFastBacl vector harboring the gene coding the soluble form of
BmGalNACcT as a template according to the manufacturer’s protocol. The recombinant
BmNPV bacmids for BmGalNAcT mutants were constructed using the resultant plasmids

in the same manner as the wild-type enzyme.

2.4. Expression and purification of recombinant BmGalNAcT

To express the recombinant BmGalNAcT (rBmGalNAcT), chitosan/rBmGalNAcT
bacmid complexes were prepared as described previously (Kato et al., 2016) and then
injected into fifth-instar silkworm larvae. The bacmid-injected larvae were reared on an
artificial diet (Silkmate S2, Nohsan Corp., Yokohama, Japan) at 26°C for 6 days.
Hemolymph was collected by cutting a caudal leg of larvae in a tube and then mixed with
1 mM 1-phenyl-2-thiourea. The fat body was harvested by cutting and dissection. The
hemolymph and fat body samples were stored at —80°C until further analysis. The
hemolymph was mixed with 9 volumes of 50 mM Tris-HCI buffer (pH 7.4) containing
300 mM NaCl and 16% polyethylene glycol 4,000 and incubated at 4°C overnight. The
insoluble materials were removed by centrifugation at 12,000xg for 10 min, and the
supernatant was applied onto DDDDK-tagged Protein Purification Gel (Medical and
Biological Laboratories, Nagoya, Japan). The column was washed with 50 mM Tris-HCI
buffer (pH 7.4) containing 300 mM NaCl and 0.1% Triton X-100, and then the FLAG-
tagged protein was eluted with 100 pg/mL FLAG-tag peptide (Medical and Biological
Laboratories). The fraction containing rBmGalNAcT was buffer-exchanged into 50 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-NaOH buffer (pH 6.0)
using an Amicon Ultra centrifugal device (Merck). Protein expression and purity were
confirmed by SDS-PAGE with Coomassie brilliant blue (CBB) staining and western
blotting using an anti-DDDDK-tag monoclonal antibody (Medical and Biological
Laboratories) as the primary antibody and an anti-mouse IgG antibody labeled with

horseradish peroxidase (Medical and Biological Laboratories) as the secondary antibody.



The protein concentration was determined by the bicinchoninic acid method using a
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) and bovine serum albumin as a

standard.

2.5. Enzyme assay

To measure the glycosyltransferase activity, a reaction mixture containing 50 pg/mL
rBmGalNACcT, 1 mM acceptor substrate (0.1 uM in the case of PA-glycans), | mM donor
substrate, 10 mM MnClz, 1 mg/mL bovine serum albumin, and 50 mM HEPES-NaOH
(pH 6.0) was prepared and incubated at 37°C. To examine the effect of pH on
glycosyltransferase activity, the same reaction mixtures, with the exception that 50 mM
sodium acetate (pH 4.0-5.0) and HEPES-NaOH (pH 5.0-8.0) buffers were used, were
incubated at 37°C for 1 min. The effect of temperature was examined at 20—50°C using
50 mM HEPES-NaOH buffer (pH 6.0). The metal dependency was investigated at 37°C
in 50 mM HEPES-NaOH buffer (pH 6.0) with 10 mM MgClz, CaClz, or CoClz instead of
MnCl.. After incubation, the reaction mixtures were boiled for 5 min to quench the
enzymatic reaction.

The amounts of products were measured by reverse phase high-performance liquid
chromatography (RP-HPLC) using an HPLC system equipped with LC-10AD VP pumps
(Shimadzu, Kyoto, Japan). The reaction mixtures containing pNP sugars were applied to
a Mightysil RP-18 GP column (4.6 mm x 250 mm, Kanto Chemical Co., Tokyo, Japan)
and eluted using 10% (vol/vol) methanol, followed by detection using an SPD-10AVvp
UV-VIS detector at a wavelength of 300 nm. The products of PA-glycans were applied to
a TSKgel ODS-80Twm column (4.6 mm x 250 mm, Tosoh, Tokyo, Japan), eluted with 100
mM ammonium acetate buffer (pH 4.0), and monitored using an RF-10A XL fluorescence
detector (Shimadzu) at 320 nm excitation and 400 nm emission. The flow rate was 1.0

mL/min, and the column temperature was 40°C in both cases.

2.6. Glycan digestion
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The recombinant protein was denatured and deglycosylated with peptide:N-
glycanase F (PNGase F, Takara Bio) according to the manufacturer’s protocol. For the

activity measurement, rBmGalNAcT was treated with PNGase F in native conditions.

2.7. Bioinformatics, phylogenetics, and homology modeling

The DELTA-BLAST server (https://blast.ncbi.nlm.nih.gov/) (Boratyn et al., 2012)
was used to search for homologous proteins, and the dbCAN server
(http://bcb.unl.edu/dbCAN2/) was used to annotate uncharacterized proteins based on the
CAZy classification (Zhang et al., 2018). Sequence alignment was performed using the
MUSCLE algorithm (Edgar, 2004), and phylogenetic analysis was carried out with the
maximum likelthood method using MEGA X software (Kumar et al., 2018). A
phylogenetic tree was described using the iTOL v4 server (Letunic et al., 2018). The
homology model of BmGalNAcT was produced using the SWISS-MODEL server
(https://swissmodel.expasy.org) (Biasini et al., 2014) using the amino acid sequence of
BmGalNAcT and the coordinates of human B4GalT1 (PDB: 2AGD) as a template.

Figures were prepared using PyMOL (http://www.pymol.org/).

3. Results and Discussion

3.1. Identification and expression of the BmGalNACT gene

The DELTA-BLAST search using the amino acid sequence of human B4GalT1
(GenBank: NP_001488.2) found eleven putative protein sequences from B. mori with
more than 20% sequence identity (Supplementary Fig. S1). These can be isoforms of
seven putative glycosyltransferases, which have been annotated as [-1,4-N-
acetylgalactosaminyltransferase  bre-4-like  (XP_021205072.1, XP_021205073.1,
XP_021205074.1), B-1,4-galactosyltransferase 7 (XP_004933019.1, XP_004933020.1),
B-1,4-N-acetylgalactosaminyltransferase bre-4 (XP_021203993.1), B-1,4-
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galactosyltransferase 1-like (XP_004926306.3), uncharacterized protein LOC101738741
(XP_004926305.1),  glycosyltransferase ~ (XP_012545893.1, XP_012545894.1,
NP _001243988.1), and chondroitin sulfate synthase 1 (XP_012545235.1). The dbCAN
annotation server indicated that all the proteins are classified into the glycosyltransferase
family 7 (GT7), which is based on the CAZy classification (Lombard et al., 2014), as well
as mammalian 4GalT1, which is involved in the complex-type N-glycan biosynthesis
and lactose biosynthesis (Ramakrishnan and Qasba, 2001).

GT7 enzymes have been reported to transfer Gal and/or GalNAc residues from
UDP-Gal and/or UDP-GalNAc donors to other oligosaccharides with a B-1,4 linkage.
Among B. mori GT7 proteins, putative glycosyltransferase (XP_012545894.1), named
BmGalNACcT, has the highest sequence identity (36.5%) with human B4GalT1 and
phylogenetically belongs to the same clade, including insect B4GalNAcTs. The
expression profile of BmGalNACT was investigated by quantitative reverse transcription
PCR using BmGalNAcT-specific primers and cDNA derived from B. mori larvae, pupae,
and adults. The BmGalNACT gene was ubiquitously expressed in all the stages tested, and
the expression level particularly increased in the pupal and adult stages (Fig. 1). Walski
et al. reported that the highest expression level of beetle T. castaneum 4GalNACcTA,
which is orthologous to BmGalNACcT, was observed in the pupal stage (Walski et al.,
2016). Recently, differences between males and females of the planthopper Nilaparvata
lugens N-glycome were reported (Scheys et al., 2019). The amount of high mannose-type
N-glycans was increased in female insects compared to that in male insects, while the
complex-type N-glycan profiles were similar. Moreover, the expression levels of several
N-glycan-related genes were different between male and female adults of N. lugens.
However, no remarkable difference was observed in the expression levels of BmGalNACT
in male and female adults of B. mori (Fig. 1).

The DNA encoding the full-length BmGalNAcT was cloned and then sequenced
(DDBJ/EMBL/GenBank accession number is LC481643). BmGaINAcT comprises 420

amino acids, and its theoretical molecular weight is 47,722; it was predicted to be a
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transmembrane protein with a hydrophobic region at the N-terminus (Alal5-Leu37) by
the TMHMM server, like the mammalian B4GalT1 and insect B4GalNAcT enzymes,
which have been reported to be localized in the Golgi apparatus (Haines and Irvine, 2005;

Teasdale et al., 1992; Vadaie and Jarvis, 2004).

3.2. Expression and purification of rBmGalNAcT

To investigate the enzymatic characteristics of BmGalNAcT, the recombinant
enzyme (rBmGalNAcT), where the predicted cytosolic and transmembrane regions
(Metl-Leu37) were deleted and a bombyxin signal peptide and a FLAG-tag were added
at the N-terminus, was constructed and expressed under the control of the polyhedrin
promoter (Fig. 2A and B) using the silkworm-BmNPV bacmid expression system.
rBmGalNAcT was successfully expressed in silkworm larvae and secreted to hemolymph,
and SDS-PAGE analysis showed that the molecular weight of rBmGalNACcT is 60 kDa,
which is higher than its theoretical mass of 45 kDa (Fig. 2C). The polyethylene glycol
precipitation and FLAG-tag affinity chromatography resulted in a single band for
rBmGalNAcT observed in the SDS-PAGE analysis (Fig. 2D) and a yield of
approximately 5.5 pg per larva.

The NetNGlyc server (http://www.cbs.dtu.dk/services/NetNGlyc/) analysis showed
that BmGalNAcT has 10 potential N-glycosylation sites (Asn52, Asn70, Asn85, Asn89,
Asn90, Asn101, Asn108, Asn113, Asn168, and Asn194), whereas human 4GalT1, T. ni
and D. melanogaster orthologs have 1, 6 and 5 sequons, respectively. Deglycosylation of
purified rBmGalNAcT by PNGase F resulted in a decrease in the molecular weight to
approximately 49 kDa, which is close to the theoretical mass of rBmGalNAcT (Fig. 2D).
Western blotting using an anti-FLAG tag antibody supported the fact that rBmGalNAcT
was purified to homogeneity from silkworm hemolymph and was N-glycosylated (Fig.

2E).

3.3. Substrate specificity and enzymatic properties of rBmGalNAcT
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First, the purified rBBmGalNAcT was incubated with UDP-Glc, UDP-Gal, and UDP-
GalNAc as donor substrates and pNP-GIcNAc as an acceptor substrate to examine its
donor substrate specificity. The RP-HPLC analysis showed that a new peak appeared at
38 min of elution time when using UDP-GalNAc as a donor substrate (Fig. 3), but no
product was observed in the reaction mixtures incubated with UDP-Glc and UDP-Gal for
12 h (data not shown). The elution time of the product was identical to that of authentic
GalNAcB1-4GIlcNAcB-pNP, indicating that rBmGalNAcT catalyzed the transfer of a
GalNAc residue from UDP-GalNAc to GIcNAcB-pNP with 14 linkage. The T. ni and
D. melanogaster orthologs can utilize UDP-Gal as a donor, but its efficiency was lower
than that of UDP-GalNAc (Haines and Irvine, 2005; Vadaie and Jarvis, 2004). Therefore,
BmGalNAcT had strict donor substrate specificity compared with the other insect
orthologs.

Then, to investigate its acceptor specificity, various p-nitrophenyl monosaccharides
and disaccharides were used for the glycosyltransferase reaction with UDP-GalNAc as a
donor. rBmGalNAcT also exhibited activity toward GlcB-pNP and GIcNAcB1-
3GalNAca-pNP with 0.26% and 32% efficiency compared with that toward GlcNAcf-
pNP (0.99 pmol/min/mg protein). No activity was detected with GalB-pNP, Mana-pNP,
Galp1-4GIcNAcB-pNP, or GaINAcB1-4GIcNAcB-pNP (data not shown). These results
suggested that rBBmGalNACcT recognized the stereochemistry of glucose but not galactose
and mannose and preferred GIcNAc to glucose as an acceptor substrate. The activity
toward N-glycans was also measured using the UDP-GalNAc donor, and all the GIcNAc-
terminated glycans tested could be acceptor substrates. Among these glycan substrates,
the glycan with one GIcNAc residue on the al—-6 mannosyl arm was the best acceptor.
Although the reason was not clear, it was possible that the conformation of the glycans
may influence the substrate recognition of rBmGalNAcT.

The effect of pH on rBmGalNACcT activity was examined using UDP-GalNAc and
GlcNACcB-pNP as substrates over a pH range of 4.0-8.0. The enzyme exhibited the highest
activity at pH 6.0 (Fig. 4A). The effect of temperature was tested at 20-50°C, and the

14



optimum temperature was determined to be 37°C (Fig. 4B). Because GT7 enzymes
usually require divalent metal ions as cofactors to bind the sugar nucleotide substrate
(Ramakrishnan et al., 2001; Ramakrishnan and Qasba, 2010; Ramasamy et al., 2005), the
activity was investigated in the presence of several divalent metal chlorides.
rBmGalNACcT had the highest activity under the condition with Mn?*, while the enzyme
exhibited lower than 4% activity in the presence of Mg?*, Ca?*, and Co*" ions (Fig. 4C).
rBmGalNACcT has ten N-glycosylation sites, and its carbohydrate content relative to the
molecular weight was approximately 18% (Fig. 2D and E). The effect of deglycosylation
on enzymatic activity was also assayed. No effect was observed in the catalytic activity
after deglycosylation by PNGase F (Fig. 4D). Although it was not clear which asparagine
residue was glycosylated, eight of ten potential glycosylation sites were located in the
stem region (38—150 residues, Fig. 2A). Thus, the N-glycans may not directly contribute
to the enzymatic activity but were probably involved in the protection of the stem region

against proteases.

3.4. Mutagenesis of the residues in the active site

All the structure-determined GT7 enzymes catalyze the transfer of Gal rather than
GalNAc. To identify the residues that are important for the substrate specificity of
BmGalNACcT, the homology model of BmGalNAcT was generated and compared with
the other GT7 glycosyltransferases. In the structure of bovine f4GalT complexed with
UDP-Gal, Leu255, Met277, Gly292, and Tyr289 are located near the 2-hydroxy group of
the galactose residue, whereas the corresponding residues in BmGalNACcT are Leu276,
[1e298, Gly313, and I1e310, respectively (Fig. SA and B). Multiple sequence alignment
reveals that [1e298 and I1e310 in BmGaINACcT are highly conserved among the previously
reported f4GalNACcTs, while the corresponding residues in f4GalTs are Met and Tyr,
respectively. Therefore, three mutants of rBmGalNAcT, namely, 1298M, 1310Y, and
1298M-1310Y, were constructed, and their activity was measured using UDP-GalNAc and
pNP-GlcNAc as substrates. 298M exhibited 18.4+1.1% activity compared with the wild-
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type enzyme, and no activity was detected in the reaction mixture with either I1310Y or
[298M-1310Y (Fig. 5C). These results suggest that both 11e298 and Ile310 of
BmGalNACcT play important roles in the recognition of the GalNAc residue of the donor
substrate and that the Ile310—Tyr mutation might reduce the affinity with the GalNAc
residue more than the Leu298—Met mutation. Specificity conversion of bovine 4GalT1
into B4GalNACT by the replacement of Tyr289 by Ile had been reported previously, and
this mutation resulted in the acquisition of B4GalNACcT activity instead of f4GalT activity
(Ramakrishnan and Qasba, 2002). Thus, our study supported the hypothesis that residues
corresponding to 11e298 and I1e310 in BmGalNAcT are determinants of donor substrate

specificity in GT7 B4GalNAcTs.

3.5. Distribution of GalT and GalNAcT in insect GT7

Several research groups have reported that lepidopteran and dipteran cells produce
insect-specific complex-type N-glycans, including those harboring not only the -1,4-
GalNAc but also the -1,4-Gal moiety at the nonreducing ends (Aoki et al, 2007; Koles
etal., 2007; Kurz et al., 2015; Santon et al, 2017). No galactosylated or GalNAcylated N-
glycan was detected in the N-glycome of B. mori fifth-instar larvae (Kajiura et al., 2015);
however, there has been only one report that recombinant immunoglobulin expressed in
B. mori larvae possessed B-1,4-Gal-terminated N-glycan (Dojima et al., 2009). It is still
unclear whether another f4GalNACT catalyzes B-1,4-galactosylation on insect N-glycans
as well as -1,4-N-acetylgalactosaminylation in vivo and/or whether they possess f4GalT
that transfers galactose residues. We analyzed insect GT7 protein sequences and
compared them with characterized GT7 glycosyltransferases. GT7 could be divided into
roughly six subgroups: vertebrate B4GalT, invertebrate P4GalNAcT, mammalian
B4GalNACT, snail B-1,4-N-acetylglucosaminyltransferase (LsGIcNACcT), xylosylprotein
-4-galactosyltransferase, and chondroitin sulfate-related f4GalNACcT (Fig. 6). The three-
dimensional structures and sequence alignment indicate that conservation of the amino

acid residues corresponding to 11e298 and I1e310 in BmGalNAcT enabled us to predict
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the substrate specificity of uncharacterized GT7 enzymes (Supplementary Fig. S1). B.
mori possesses seven genes for GT7 proteins as described above, four of which are
suggested to prefer GalNAc as a donor substrate (BmGalNAcT, XP 021205072.1,
XP 021203993.1, and XP 004926305.1). BmGalNAcT has higher homology with
DmB4GaINACTA than with DmP4GalNAcTB, which was reportedly involved in
LacdiNAc (GaINAcB-1,4-GIcNAc) structure formation in glycosphingolipids (Stolz et al.,
2008). Two other proteins (XP_004933019.1 and XP_012545235.1) are predicted to be
xylosylprotein B-4-galactosyltransferase GalT7 and chondroitin sulfate synthase, both of
which are involved in the formation of glycosaminoglycan (Ramakrishnan and Qasba,
2010; Uyama et al., 2002). The other one (XP_004926306.3) belongs to the clades of
B4GalNACcT, but the corresponding residue of Ile310 is substituted by a bulky lysine
residue, suggesting that the protein might have different substrate specificity from
BmGalNAcT. Further studies including analysis of in vivo expression profiles and
enzymatic characterization of these gene products are necessary to identify
glycosyltransferase genes related to -1,4-galactosylation in B. mori N-glycans.

In conclusion, we cloned BmGalNAcT, a member of the GT7 family, for the first
time, and the enzyme exhibited a strict preference of a donor substrate UDP-GalNAc
compared with the preference of other insect f4GalNAcT enzymes. The mutational
analysis identified two amino acid residues located in the active site as one of the
determinants of GT7 substrate specificity, and B. mori has possible GT7
glycosyltransferases with different specificities and functions. This study would help us
to identify novel enzymes related to the glycoconjugates of insects and to reveal the

structure-function relationships of GT7 glycosyltransferases.

References

Aoki, K., Perlman, M., Lim, J.M., Cantu, R., Wells, L., Tiemeyer, M., 2007. Dynamic

17



developmental elaboration of N-linked glycan complexity in the Drosophila
melanogaster embryo. J. Biol. Chem. 282, 9127-9142.

Aoki, K., Tiemeyer, M., 2010. The glycomics of glycan glucuronylation in Drosophila
melanogaster. Methods Enzymol. 480, 297-321.

Apweiler, R., Hermjakob, H., and Sharon, N., 1999. On the frequency of protein
glycosylation, as deduced from analysis of the SWISS-PROT database. Biochim.
Biophys. Acta 1473, 4-8.

Aumiller, J.J., Hollister, J.R., Jarvis, D.L., 2003. A transgenic insect cell line engineered
to produce CMP-sialic acid and sialylated glycoproteins. Glycobiology 13, 497-507.

Aumiller, J.J., Mabashi-Asazuma, H., Hillar, A., Shi, X., Jarvis, D.L., 2012. A new
glycoengineered insect cell line with an inducibly mammalianized protein N-
glycosylation pathway. Glycobiology 22, 417-428.

Biasini, M., Bienert, S., Waterhouse, A., Arnold, K., Studer, G., Schmidt, T., Kiefer, F.,
Gallo Cassarino, T., Bertoni, M., Bordoli, L., Schwede, T., 2014. SWISS-MODEL.:
modelling protein tertiary and quaternary structure using evolutionary information.
Nucleic Acids Res. 42, W252-W258.

Boratyn, G.M., Schiffer, A.A., Agarwala, R., Altschul, S.F., Lipman, D.J., Madden, T.L.,
2012. Domain enhanced lookup time accelerated BLAST. Biol. Direct. 7, 12.

Breitbach, K., Jarvis, D.L., 2001. Improved glycosylation of a foreign protein by Tn-5B1-
4 cells engineered to express mammalian glycosyltransferases. Biotechnol. Bioeng.
74, 230-239.

Dojima, T., Nishina, T., Kato, T., Uno, T., Yagi, H., Kato, K., Park, E.Y., 2009.
Comparison of the  N-linked glycosylation of human  f1,3-N-
acetylglucosaminyltransferase 2 expressed in insect cells and silkworm larvae. J.
Biotechnol. 143, 27-33.

Edgar, R.C., 2004. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 32, 1792-1797.

Geisler, C., Jarvis, D.L., 2012. Substrate specificities and intracellular distributions of

18



three N-glycan processing enzymes functioning at a key branch point in the insect N-
glycosylation pathway. J. Biol. Chem. 287, 7084—7097.

Geisler, C., Jarvis, D.L., 2012. Innovative use of a bacterial enzyme involved in sialic
acid degradation to initiate sialic acid biosynthesis in glycoengineered insect cells.
Metab. Eng. 14, 642—-652.

Haines, N., Irvine, K.D., 2005. Functional analysis of Drosophila [1,4-N-
acetlygalactosaminyltransferases. Glycobiology 15, 335-346.

Helenius, A., Aebi, M., 2001. Intracellular functions of N-linked glycans. Science 291,
2364-2369.

Hodoniczky, J., Zheng, Y.Z., James, D.C., 2005. Control of recombinant monoclonal
antibody effector functions by Fc N-glycan remodeling in vitro. Biotechnol. Prog. 21,
1644-1652.

Hollister, J., Grabenhorst, E., Nimtz, M., Conradt, H., Jarvis, D.L., 2002. Engineering the
protein N-glycosylation pathway in insect cells for production of biantennary,
complex N-glycans. Biochemistry 41, 15093—-15104.

Hollister, J.R., Jarvis, D.L., 2001. Engineering lepidopteran insect cells for
sialoglycoprotein production by genetic transformation with mammalian B1,4-
galactosyltransferase and a2,6-sialyltransferase genes. Glycobiology 11, 1-9.

Hollister, J.R., Shaper, J.H., Jarvis, D.L., 1998. Stable expression of mammalian 1,4-
galactosyltransferase extends the N-glycosylation pathway in insect cells.
Glycobiology 8, 473—480.

Hykollari, A., Malzl, D., Eckmair, B., Vanbeselaere, J., Scheidl, P., Jin, C., Karlsson, N.G.,
Wilson, [.B.H., Paschinger, K., 2018. Isomeric separation and recognition of anionic
and zwitterionic N-glycans from royal jelly glycoproteins. Mol. Cell. Proteomics 17,
2177-2196.

Ishikiriyama, M., Nishina, T., Kato, T., Ueda, H., Park, E.Y., 2009. Human single-chain
antibody expression in the hemolymph and fat body of silkworm larvae and pupae

using BmNPV bacmids. J. Biosci. Bioeng. 107, 67-72.

19



Jarvis, D.L., Howe, D., Aumiller, J.J., 2001. Novel baculovirus expression vectors that
provide sialylation of recombinant glycoproteins in lepidopteran insect cells. J. Virol.
75, 6223-6227.

Kajiura, H., Hamaguchi, Y., Mizushima, H., Misaki, R., Fujiyama, K., 2015. Sialylation
potentials of the silkworm, Bombyx mori; B. mori possesses an active 02,6-
sialyltransferase. Glycobiology 25, 1441-1453.

Kato, T., Arai, S., Ichikawa, H., Park E.Y., 2016. Versatility of chitosan/BmNPV bacmid
DNA nanocomplex as transfection reagent of recombinant protein expression in
silkworm larvae. Biotechnol. Lett. 38, 1449-1457.

Kato, T., Kajikawa, M., Maenaka, K., Park, E.Y., 2010. Silkworm expression system as a
platform technology in life science. Appl. Microbiol. Biotechnol. 85, 459-470.
Kato, T., Kako, N., Kikuta, K., Miyazaki, T., Kondo, S., Yagi, H., Kato, K., Park, E.Y.,
2017. N-Glycan modification of a recombinant protein via coexpression of human

glycosyltransferases in silkworm pupae. Sci. Rep. 7, 1409.

Kim, Y.K., Kim, K.R., Kang, D.G., Jang, S.Y., Kim, Y.H., Cha, H.J., 2011. Expression of
B-1,4-galactosyltransferase and suppression of B-N-acetylglucosaminidase to aid
synthesis of complex N-glycans in insect Drosophila S2 cells. J. Biotechnol. 153,
145-152.

Koles, K., Irvine, K.D., Panin, V.M., 2004. Functional characterization of Drosophila
sialyltransferase. J. Biol. Chem. 279, 4346—4357.

Koles, K., Lim, J.M., Aoki, K., Porterfield, M., Tiemeyer, M., Wells, L., Panin, V., 2007.
Identification of N-glycosylated proteins from the central nervous system of
Drosophila melanogaster. Glycobiology 17, 1388—1403.

Krogh, A., Larsson, B., von Heijne, G., Sonnhammer, E.L., 2001. Predicting
transmembrane protein topology with a hidden Markov model: application to
complete genomes. J. Mol. Biol. 305, 567-580.

Kumar, S., Stecher, G., Li, M., Knyaz, C., Tamura, K., 2018. MEGA X: Molecular

Evolutionary Genetics Analysis across Computing Platforms. Mol. Biol. Evol. 35,

20



1547-1549.

Kurz, S., Aoki, K., Jin, C., Karlsson, N.G., Tiemeyer, M., Wilson, I.B.H., Paschinger, K.,
2015. Targeted release and fractionation reveal glucuronylated and sulphated N- and
O-glycans in larvae of dipteran insects. J. Proteomics 126, 172—188.

Letunic, 1., Bork, P., 2018. Interactive Tree Of Life (iTOL) v4: recent updates and new
developments. Nucleic Acids Res. 47, W256-W259.

Liu, D., De Schutter, K., Smargiasso, N., De Pauw, E., Van Damme, E.J.M., Smagghe,
G., 2019. The N-glycan profile of the peritrophic membrane in the Colorado potato
beetle larva (Leptinotarsa decemlineata). J. Insect Physiol. 115, 27-32.

Lombard, V., Golaconda Ramulu, H., Drula, E., Coutinho, P.M., Henrissat, B., 2014. The
carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res. 42,
D490-D495.

Mabashi-Asazuma, H., Kuo, C.W., Khoo, K.H., Jarvis, D.L., 2014. A novel baculovirus
vector for the production of nonfucosylated recombinant glycoproteins in insect cells.
Glycobiology 24, 325-340.

Mabashi-Asazuma, H., Shi, X., Geisler, C., Kuo, C.W., Khoo, K.H., Jarvis, D.L., 2013.
Impact of a human CMP-sialic acid transporter on recombinant glycoprotein
sialylation in glycoengineered insect cells. Glycobiology 23, 199-210.

Mabashi-Asazuma, H., Sohn, B.H., Kim, Y.S., Kuo, C.W., Khoo, K.H., Kucharski, C.A.,
Fraser, M.J. Jr., Jarvis, D.L., 2015. Targeted glycoengineering extends the protein N-
glycosylation pathway in the silkworm silk gland. Insect Biochem. Mol. Biol. 65,
20-27.

Maeda, S., Kawai, T., Obinata, M., Fujiwara, H., Horiuchi, T., Saeki, Y., Sato, Y.,
Furusawa, M., 1985. Production of human o-interferon in silkworm using a
baculovirus vector. Nature 315, 592-594.

Miyazaki, T., Kato, T., Park, E.Y., 2018. Heterologous expression, purification and
characterization of human f-1,2-N-acetylglucosaminyltransferase II using a

silkworm-based Bombyx mori nucleopolyhedrovirus bacmid expression system. J.

21



Biosci. Bioeng. 126, 15-22.

Miyazaki, T., Matsumoto, Y., Matsuda, K., Kurakata, Y., Matsuo, ., Ito, Y., Nishikawa,
A., Tonozuka, T., 2011. Heterologous expression and characterization of processing
a-glucosidase I from Aspergillus brasiliensis ATCC 9642. Glycocon;. J. 28, 563-571.

Miyazaki, T., Miyashita, R., Mori, S., Kato, T., Park, E.Y., 2019. Expression and
characterization of silkworm Bombyx mori B-1,2-N-acetylglucosaminyltransferase II,
a key enzyme for complex-type N-glycan biosynthesis. J. Biosci. Bioeng. 127, 273—
280.

Moremen, K.W., Molinari, M., 2006. N-linked glycan recognition and processing: the
molecular basis of endoplasmic reticulum quality control. Curr. Opin. Struct. Biol.
16, 592-599.

Moremen, K.W., Trimble, R.B., Herscovics, A., 1994. Glycosidases of the asparagine-
linked oligosaccharide processing pathway. Glycobiology 4, 113—125.

Motohashi, T., Shimojima, T., Fukagawa, T., Maenaka, K., Park, E.Y., 2005. Efficient
large-scale protein production of larvae and pupae of silkworm by Bombyx mori
nuclear polyhedrosis virus bacmid system. Biochem. Biophys. Res. Commun. 326,
564-569.

Ogata, M., Nakajima, M., Kato, T., Obara, T., Yagi, H., Kato, K., Usui, T., Park, E.Y.,
2009. Synthesis of sialoglycopolypeptide for potentially blocking influenza virus
infection using a rat a2,6-sialyltransferase expressed in BmNPV bacmid-injected
silkworm larvae. BMC Biotechnol. 9, 54.

Palmberger, D., Wilson, .LB.H., Berger, 1., Grabherr, R., Rendic, D., 2012. SweetBac: a
new approach for the production of mammalianised glycoproteins in insect cells.
PLoS One 7, €34226.

Palomares, L.A., Joosten, C.E., Hughes, P.R., Granados, R.R., Shuler, M.L., 2003. Novel
insect cell line capable of complex N-glycosylation and sialylation of recombinant
proteins. Biotechnol. Prog. 19, 185-192.

Park, E.Y., Abe, T., Kato, T., 2008. Improved expression of fusion protein using a

22



cysteine-protease- and chitinase-deficient Bombyx mori (silkworm) multiple
nucleopolyhedrovirus bacmid in silkworm larvae. Biotechnol. Appl. Biochem. 49,
135-140.

Paschinger, K., Wilson, I.LB.H., 2019. Anionic and zwitterionic moieties as widespread
glycan modifications in non-vertebrates. Glycoconj. J. in press (2019).
http://doi.org/10.1007/s10719-019-09874-2.

Ramakrishnan, B., Qasba, P.K., 2001. Crystal structure of lactose synthase reveals a large
conformational change in its catalytic component, the f1,4-galactosyltransferase-I. J.
Mol. Biol. 310, 205-218.

Ramakrishnan, B., Qasba, PK., 2002. Structure-based design of [1,4-
galactosyltransferase I (B4Gal-T1) with equally efficient N-
acetylgalactosaminyltransferase activity: point mutation broadens 4Gal-T1 donor
specificity. J. Biol. Chem. 277, 20833-20839.

Ramakrishnan, B., Qasba, P.K., 2010. Crystal structure of the catalytic domain of
Drosophila p1,4-galactosyltransferase-7. J. Biol. Chem. 285, 15619-15626.

Ramakrishnan, B., Shah, P.S., Qasba, P.K., 2001. a-Lactalbumin (LA) stimulates milk -
1,4-galactosyltransferase I (B4Gal-T1) to transfer glucose from UDP-glucose to N-
acetylglucosamine. Crystal structure of B4Gal-T1-LA complex with UDP-Glc. J.
Biol. Chem. 276, 37665-37671.

Ramasamy, V., Ramakrishnan, B., Boeggeman, E., Ratner, D.M., Seeberger, P.H., Qasba,
P.K., 2005. Oligosaccharide preferences of Pl,4-galactosyltransferase-I: crystal
structures of Met340His mutant of human [1,4-galactosyltransferase-1 with a
pentasaccharide and trisaccharides of the N-glycan moiety. J. Mol. Biol. 353, 53—-67.

Robert, X., Gouet, P., 2014. Deciphering key features in protein structures with the new
ENDscript server. Nucleic Acids Res. 42, W320-W324.

Sakae, Y., Satoh, T., Yagi, H., Yanaka, S., Yamaguchi, T., Isoda, Y., lida, S., Okamoto, Y.,
Kato, K., 2017. Conformational effects of N-glycan core fucosylation of

immunoglobulin G Fc region on its interaction with Fcy receptor Illa. Sci. Rep. 7,

23



13780.

Sasaki, K., Kajikawa, M., Kuroki, K., Motohashi, T., Shimojima, T., Park, E.Y., Kondo,
S., Yagi, H., Kato, K., Maenaka, K., 2009. Silkworm expression and sugar profiling
of human immune cell surface receptor, KIR2DL1. Biochem. Biophys. Res.
Commun. 387, 575-580.

Scheys, F., De Schutter, K., Shen, Y., Yu, N., Smargiasso, N., De Pauw, E., Van Damme,
E.J M., Smagghe, G., 2019. The N-glycome of the hemipteran pest insect
Nilaparvata lugens reveals unexpected sex differences. Insect Biochem. Mol. Biol.
107, 39-45.

Shinkawa, T., Nakamura, K., Yamane, N., Shoji-Hosaka, E., Kanda, Y., Sakurada, M.,
Uchida, K., Anazawa, H., Satoh, M., Yamasaki, M., Hanai, N., Shitara, K., 2003. The
absence of fucose but not the presence of galactose or bisecting N-acetylglucosamine
of human IgG1 complex-type oligosaccharides shows the critical role of enhancing
antibody-dependent cellular cytotoxicity. J. Biol. Chem. 278, 3466-3473.

Stanton, R., Hykollari, A., Eckmair, B., Malzl, D., Dragosits, M., Palmberger, D., Wang,
P., Wilson, .B.H., Paschinger, K., 2017. The underestimated N-glycomes of
lepidopteran species. Biochim. Biophys. Acta 1861, 699-714.

Stolz, A., Haines, N., Pich, A., Irvine, K.D., Hokke, C.H., Deelder, A.M., Gerardy-
Schahn, R., Wuhrer, M., Bakker, H., 2008. Distinct contributions of f4GaINAcTA
and P4GalNAcTB to Drosophila glycosphingolipid biosynthesis. Glycoconj. J. 25,
167-175.

Suganuma, M., Nomura, T., Higa, Y., Kataoka, Y., Funaguma, S., Okazaki, H., Suzuki,
T., Fujiyama, K., Sezutsu, H., Tatematsu, K.I., Tamura, T., 2018. N-glycan sialylation
in a silkworm-baculovirus expression system. J. Biosci. Bioeng. 126, 9—14.

Teasdale, R.D., D'Agostaro, G., Gleeson, P.A., 1992. The signal for Golgi retention of
bovine B1,4-galactosyltransferase is in the transmembrane domain. J. Biol. Chem.
267, 4084-4096.

Tomiya, N., Howe, D., Aumiller, J.J., Pathak, M., Park, J., Palter, K.B., Jarvis, D.L.,

24



Betenbaugh, M.J., Lee, Y.C., 2003. Complex-type biantennary N-glycans of
recombinant human transferrin from Trichoplusia ni insect cells expressing
mammalian B-1,4-galactosyltransferase and fB-1,2-N-acetylglucosaminyltransferase
II. Glycobiology 13, 23-34.

Toth, A.M., Kuo, C.W., Khoo, K.H., Jarvis, D.L.,, 2014. A new insect cell
glycoengineering approach provides baculovirus-inducible glycogene expression
and increases human-type glycosylation efficiency. J. Biotechnol. 182—-183, 19-29.

Usui, T., Kubota, S., Ohi H., 1993. A convenient synthesis of B-D-galactosyl disaccharide
derivatives using the 3-D-galactosidase from Bacillus circulans. Carbohydr. Res. 244,
315-323.

Uyama, T., Kitagawa, H., Tamura, J., Sugahara, K., 2002. Molecular cloning and
expression of human chondroitin N-acetylgalactosaminyltransferase: the key enzyme
for chain initiation and elongation of chondroitin/dermatan sulfate on the protein
linkage region tetrasaccharide shared by heparin/heparan sulfate. J. Biol. Chem. 277,
8841-8846.

Vadaie, N., Jarvis, D.L., 2004. Molecular cloning and functional characterization of a
lepidopteran insect P4-N-acetylgalactosaminyltransferase with broad substrate
specificity, a functional role in glycoprotein biosynthesis, and a potential functional
role in glycolipid biosynthesis. J. Biol. Chem. 279, 33501-33518.

Varki, A., 2017. Biological roles of glycans. Glycobiology 27, 3-49.

Walski, T., Van Damme, E.J., Smargiasso, N., Christiaens, O., De Pauw, E., Smagghe, G.,
2016. Protein N-glycosylation and N-glycan trimming are required for
postembryonic development of the pest beetle Tribolium castaneum. Sci. Rep. 6,
35151.

Wilson, I.B.H., 2002. Glycosylation of proteins in plants and invertebrates. Curr. Opin.
Struct. Biol. 12, 569-577.

Ye, J., Coulouris, G., Zaretskaya, 1., Cutcutache, 1., Rozen, S., Madden, T.L., 2012.

Primer-BLAST: a tool to design target-specific primers for polymerase chain reaction.

25



BMC Bioinformatics 13, 134.
Zhang, H., Yohe, T., Huang, L., Entwistle, S., Wu, P., Yang, Z., Busk, PK., Xu, Y., Yin,
Y., 2018. dbCAN2: a meta server for automated carbohydrate-active enzyme

annotation. Nucleic Acids Res. 46, W95-W101.

26



Table 1. Primers used in this study.

Primer Sequence (5’ to 3”)
BmGAPDH F GCTGGAATTTCTTTGAATGAC
BmGAPDH R CAATGACTCTGCTGGAATAACC
BmGalNAcT F GGCCGTATTCCTGAACCACA
BmGalNAcT R CCGACGTTCATCAGTTTGGC

BmGalNAcT EcoRI F
FLAG-
BmGalNAcTA37 F

BmGalNAcT Xbal R

EcoRI-Bx-FLAG F

BmGaINACcT-1298M _F
BmGaINACcT-1298M R
BmGaINAcT-I310Y_F

BmGaINAcT-I310Y_R

TTTTGAATTCATGGGCAGCGGCGCGAGCGG
GATTACAAGGATGACGACGATAAGGACGCCTCGCCGCT
CAAAACC
GCTCTAGATCAGCTGCGCTCGTCGATGTTC
GCGAATTCATGAAGATACTCCTTGCTATTGCATTAATGTT
GTCAACAGTAATGTGGGTGTCAACAGATTACAAGGATG
ACGACGATAAG
GCTTCCATGGACAAACTTAATTTCAAA
TTTGTCCATGGAAGCGGACATGTGCCT
GAAGATTACTTCGGTGGCGTGTCGGCT
ACCGAAGTAATCTTCATATGGTAATTT

The restriction enzyme sites are underlined.
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Table 2. Enzymatic activity of rBmGalNAcT toward various sugars.

Activity Relative activity
Acceptor substrates )
(nmol/min/mg) (%)?
pNP-glycosides (1 mM)
GlcB-pNP 25.6+4.0 0.26
Galp-pNP N.D." -
GlcNAcB-pNP 9.92+0.40x10° 100
GalNAcB-pNP N.D. -
Mana-pNP N.D. -
GlcNAcB1-3GalNAca-pNP 3.18+0.65%x10° 32
GalNAcB14GIcNAcB-pNP N.D. -
GalB1-4GIcNAcB-pNP N.D. -
PA-glycans (0.1 uM)
GlcNAcB1-2Manal—6 7
— Manf1-4GIcNAc,-PA 1.60£0.06x107" 61
GlcNAcB1-2Manal-3 J
GlcNAcB1-2Manal—6
— Manf1-4GIcNAc,-PA 2.60+0.10x107" 100
Manal-3
Manal-67
— Manf1-4GIcNAc,-PA 1.30£0.04x107" 50
GlcNAcB1-2Manal-3 J

2 The activity toward GlcNAcB-pNP and Mana1-3(GlcNAcB1-2Manal-6)Manf1-4GIcNAc,-
PA (pH 6.0 and 37°C) are taken to be 100% of that toward pNP-glycosides and PA-glycans,
respectively.

b Not detected.
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Figure Legends

Figure 1. Expression of the BmGalNACT gene in silkworm developmental stages.
Transcript levels were analyzed by qPCR using the gene-specific primers (Table 1) in
larval (first- to fifth-instar), pupal, and adult stages (n = 3). Female (open circle) and male
(filled triangle) adults were analyzed independently. Lines connect the average values.

BmGAPDH was used as a reference gene to normalize the expression level.

Figure 2. Expression and purification of rBmGalNAcT. (A) Deletion of the N-terminal
sequence (residues 1-37) containing the predicted cytosolic and transmembrane (TM)
regions. (B) Construction of the expression vector for rBmGalNAcT. Abbreviations: polh,
polyhedron promoter; bx, bombyxin secretion signal; F, FLAG-tag. EcoRI and Xbal were
used for subcloning into the pFastBacl vector. (C) Western blotting analysis of the
expression of rBmGalNACcT in silkworm larvae using an anti-FLAG-tag antibody. Lane
1, molecular weight marker; lanes 2 and 3, hemolymph and fat body from mock silkworm,
respectively; lanes 4 and 5, hemolymph and fat body from bacmid-injected silkworm,
respectively. (D and E) SDS-PAGE analysis of purified rBmGalNAcT with CBB staining
(D) and western blotting (E). Lane 1, molecular weight markers; lane 2, PNGase F-treated
rBmGalNACcT; lane 3, intact rBmGalNAcT. The bands for the intact and deglycosylated

enzymes are indicated with black and white arrows, respectively.

Figure 3. HPLC analysis of the reaction products generated by rBmGalNAcT.
Purified rBmGalNAcT was incubated with UDP-GalNAc and GIcNAcB-pNP in the
presence of Mn?* at pH 6.0 for 5 min, and then the reaction mixtures were analyzed by
reverse-phase HPLC using a Mightysil RP-18 GP column with the conditions described
in the Materials and Methods section. Upper, the reaction mixture without rBmGalNACcT;
middle, the reaction mixture incubated with rBmGalNAcT; lower, the authentic standard

of GaINAcB1-4GlcNAcB-pNP.
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Figure 4. General properties of rBmGalNAcT. (A) pH dependence, (B) temperature
dependence, (C) metal ion dependence and (D) effect of deglycosylation. The pH
dependence was measured at 37°C using 50 mM sodium acetate (pH 4.0-5.0) or HEPES-
NaOH (pH 5.0-8.0) buffer. The temperature dependence was measured at 20-50°C using
50 mM HEPES-NaOH (pH 6.0). The effect of divalent metal ions was investigated at
37°C using 50 mM HEPES-NaOH buffer (pH 6.0) containing 10 mM of each metal
chloride. (D) Activity of the enzyme deglycosylated with PNGase F at 37°C for 1 h. The

activity of rBmGalNAcT without preincubation was taken to be 100%.

Figure 5. Amino acid residues involved in donor substrate specificity. (A and B)
Active site residues involved in the recognition of the donor substrates UDP-GalNAc
(yellow) and UDP-Gal (pink) in the homology model of BmGalNAcT (green) (A) and
bovine B4GalTl1 (PDB: 1YRO, cyan) (B). The stick model of UDP-GalNAc was
superimposed from bovine f4GalT1 complexed with UDP-GalNAc (PDB: 10QM). van
der Waals radii of the acetamide group of GalNAc, 2-hydroxy group of Gal, and residues
interacting with these groups are shown in dotted spheres. The residues mutated in this
study and the corresponding residues in bovine 4GalT1 are labeled in red. (C) Sequence
alignment of GT7 B-1,4-galactosyltransferases (human 4GalT1, B4GalT2, f4GalT3 and
bovine f4GalT1) and B4GalNAcT from B. mori, T. ni, D. melanogaster, and C. elegans.
The numbers of the first amino acid residues of each sequence are labeled. The residues
that interacted with the 2-acetamide or 2-hydroxy groups of the donor substrate in
B4GaINACcT and B4GalT are highlighted in green and cyan, respectively. The figure was
generated using ESPript 3.0 (Robert and Gouet, 2014). (D) Relative glycosyltransferase
activity of rBmGalNAcT mutants toward the UDP-GalINAc donor and GlcNAc-pNP
acceptor under the conditions described in the Materials and Methods. N.D. means ‘not

detected’.
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Figure 6. Phylogenetic tree and distribution of substrate specificity in the GT7 family.
The amino acid sequences were aligned using the MUSCLE program (Edgar, 2004), and
the phylogenetic tree was constructed by the maximum likelihood method and visualized
using iTOL v4 (Letunic et al., 2018). The amino acid sequences used were the
characterized GT7 enzymes (bold) listed in the CAZy database and uncharacterized
proteins of B. mori, T. ni, and D. melanogaster that are homologous to the GT7 enzymes.
The multiple sequence alignment is shown in Supplementary Fig. S1. The amino acid
motifs involved in the donor substrate specificity, that is, the residues corresponding to
[1e298 and 1le310 in BmGalNACcT, are shown around the tree. The specificity based on
the motif'is distinguished with the following colors: green (f4GalNAcT), cyan (B4GalT),
purple (xylosylprotein 4-B-galactosyltransferase), orange (B4GIcNAcT), and yellow
(B4GaINACT related to chondroitin sulfate biosynthesis). Proteins from B. mori are
indicated with red circles. The scale bar indicates the number of inferred amino acid

substitutions per site; the bootstrap values are displayed at branch points.

Supplementary Figure S1. Multiple sequence alignment of GT7 proteins.

The amino acid sequences of the characterized GT7 enzymes listed in the CAZy database
(http://www.cazy.org) (Lombard et al., 2014) and uncharacterized hypothetical proteins
homologous to GT7 enzymes from Bombyx mori, Trichoplusia ni, and Drosophila
melanogaster were obtained from the NCBI Protein database
(https://www.ncbi.nlm.nih.gov/protein). The sequences were aligned by using the
MUSCLE program (Edgar, 2004), and the alignment was applied to the phylogenetic
analysis in Figure 6. Proteins derived from B. mori are highlighted in red. The specificity
based on the motif is distinguished with the following colors: green (B-1,4-N-
acetylgalactosaminyltransferase, GaINAcT), cyan (B-1,4-galactosyltransferase, p4GalT),
purple (xylosylprotein 4-B-galactosyltransferase), orange (B-1,4-N-

acetylglucosaminyltransferase, P4GIcNAcT), and yellow (B4GalNAcT related to
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chondroitin sulfate biosynthesis). The other residues that interact with donor substrates

and their corresponding residues are highlighted in brown.
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Supplementary Figure S1. Multiple sequence alignment of GT7 proteins.

The amino acid sequences of the characterized GT7 enzymes listed in the CAZy database
(http://www.cazy.org) (Lombard et al., 2014) and uncharacterized hypothetical proteins homologous to GT7
enzymes from Bombyx mori, Trichoplusia ni, and Drosophila melanogaster were obtained from the NCBI
Protein database (https://www.ncbi.nlm.nih.gov/protein). The sequences were aligned by using the MUSCLE
program (Edgar, 2004), and the alignment was applied to the phylogenetic analysis in Figure 6. Proteins
derived from B. mori are highlighted in red. The specificity based on the motif is distinguished with the
following  colors: green  (B-1,4-N-acetylgalactosaminyltransferase, = GalNAcT), cyan (B-1,4-
galactosyltransferase, P4GalT), purple (xylosylprotein 4-B-galactosyltransferase), orange (B-1,4-N-
acetylglucosaminyltransferase, P4GIcNAcT), and yellow (B4GaINAcT related to chondroitin sulfate
biosynthesis). The other residues which interact with donor substrates and their corresponding residues are
highlighted in brown.
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DmGalT7_NP_651319.2
XP_026729552. 1
XP_004933020.1
XP_004933019. 1

LSGICNACT_CAA56514.1 HEASQQNLHRAAP I SSPTT I SRSTVQIRNATHDFLPASSTPMKDE:

hB4Gal T5_NP_004767.1 GIVNTYLFMMQ QGILIRDNVRT IGAQVYEQVLR
mB4GalTS_NP_062809.2 TVNTYLFMVQ QGILLRDNVRT IGAQVYEQVVR-~

hB4Gal T6_NP_004766.2 GIANTYLFMVQA RGIMLRENVKT IGHMI

mB4Gal T6_NP_062711.1 TANTYLFMVQ RGIMLRENVKT IGHMI

rB4GalT6_NP_113928.1 GIANTYLFMVQA RGIMLRENVKT IGHMI

XP_021203993.1 YGKYNYSHI

XP_026746863. 1 YGLYNYPHL.

DmB4GalNACTB_NP_651657 .1 RFASHYDY

XP_021205074 1 YGRSSYEFI

XP_021205072.1 YGRSSYEFI

XP_021205073.1 YGRSSYEFI

XP_026730902.1 NARRSYEY I

XP_026730903. 1 NARRSYEY I

XP_026730904 . 1 NARRSYEY I

DmB4GalNACTA_NP_610946.1 RRVHKYAHIY. GNASSDGAGGSEASRLPASPLA-~ === == — - m - m -
XP_004926305. 1 TFTEVPEKI VNIDEFEATYKDDNNYSV IR-= === === m e
TnBA4GalNACT_AAT11926.1 DASPLRTYLYTPLYNATQPTLRNVERLAANWPKK IPSNY IEDSEEYS KNI SLSNHTTRASVVHPPSS
AAT11926.1 DASPLRTYLYTPLYNATQPTLRNVERLAANWPKK I PSNY IEDSEEYS IKN1SLSNHTTRASVVHPPSS
XP_026736023.1 DASPLRTYLYTPLYNATQPTLRNVERLAANWPKK IPSNY IEDSEEYS IKNISLSNHTTRASVVHPPSS
BmGalNACT DASPLKTYLYTPTYNATQPTLRNNEKALSQKPNKSPTAIPQPVFDAKNQ-~ ~TQNNTSFINAL
XP_012545894 .1 DASPLKTYLYTPTYNATQPTLRSNEKALSQKPNKSPTAIPQPVFDAKNQ TQNNTLIINAI
XP_012545893.1 DASPLKTYLYTPTYNATQPTLRSNEKALSQKPNKSPTAIPQPVFDAKNQ TONNTLIINAI
XP_026735990. 1 YRKDLESNIY == mmmm e | KLGYANASTNNHNVPGEADLVY -~

XP_026735967 .1 YRKDLESNIY=====mmm e oo KLGYANASTNNHNVPGEADLVY == === === e oo
XP_026735983. 1 YRKDLESNIY-

XP_026744785.1  —mmee| DLESN 1 YKLGYANASTNNHNVPGEADLVYKYSLKNSSE I LMDYKHEYNSSYYWFMSMKHLFKN I GEEETRRYSEGVPSCQLNESSLGP 1 LVDKS I PDLKWVEDRNTDVSPGGYY
XP_026736000. 1 FPDLFERDLPV IAEVVANTEAYTKAAKVL.

XP_026725933.1 QSAGIDRLYY. FNAWPNASEE

XP_026744789.1 QSAGIDRLYY-

XP_026744786.1 QSAGIDRLYY-

XP_026744790.1 QSAGIDRLYY- )

XP_026744791.1 YDTTYFTKSLSPNTSANVLAKSVETSTVCSEEDSLDYQTTGNDWKPYKY -~

XP_026735957.1

CeGalNACT_NP_490872.1 ENLT1GSSTLIADVDAMEAVLG- === === === mme e
hB4GalT4_NP_003769. 1

mB4Gal T4_NP_062778.2

hB4GalT3_NP_003770.1 FRSLSALF

mB4Gal T3_NP_065604 .2 GFRSLSALF

ckGalT1_AAB05217.1 QHLDFFSRF-

hB4GalT2_NP_003771.1 HLAFFSRFSARGP

DrB4GalT1_AAH80228.1 KFRNYRHI

ckGalT-CKI1_AAB05218.1 TPPRSPEPPP

bB4GalT1_NP_803478.1 RRLPQLVGVHPPLQGSSHGAAA I GQPSGELRLRGVAPPPPLQNS

hB4Gal T1_NP_001488.2 SRLPQLVGVSTPLQGGSNSAAA I GQSSGELRTGGARPPPPLG

mB4GalT1_NP_071641.1 SRLPQLVGVSSTLQGGTNGAAASKQPPGEQRPRGARPPPPLGY

hCHSY1_NP_055733.2 ~  ——mmmeee GKVQFFSSEGSDTSVP I PVVPLRGVDDSYPPQKKSFMMLKYMHDHYLDKYEWFMRADDDVY 1 KGDRLENFLRSL --NSSEPLFLGQTGLGTTEEMGKLALEPGENFCMGGPG
hCSS3(hCHSY2)_NP_787052.3 GRVEFFSSQQPPNAGQPPPPLPV I ALPGVDDSYPPQKKSFMM I KYMHDHYLDKYEWFMRADDDVY 1 KGDKLEEFLRSL --NSSKPLYLGQTGLGN | EELGKLGLEPGENFCMGGPG
Dmel_CG9220_NP_996440.2 ~  ——mm——mmmmmm el FFSSEGSYSDDLPVVGLKNVDDRYPPQKKSFMMLYYMYEHY 1DRFEWF IRADDDVYMEPDKLERFLRS I --DSSKPQF 1 GQAGKGNSEEFGLL SLEFDENFCMGGPG

XP_012545235.1
XP_026741443.1 -—=

GRIAFFSSEVSRAPGLPLVPLRNVDDSYPPQKKSFLMLLHMYEKYGEKFEWFMRADDDVYVRGDKLEEFLRSV--DSRKPQF I GQAGRGTNDEKDVLALDYNENFCMGGPG
GRIAFFSSEVSRAPGLPLVPLRNVDDSYPPQKKSFLMLLYMYEKYGDKFEWFMRADDDVYVRGDKLEEFLRSV--DSRKPQF IGQAGRGTNDERDALSLDYNENFCMGGPG

hB4GALNT3_NP_775864.3 ALPRDEQPPADMLRPDPRDTLYRVPL I PKSHLRHVLPDCPYKPSYLVDGLPLQRYQGLRFVHLSFVYPNDYTRLSHMETHNKCFYQENAYYQDRFSFQEY IK1DQPEKQGLEQPGFEENL
hB4GALNT4_NP_848632.2 -RPPQEETSADMLRPDPRDTFFLTPRMESSSLENVLEPCAYAPTYVVKDFP IARYQGLQFVYLSFVYPNDYTRLTHMETDNKCFYRESPLYLERFGFYKYMKMDKEEGDEDEEDEVQRRA
Dmel_CG12913_NP_610567.1 SSGFSYTLSEREAE IERLKQEVLALRTQILFLQNNRSTAKPSNGSLQLQ-———-=-——===-———-—-
hCSGalNACT2_NP_061060.3 APQTDGNASLPGVVGENYGKEYYQALLQEQEEHYQTRATSLKRQ I AQLKQELQEMSEKMRSLQERRNV

hCSGalNACT1_NP_060841.5 TPKGDEEQLALPRANSPTGKEGYQAVLQEWEEQHRNYVSSLKRQIAQLKEELQERSEQLRNGQYQASD



hCSS2_NP_078812.2
hCHSY3(hCSGICAT)_NP_061888.1
XP_026726307.1
XP_004926306.3
hB4GalT7_NP_009186.1
DmGalT7_NP_651319.2
XP_026729552.1
XP_004933020.1
XP_004933019.1
LsGIcNACT_CAA56514.
hB4GalT5_NP_004767.
mB4GalT5_NP_062809
hB4GalT6_NP_004766
mB4Gal T6_NP_062711.
rB4GalT6_NP_113928.
XP_021203993.1
XP_026746863.1
DmB4GalNACTB_NP_651657.1
XP_021205074.
XP_021205072.
XP_021205073.
XP_026730902.
XP_026730903.
XP_026730904.
DmB4GalNACTA_NP_610946.1
XP_004926305.1
TnB4GalNACT_AAT11926.1
AAT11926.1
XP_026736023.1

BmGalNACT
XP_012545894.
XP_012545893.
XP_026735990.
XP_026735967 .
XP_026735983.
XP_026744785.
XP_026736000.
XP_026725933.
XP_026744789.
XP_026744786.
XP_026744790.
XP_026744791.
XP_026735957.
CeGalNACT_NP_490872.1
hB4GalT4_NP_003769.1
mB4GalT4_NP_062778.2
hB4GalT3_NP_003770.1
mB4Gal T3_NP_065604.2
ckGalT1_AAB05217.1
hB4GalT2_NP_003771.1
DrB4GalT1_AAH80228.1
ckGalT-CKI1_AAB05218.
bB4GalT1_NP_803478.1
hB4GalT1_NP_001488.2
mB4GalT1_NP_071641.1
hCHSY1_NP_055733.2
|'IC553(|'ICHSY2) NP_787052.3
Dmel_CG9220_NP_996440.2
XP_012545235.1
XP_026741443.1
hB4GALNT3_NP_775864.3
hB4GALNT4_NP_848632.2
Dmel_CG12913_NP_610567.1
hCSGalNACT2_NP_061060.3
hCSGalNACT1_NP_060841.5
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RPRRPRPRRRPRERRER PRREPRE
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hCSS2_NP_078812.2
hCHSY3(hCSGICAT)_NP_061888.1
XP_026726307.1
XP_004926306.3
hB4GalT7_NP_009186.1
DmGalT7_NP_651319.2
XP_026729552.1
XP_004933020.1
XP_004933019.1
LsGIcNACT_CAA56514.
hB4Gal T5_NP_004767
mB4Gal T5_NP_062809
hB4GalT6_NP_004766.
mB4GalT6_NP_062711.
rB4GalT6_NP_113928.
XP_021203993.1
XP_026746863.1
DmB4GalNACTB_NP_651657.1
XP_021205074.
XP_021205072.
XP_021205073.
XP_026730902.
XP_026730903.
XP_026730904.
DmB4GalNACTA_NP_610946.1
XP_004926305.1
TnB4GalNACT_AAT11926.1
AAT11926.1
XP_026736023.1

BmGalNACT
XP_012545894 .
XP_012545893.
XP_026735990.
XP_026735967.
XP_026735983.
XP_026744785.
XP_026736000.
XP_026725933.
XP_026744789.
XP_026744786.
XP_026744790.
XP_026744791.
XP_026735957 .
CeGalNACT_NP_490872.1
hB4Gal T4_NP_003769.
mB4Gal T4_NP_062778.
hB4Gal T3_NP_003770.
mB4Gal T3_NP_065604 .
ckGalTl_AAB05217.1
hB4GalT2_NP_003771.1
DrB4GalT1_AAH80228.1
ckGalT-CKI1_AAB05218.1
bB4GalT1_NP_803478.1
hB4GalT1_NP_001488.2
mB4Gal T1_NP_071641.1
hCHSY1_NP_055733.2
hCSS3(hCHSY2)_NP_787052.3
Dmel_CG9220_NP_996440.2
XP_012545235.1
XP_026741443.1
hB4GALNT3_NP_775864.3
hB4GALNT4_NP_848632.2
Dmel_CG12913_NP_610567.1
hCSGalNACT2_NP_061060.3
hCSGalNACT1_NP_060841.5
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VLLSRMLLQQLR-===~~~~~| PHLEGCRND I VSARPDEWLGRC ILDATGVGCTGDHEGVHYSHL ELSPGEPVQEGDPHFRSALTAHPVRD
YLLSRSLLLRLR- PHLDGCRGD I LSARPDEWLGRCL IDSLGVGCVSQHQGQQYRSFE: LAKNRDPEKEGSSAFLSAFAVHPVSE
NQRTVFNESEQST YSAYYLMLGKYKTT IKDELEDCPELP
NNKDITSDNGVSETEYADLMVSLKGLYTF- YPLEVKKQGLPRCPEKP
SGDVARAVRGQGQETSGPPRACPPEP

DCVCPLSN

EEK

TESEFVDGFQRNEVIACSDT:
KRNSSVNDSDYPLDLNHSE:

SEEFRTDSKRITLVNSQSGVPCP IRP
TFLQTTTFLPEDFTYFANHT-CPERL
AFPPTTTFLPEDFTYFANHP-CPERL
YLVQTTTYLPENFTYSPYLP-CPEKL
YLVQTTTYLPQNFTYLPHLP-CPEKL
YLVQTTTYLPQNFTYSPHLP-CPEKL
1ASN1VLKKSKPDC-EFE
TTPNLVLQKNKPDC-TYD
VTRNVSQQEVFECTYSE I IAENRFVY
EVNVNLTSNAFTNC-DYH
EVNVNLTSNAFTNC-DYH
EVNVNLTSNAFTNC-DYH
ETAANFTSTAIVDC-DYY
ETAANFTSTAIVDC-DYY
ETAANFTSTAIVDC-DYY
LLGTKKFLPPRQKSTSALLANCTDPD
VQTKKAQELRKQEQTNGHLPFCFHK1
KSYVTTEDGVKKAEAVVTLPLC-DSM
KSYVTTEDGVKKAEAVVTLPLC-DSM
KSYVTTEVGVKKAEAVVTLPLC-DSM
GLKNLVTTEGAVKKQDSALPLC-DVS
LKNLVTTEGAVKKQDSALPLC-DVS
GLKNLVTTEGAVKKQDSALPLC-DVS
KHLFKN I GEEETRRYSEGVPSC-QLN
NSSE I LMDYKHEYNSSY YWFMSM KHLFKN I GEEETRRYSEGVPSC-QLN
--------- YANASTNNHNVPGEADLVYKYSLK NSSE I LMGEEETRRYSEGVPSC-QLN
APVDCRASHRVAIIVPYRNRKMNLAVLLRVLHPFLKKQLLEYRIFVIEQYGIEQFNKGTLYNIAFLESQRFGSWDC ------------------ LIFHDVDL I PEDERISYTCMKYPTHM
NAVDT IESYDPKTLEYPDEAIK YKNESLGFEAEARTEAQNLPTCRLKE
IENKSVEYYKYPI 1 NSSG I SMCDDDSPKNFLSDTPTCQTN
NSSG I SMSFEESFNSSY YWFVAM KPWFKYMGDDDSPKYFLSDTPTCQTN
NSSG I SMSFEESFNSSY YWFVAM KPWFKYMGDDDSPKYFLSDTPTCQTN
NSSG I SMSFEESFNSSY YWFVAM KPWFKYMGDDDSPKYFLSDTPTCQTN
NSTDIEMELGNQYNTSYDWFMAM KHQFKRLGSGDSPKYSKDLRAC-VVN
MAM KDQFKRLGSGDSPKYSKDLRAC-VVN
STSDDLLDTWNSTFSPISEVN QTSFMEDIRPILFPDNQTLQFCNQTP
ILGKGKTLTNEASTKKVELDNCPSVS
HLGNEETLGHDGATKKPELANCPSVS
RDQGPTFDYSHPRDVY SNLSHLPGAPGGPPAPQGLPYCPERS
RDPGPTFDYSHPHDVYSN LSHLPAAPGAAGAPPAQALPYCPERS
SRVHPFSNSSRPNSTAPSYGPRGAE PPSPSAKPNTNRSVTEKPLQPCQEMP
SRPNATA SSGLPEVPSALPGPTAPTLPPCPDSP
SQTHGELGQADNETLDVAVYKD IYNNETV I 1 GDVEKPAEVLESCPETS
PPANLSLPPSRPPPP PRPGPVSAQPRNLPDSAPSGLCPDPS
RAPSNLDAYSHPGPGP PGSNLTSAPVPSTTTRSLTACPEES
PRPGGDSSPVVDSGP PASNLTSVPVPHTTALSLPACPEES
PRPGLDSSPGAASGPG LKSNLSSLPVPTTTGLLSLPACPEES
PHIGKCLREMYTTHEDVEVGRCVRRFAGVQCVIWSYEMQQLFYENYE QNKKGY IRDLHNSK IHQA I TLHPNKN
PHIGECLREMYTTHEDVEVGRCVRRFGGTQCVWSYEMQQLFHENYE: HNRKGY 1QDLHNSK IHAA I TLHPNKR
PHIPSCLKNLYSTHEDVEVGRCVQKFAG IPCTWNYEMQY I LRHNS GRNAYTGKLKRKEIHNAITLHPIKQ
PHVKYCLKHLYSTHEDVELGRCVAKFAGVSCTWSYDMQT I LHHNG SGEAAYTGRLKAREVHRAI TLHPVKD
PHVKYCLKHLYTTHEDVEL GRCVAKFAGVSCTWSYDMQT I LHHNG SGALAYTGRLKNREVHRAI TLHPVKD
TPASNNQNARMLEGRQTPASTLEQDATDYRLRSLRKLLAQPREGLLAPFSKRNSTASFPGRTSH I PVQQPEKRKQKPSPEPSQDSPHSDKWPPGHPVKN
EDEGELLDSLEPTEAAPPRSGPQSPAPAAPAQPGATLAPPT. PPRPRDGGTPRHSRALSWAARAARPL

NKNTTLNGTDYPEGNNTSD
NKNTTLNGTDYPEGNNTSD
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EESKIEGALVPQ
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EKHNILKYLHE
EKDNIVKNLHE:
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EKDNIVKNLHE:
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VNTSTVQDIMLSTTVKD ILSRDENIF
1QDGAFAMISPTPLLITKLMDSI
1QDGAFAMISPTPLLITKLMDSI
TIQDGAFAVISPTPLLITKLMDSI
TQYNMTVTQKSPSSTSLLIAKIVE
TQYNMTVTQKSPSSTSLLIAKIVE
TQYNMTVTQKSPSSTSLLIAKIVE
NSSE ILMDYKHEYNSSYYWFMSM

FLFLNPDDFLDD:

-ETTAGPPTAPL- GHHYDCSSY IRKQVGAAE I LHGLPLNNEYE LIPYNHFTFTRVYPIDLGLGKRVVEK
GANG IGYQSNKE- QAPSDLLEFLHSQIDKAEVSIGAKLPSEY! VIPFESFTLMKVFQLEMGLTRHPEEK
AAGLGLDRSPPE- KTQADLLAFLHSQVDKAEVNAGVKLATEY. AVPFDSFTLQKVYQLETGLTRHPEEK

~PVHMYQLHKAFARAELERTYQE IQELQUE I
~GTLMYRLHKRFSALELERAYSE IEQLQAQI
-PGL-GP
-PNL-GP
—~PPEHIWE
~PLAKLA
-PIQYEN

QNTSHLAVDGDRAAAWPVG I PAPSRPASRFEVLRWDYFTEQHAFSCADGSPRCPL
RNLTVLTPEGEAGLSWPVGLPAPFTPHSRFEVLGWDYFTEQHTFSCADGAPKCPL

~PALLKQ
~PALAGR
~PSMKGP
~PSMKGP
_PYMRGE.
~PYMRGF-
_PYMRGE.
-NILKST
~KILNNP
~HLAHYH
-DIINDE
~DIINDE
-DIINDE
-DI IHDE
~DI IHDE
~DI IHDE:
~PRDGGP
~HSNHSA
-PPDLGP
~PPDLGP
-PPDLGP
-PPDLGP
-PPDLGP
-PPDLGP
~ESSLGP
~ESSLGP
—ESSLGP
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~NTYFGR
-NTYFGR
-NTYFGR
~MSAFEP
~MSAFEP
~PHLVGP
-PYLRGQ
~PNLRGQ
-PLLVGP
~PFLVGP
_SGLVGR
_PGLVGR
-PLLVGQ
-PLLVGP
~PLLVGP
~PLLVGP
-PLLVGP
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—APLMYRLHSYVQGLKAEEMRQESLLLHRD IKRM--————-——~~ AKYLEVPDESTYMLPSVSPESDSTKRHFQDHN 1L.G I SPELNKFVPASTDDLLDWSF I ARSLYSASSANPKQK 1D
~HRQMYRIHSYFKNFR 1 QELRERSLDLHRD I SSA-------LRELS | PRDEVDDFVLPGDVPLFPAK I GEPGYLGDNK I LGAP I DMNRYKPSNLDD IV I FDF I SKSLYSAYHSNPKRRVE
~HRQMYRIHSYFKNLR I QELRERSLDLHRD I SSA-- -~~~ -MHELNVPEDQVDDYLLQEDVPLFPAKLGEPEYLGNNK I LGAP I DMNRYKSNTVED I VPFDF I SKSLYSASHSNPKRR I E
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~PIGYRR
~PVRKDK:
~PVRKDK:




hCSS2_NP_078812.2 RGA-DRADVADV LGTAL. EELN

hCHSY3(hCSGICAT)_NP_061888.1 QGA-SRADVGD, LETAL EQLN
XP_026726307 .1 —---—ELENRAM TAKNI DNFE
XP_004926306 .3 ----VVEDTVMK SLKAF. DKLY
hB4GalT7_NP_009186. 1

DmGalT7_NP_651319.2 G GGEGV SVIK
XP_026729552.1 EALP
XP_004933020. 1 ----SKVEFQ

XP_004933019. 1

LSGICNACT_CAA56514.1 ----FVPSKKSS TYHEL MF
hB4Gal TS_NP_004767.1 GMDY 1 HELF
mB4Gal TS_NP_062809.2 AVMDDI HELF
hB4Gal T6_NP_004766.2 SFDEI HQLF
mB4GalT6_NP_062711.1 SFDE! HQLF
rB4GalT6_NP_113928.1 SFDE HQLF
XP_021203993.1 PKK-N ENFK
XP_026746863. 1 PKR-F. DDFS
DmB4GalNACTB_NP_651657 .1

XP_0212050741 EGDL! EG--
XP_021205072.1 EGDLV EG--
XP_021205073.1 EGDLV. EG--
XP_026730902. 1 GGDLI EG--
XP_026730903. 1 GGDLI EG
XP_026730904. 1 GGDLI EG--
DmB4GalNACTA_NP_610946.1 ————ITPNTT LES-L DVIE
XP_004926305. 1 NLESEEL.

TnB4GaINACT_AAT11926.1 ————ITLNKTEL E---L EWVE
AAT11926.1 EL EWVE
XP_026736023. 1 E---L EWVE
BmGalNACT ----1QVUNKTDL E---L DWVE
XP_012545894 .1 ————1QVNKTDL. EL DWVE
XP_012545893. 1 1QUNKTDL EL DWVE
XP_026735990. 1 ILVDKS 1PD-L KWVE
XP_026735967.1 ----1LVDKS 1PD-L KWVE
XP_026735983. 1 —-——ILVDKS 1PD-L KWVE
XP_026744785.1 DVNP MK AMKS INRQLAKLFEWERRNSLHECLDSSKEPRRRKDVRRKWKAWI TMLLFTSGVYY I YTHRADLFPDLFERDLPVIAEVVANTEAYTKAAKVLRPSNAVDT I ESYDPKTLE
XP_026736000. 1 ———-VHINKT! NYTD. ENIH
XP_026725933.1 VNKQEP TLDLV AREN
XP_026744789.1 TLDL REN
XP_026744786.1 TLDL REN
XP_026744790.1 TLDLV REN
XP_026744791.1 —-—-IKVEKLEL QSKK QKEL
XP_026735957 .1 —-——IKVEKLEL QLKKV QKEL
CeGalNACT_NP_490872.1 DFKTL. EKIY
hB4Gal T4_NP_003769.1 LT--L EEVQ
mB4Gal T4_NP_062778.2 PDLTL EEIE
hB4Gal T3_NP_003770.1 PS-L EIV
mB4Gal T3_NP_065604.2 VPSLA EIVE
ckGalT1_AAB05217.1 SPMSM ERVQ
hB4GalT2_NP_003771.1 SPMPL. ERVQ
DrB4GalT1_AAH80228. 1 TPVDF NLVR
ckGalT-CKI1_AAB05218.1 QPVNL EEVA
bB4GalT1_NP_803478.1 1PVDL KLIE
hB4GalT1_NP_001488.2 MPVDL ELVA
mB4Gal T1_NP_071641.1 TAVDL ELLA
hCHSY1_NP_055733.2 MDSAQREALDDI /MQVM EMIN
hCSS3(hCHSY2)_NP_787052.3 LSSILRTALDDT VLQVM EMIN
Dmel_CG9220_NP_996440.2 SA--MREGLED, ITEVM ENIN
XP_012545235.1 LP--LKEAMDDV IREVM ENIN
XP_026741443.1 GP--LREALDDV IREVM ETIN
hB4GALNT3_NP_775864.3 EEEG ) MSEVF EYVP
hB4GALNT4_NP_848632.2 PVT-SFLSLSQVSGPQLPGEGEEEEEGEDDGAPGDEAASEDSEEAAGPALGRWREDAI DWQR
Dmel_CG12913_NP_610567.1 —----—-| RDLIE VNKAL ESLN
hCSGalNACT2_NP_061060.3 RDELVEV- 1EAGL EVIN
hCSGalNACT1_NP_060841.5 RDELVE 1ESAL ETLN
hCSS2_NP_078812.2 RRYHPALRL QKQQLVNGYR RFDPARGMEY TLDLQLEALTPQGGRRPLTRRV-~
hCHSY3(hCSGICAT)_NP_061888.1 RRYQPRLRF QKQRLLNGYR RFDPARGMEYTLDLLLECVTQRGHRRALARRV -~
XP_026726307 .1 SKL-NDVKP GGIY. K

XP_004926306.3 SEVQI GAY

hB4GalT7_NP_009186.1 EDASW GPH

DmGalT7_NP_651319.2 KEPADEKQP Q

XP_026729552. 1 NQVRH RI

XP_004933020.1 1

XP_004933019. 1 SVAEI

LSGICNACT_CAA56514.1 PDVQD GGHY- T

hB4Gal TS_NP_004767.1 KD-PTIKL GGHW. K

mB4Gal TS_NP_062809. 2 SRD-PAIKL GHW- K

hB4Gal T6_NP_004766.2 SKD-LDIEP GGHW. R

mB4Gal T6_NP_062711.1 SKD-SEIGP GHW- R

rB4GalT6_NP_113928.1 SKD-SEIEP GGHW. R

XP_021203993.1 ANNIV. NGSY- v

XP_026746863. 1 KDLV NGSY- Vv

DmB4GalNACTB_NP_651657 .1 AEIRP GGEF. R

XP_021205074-1 HGIRD GEY 1

XP_021205072.1 HGIRD GGEY- 1

XP_021205073.1 HGIRD GGEY- 1

XP_026730902.1 HKIKE GEY A

XP_026730903. 1 HKIKE GGEY

XP_026730904 . 1 HKIKE GEY

DmB4GalNACTA_NP_610946.1 AELGPLLRP GGAF E

XP_004926305. 1 HKQLSV IKP GGYY- Y

TnBA4GalNACT_AAT11926.1 KKF-PEVEW GRY S

AAT11926.1 KKF-PEVEW GGRY-

XP_026736023.1 KKF-PEVEW GRY S

BmGalNACT KRY-PEVQW GHY V.

XP_012545894 .1 KRY-PEVQW GGHY- v

XP_012545893.1 KRY-PEVQW GHY Vv

XP_026735990. 1 DRN-TDVSP GGYY.

XP_026735967 .1 DRN-TDVSP GYY

XP_026735983. 1 DRN-TDVSP GYY A

XP_026744785.1 YPDEAIKYKNESLGFEAEARTEAQNMPTCRL -~KEPLGKVH INKTSVNYTDEN IHPQVKKGGYY- R

XP_026736000. 1 PQVKK GYY R

XP_026725933.1 PHVKT GGYY. N

XP_026744789.1 PHVKT GYY N

XP_026744786.1 PHVKT GYY N

XP_026744790.1 PHVKT GGYY- N

XP_026744791.1 LFIKR GRH A

XP_026735957.1 LFVKR GGRH

CeGalNACT_NP_490872.1 PDTH. GHG M

hB4GalT4_NP_003769. 1 EN-PKVSR GRY R

mB4Gal T4_NP_062778.2 AEN-PKVSR GRYH

hB4GalT3_NP_003770.1 ERN-PRVEP GRY R

mB4Gal T3_NP_065604 .2 RN-PRVE! GGRY- R

ckGalT1_AAB05217.1 REN-PDVSL GKY T

hB4GalT2_NP_003771.1 REN-PGVLM GRY T

DrB4GalT1_AAH80228.1 QGN-KHLTM GGRY- T

ckGalT-CKI1_AAB05218.1 STN-PEVRE GRF A

bB4GalT1_NP_803478.1 QQN-PKVKL GGRY- T

hB4GalT1_NP_001488.2 KQN-PNVKM GRY

mB4GalT1_NP_071641.1 KKN-PEIKT GRY

hCHSY1_NP_055733.2 ANAKTRGRI IDFKEIQYGYR RVNPMYGAEY I LDLLLLYKKHKGKKMTVPVRRHAYLQQTFSKIQFV
hCSS3(hCHSY2)_NP_787052.3 ENAKSRGRL IDFKEIQYGYR RVNPMHGVEY I LDLLLLYKRHKGRKLTVPVRRHAYLQQLFSKPFFR
Dmel_CG9220_NP_996440.2 NYSRQRGRV IEFRELLYGYH RLDALHGQDMILDLLL I YKKYRGKKMTVPVRRHLYVQRAFTG I FVK
XP_012545235.1 PSRQRGRV- ~RLQPVHGADH I LDLLLKYRRYRGRKMTAAVRRHAYLQQSFTGMEIR
XP_026741443.1 PSRQRGRV- ~RLQPLHGADHVLDLLLKYRRYRGRKMTAAVRRHAYLQQSFTGMEIR
hB4GALNT3_NP_775864.3 VFDPVVNWDQTFSARNLDFQALRTDWIDLSC-NTSGNLLLPEQEALEVTRVFLKKLNQRSRGRYQLQR I VNVEKRQDQLRGGRYLLEL ELLEQGQRVVRLSEYVSARGWQG I DPAGGEEV
hB4GALNT4_NP_848632.2 ~  =——=———mmen TFSVGAVDFELLRSDUNDLRC-NVSGNLOLPEAEAVDVTAQYMERLNARHGGRFALLR I VNVEKRRDSARGSRFLLELELQERGGGRLRL SEYVFLRLPGARVGDADGES
Dmel_CG12913_NP_610567.1 RNHSAR IRA KGAGSAAAYASDV IKYTLDDF IEG Y-

hCSGalNACT2_NP_061060.3
hCSGaINACTl_NP_060841 5

L IFNENDFVEGYY--~
EGIY- RTERDKGTLYELTFKGDHKHEF KRL




hCSS2_NP_078812.2 QLLRPLS RVEILPVP- YVTEASRLTVLLPLAAAER----DLAPGFLEAFATAALEPG
hCHSY3(hCSGICAT)_NP_061888.1 SLLRPLS: RVEILPMP- YVTEATRVQLVLPLLVAEA----AAAPAFLEAFAAN-VLEP
XP_026726307.1 PTSCKSRQ ~GYLTTLMNILHPF-LIKQ
XP_004926306.3 PTKCVARQ RVAIIVPFENNKSRTN IRHLGTFMYMMHLF-LMKQ

hB4GalT7_NP_009186.1 EELLVFVPHMRRF-LSRK
DmGalT7_NP_651319.2 PHDHGASY == === = = = = e e e e e e ——— —HKMAL L VPFRDIRF - - - EELLQFVPHMTAF-LKRQ

XP_026729552.1 TAKQVLKK: EELLEFVPHMYSF-LNKQ
XP_004933020.1 PTIDTDKK. —--EELLEFVPHMTAF-LKRQ
XP_004933019.1 PTINTNKK: --EELLEFVPHMTAF-LKRQ
LsGICcNACT_CAA56514.1 PRMCTPAE RHLYTLLPNLIPM-LMRQ
hB4Gal T5_NP_004767.1 PSDCMPRW- —-EHLPVLFRHLLPM-LQRQ
mB4Gal TS_NP_062809.2 PADCVPRW- ~EHLPVLLRHLLPM-LQRQ
hB4Gal T6_NP_004766 .2 PKDCKPRW- ~EHLPIFFLHLIPM-LQKQ
mB4Gal T6_NP_062711.1 PKDCKPRW- ~EHLPIFFLHLIPM-LQKQ
rB4GalT6_NP_113928.1 PQDCKPRW- ~EHLPIFFLHLIPM-LQKQ
XP_021203993.1 PEECNPMF: —-KHLDVFLPYMHNF-LRKQ
XP_026746863.1 PAHCNPKF: SQLDIFLPYMHNF-LRNQ
DmB4GalNACTB_NP_651657.1 PEGCQARY: —--EQLHAFLTYMHNY-LPQQ
XP_021205074.1 PQDCRPKF:

XP_021205072.1 PQDCRPKF: --EQLRGFLVYMHTF-FRRQ
XP_021205073.1 PQDCRPKF: -EQLRGFLVYMHTF-FRRQ
XP_026730902.1 PSDCKPKY: —--EELRGFLVYMHTY-FHRQ
XP_026730903.1 PSDCKPKY: —--EELRGFLVYMHTY-FHRQ
XP_026730904.1 PSDCKPKY: ~EELRGFLVYMHTY-FHRQ
DmB4GalNACTA_NP_610946.1 PENCNAQH —~AHLLLFLRNIHPF-LMKQ
XP_004926305.1 PKNCRSRH: —--TNLAVFVFKIHPF-LMRQ
TnB4GalNACT_AAT11926.1 PPNCTARH ~=QHLAIFLNHMHPF-LMKQ
AAT11926.1 PPNCTARH ~QHLATFLNHMHPF-LMKQ
XP_026736023.1 PPNCTARH ~QHLATFLNHMHPF-LMKQ
BmGalNACT PPNCTANH: ~=-QHLAVFLNHMHPF-LMKQ
XP_012545894.1 PPNCTANH: —--QHLAVFLNHMHPF-LMKQ
XP_012545893.1 PPNCTANH: ~=-QHLAVFLNHMHPF-LMKQ
XP_026735990.1 PVDCRASH MNLAVLLRYLHPF-LKKQ
XP_026735967.1 PVDCRASH- === === = = = e e e e e e e e ———RVAT I VPY[RINRK - - - - - MNLAVLLRYLHPF-LKKQ
XP_026735983.1 PVDCRASH MNLAVLLRYLHPF-LKKQ
XP_026744785.1 PLDCKPKH ——HNLGIFLYNIHPF-LINQ
XP_026736000.1 PLDCKPKH ~HNLGIFLYNIHPF-LMNQ
XP_026725933.1 PAHCRARY: —-EHLAVLLRYIHPL-LQKQ
XP_026744789.1 PAHCRARY --EHLAVLLRY IHPL-LQKQ
XP_026744786.1 PAHCRARY: ~EHLAVLLRY IHPL-LQKQ
XP_026744790.1 PAHCRARY —--EHLAVLLRY IHPL-LQKQ
XP_026744791.1 PAHCRPTH RVALIPY[ZDER KNLTTLLHYLHPL-LKKQ
XP_026735957.1 PAHCRPTH RVATTIPY[ZDaR KNLTILLHYLHPL-LKKQ
CeGalNACT_NP_490872.1 PKDCVARH ~=AHLRIMLHNLHSL-LAKQ
hB4Gal T4_NP_003769. PQECKALQ ~KHLMYLLEHLHPF-LQRQ
mB4Gal T4_NP_062778. PEECKALQ —~KHLTYLLEHLHPF-LQRQ

hB4Gal T3_NP_003770.
mB4Gal T3_NP_065604 .

PAGCEPRS
PAGCEPRS

RTAIIVPHEARE
RTALIVPHEARE

NP NP

ckGalT1_AAB05217.1 PPDCLPRQ ~HHLKYWLHYLHP 1 -LRRQ
hB4Gal T2_NP_003771.1 PPDCTPAQ ~HHLRYWLHYLHP1-LRRQ
DrB4GalT1_AAH80228.1 PTKCVALQ —EHLKYWLYYLHPI-LKRQ
ckGalT-CKI1_AAB05218.1 PKDCKALQ ~EHLKYWLYYMHP 1-LQRQ
bB4GalT1_NP_803478.1 PMDCISPH

hB4GalT1_NP_001488.2 PRDCVSPH

mB4Gal T1_NP_071641.1 PKDCVSPH —-EHLKYWLYYLHP1-LQRQ

hCHSY1_NP_055733.2
hCSS3(hCHSY2)_NP_787052.3
Dmel_CG9220_NP_996440.2
XP_012545235.1
XP_026741443.1
hB4GALNT3_NP_775864.3

EHEELDAQELAKR INQESGSLSFLSNSLKKLVPF-
ETEELDVNSLVESINSETQSFSFISNSLKILSSF
EVDEDFYNVTLQQSLLGSLFQNGMARLSSHFTMP-

--DMFVRFMGNFEKT-CLIP
~DIFLRFMENFENM-CLIP
~GTFERFLRTYERV-CVRG
~-ETFGRFMKNYEDI-VLKS
--ETFGRFMRNYEDI-VLKT
~RWVQQF IKDMENLFQVTG

EARNLQGLVWDPHNRRRQVLNTRAQEPKLCWPQG

FSWSHRAVVHFVVPVIINGA

hB4GALNT4_NP_848632.2 PEPAPAASVRPDGR: PELCRPLR: LAWRQDVMVHF 1 VPV[INEA ~RWVAQFLADMAALHARTG
Dmel_CG12913_NP_610567.1 LVMRPFA PLQTVQLS ELSSSVDNSGAPPSHSPP I IHVILPLAG[L -----HSFRGFLQMFAKL----E
hCSGalNACT2_NP_061060.3 TLFRPFG PLMKVKSE: MIDITRSHINTIVPLAERT -~----EAFVQFMQNFRDV-CIHQ
hCSGalNACT1_NP_060841.5 ILFRPFG P IMKVKNE: KLNMANTL INVIVPLAKRV-~----DKFRQFMQNFREM-CIEQ

hCSS2_NP_078812.2

| DAAAALTLLLLYEPRQAQRVAHADVFAPVKAHVAELERRFPGARVPWLSVQTAAPSPLRLMDLLSKKHPL -~
hCHSY3(hCSGICAT)_NP_061888. 1

REHALLTLLLVYG-PREGGRGAPDPFLGVKAAAAELERRYPGTRLAWLAVRAEAPSQVRLMDVVSKKHPV--~

~DTLFLLAGPDTV-LTPDFLNRCRMHA I SGWQAFFPMHFQAFHP
~DTLFFLTTVWTRPGPEVLNRCRMNA I SGWQAFFPVHFQEFNP

XP_026726307.1 QLDYQIFVIVQSN TSQP'NHGKLLN\/GFTEATRYRKSG——WQCI 1LHEP|

XP_004926306.3 QLEYRIFVIEQAN NHPYNQGKLMNAGYTEVHRRRSGRYRFNCL I FHEP|

hB4Gal T7_NP_009186.1 KIRHHIYVLNQVD: HFRIZN| S--TDY IAMH

DmGalT7_NP_651319.2 GVAHHIFVLNQVD: RFRIgN V--YDY 1AMHE

XP_026729552.1 KIPFHIFIVQQKD: INVGF1YTKK----D--YDY IAMHY

XP_004933020.1 DIPFHIFVVQQKD: I’NRENHASLIN\/GFLKTF?S————H——VEVIAMHD

XP_004933019.1 EIPFHIFVVQQKD: INVGFLQTRN N--FEYMAMH

LsGICcNACT_CAA56514.1 NVDFTIFVIEQTT: PET[ENING I LFNAGYLEALKV--DN--YDCF I LH

hB4Gal T5_NP_004767.1 RLQFAFYVVEQV!( TQPFNRAMLFNVGFQEAMKD--LD--WDCL IFHY

mB4Gal T5_NP_062809.2 RLQFAFYVIEQVG TQPENZAMLFNVGFQEAMKD--LD--WDCL I FHY

hB4Gal T6_NP_004766.2 RLEFAFYVIEQT TQPFNFAMLFNVGFKEAMKD--SV--WDCV I

mB4Gal T6_NP_062711.1 RLEFAFYVIEQT TQPFNFAMLFNVGFKEAMKD--RA--WDCV I

rB4GalT6_NP_113928.1 RLEFAFYVIEQT TQPFNZAMLFNVGFKEAMKD--RA--WDCV I FHY

XP_021203993.1 QLHYKIYLIEQED: KKPUNNGLLYNIGAKRAIA---EK--FPCLILH®Y

XP_026746863.1 NIHYK1YLIEQQD: EKLINNGVLYNIGAKQAIR-~--DK--FPCLVLHY
DmB4GalNACTB_NP_651657.1 LIHYRIFLVEQFD HKPENFAMLFN 1 GAQVAAE---YG--FPCLILHY

XP_021205074.1

XP_021205072.1 RIHYRIFITEQVD: SRPENFAKLLN IGAAAAIN---AG--FPCIVLHE

XP_021205073.1 RIHYRIFIIEQVD: SRPENKAKLLNIGAAAAIN---AG--FPCIVLHY

XP_026730902.1 HIHYRIYVVEQVD: SRPYNRAKLLNIG MK G--YPCLVLH

XP_026730903.1 HIHYRIYVVEQVD: SRPYNFAKLLN IGAVAAMK A YPCLVLHY

XP_026730904 .1 HIHYRIYVVEQVD: SRPIYNIFAKLLN IGAVAAMK ---AG--YPCLVLHY
DmB4GalNACTA_NP_610946.1 RIAYRIFIVEQTN GKP|

XP_004926305.1 NLEYRIFVIEQ NQS|

TnB4GaINACT_AAT11926.1 QIEYGIFIVEQEG NKD|

AAT11926.1 QIEYGIFIVEQE NKD|

XP_026736023.1 QIEYGIFIVEQE! NKD|

BmGalNACT QIEYGI EQEG NKD|

XP_012545894.1 QIEYGIFIIEQE! NKDENKAKLMNVGF I ESQRLEAGG--WMCF I FHE I[BL LPLDTRNMYTCP-KQ-PRHM-
XP_012545893.1 QIEYGIFIIEQEG NKDENKAKLMNVGF I ESQRLEAGG--WMCF I FH® I[BL LPLDTRNMYTCP-KQ-PRHM-
XP_026735990.1 LLEYRIFVIEQY! IEQENINGTLYNIAFLESQRF--GS--WDCL I FHRV[BL I PEDERISYTCM-KY-PTHM---
XP_026735967.1 LLEYRIFVIEQY TEQENINGTLYNIAFLESQRF--GS--WDCL1 IPEDERISYTCM-KY-PTHM-~~
XP_026735983.1 LLEYRIFVIEQYG IEQENINGTLYNIAFLESQRF--GS--WDCL I FHRV[EL I PEDERISYTCM-KY-PTHM-
XP_026744785.1 KLEYQIFVIEQQD: KGL{ENNGRLLNAGFQEMMKF--NS--FHCV IFHELBL LPLNASILYTCP-ML-PRHL -
XP_026736000.1 KLEYQIFVIEQQD: KGL{ENNGRLLNAGFQEMMKF--NS-~-FHCV IFHELLLPLNASILYTCP-ML-PRHL -
XP_026725933.1 LLEYRIFVVEQY! NEK[ENNGTLYNIAFLESQRF--GS--WDCL 1 DL IPEDERISYSCQ-EN-PTHM-
XP_026744789.1 LLEYRIFVVEQY! KIENINGTLYN I AFLESQRF--GS--WDCL IFHRVBL I PEDERISYSCQ-EN-PTHM-
XP_026744786.1 LLEYRIFVVEQYG NEK[ENNGTLYNIAFLESQRF--GS--WDCL I FHRV[BL I PEDERISYSCQ-EN-PTHM-
XP_026744790.1 LLEYRIFVVEQY! NEK[ENNGTLYNIAFLESQRF--GS--WDCL I FHY

XP_026744791.1 LLDYRVFVVEQFG KEKIENNGTLYNIAFLESQRF~--GS--WDCL1

XP_026735957.1 LLDYRVFVVEQF! KEKIENNGTLYN IAFLESQRF--GS--WDCL I FHY

CeGalNACT_NP_490872.1 QLDYAIFIVEQV NQTENKGKLMNVGYDVASRL --YP--WQCF I FHY

hB4Gal T4_NP_003769. QLDYGIYVIHQAE GKKIFNZAKLLNVGYLEALKE--EN--WDCF I FHY

mB4GalT4_NP_062778. QLDYGIYIIHQT SKKIENKAKLLNVGYLEALKE--EN--WDCFVFHY

hB4Gal T3_NP_003770.
mB4Gal T3_NP_065604.
ckGalT1_AAB05217.1
hB4GalT2_NP_003771.1
DrB4GalT1_AAH80228.1
ckGal T-CKT1_AAB05218.
bB4GalT1_NP_803478.1
hB4GalT1_NP_001488.2
mB4GalT1_NP_071641.1
hCHSY1_NP_055733.2

hCSS3(NCHSY2)_NP_787052.3
Dmel_CG9220_NP_996440.2

QLAYGIYVIHQAG NGTENKAKLLNVGVREALRD--EE--WDCLFLH
QLAYGIYVIHQ NGT[FNEAKLLNVGVREALRD-~EE--WDCLFLH®
KVAYGIYTINQY! EDTENKAKLLNVGFLEALKDD-EE--YDCFIFS
RLRYGVYVINQHG EDTENKAKLLNVGFLEALK---EDAAYDCFIFSY
LLDYGIY 1 1EQD! ENT[ENEAKLLNVGYAEALKE--YD--YDCF IFSp
QLDYGVYVINQDG DEE[ENKAKLLNVGFTEALKE--YD--YDCFVFSY
QLDYGIYVINQ ESMENEAKLLNVGFKEALKD-~-YD-~-YNCFVFSE
QLDYGIYVINQ DT IENEAKLLNVGFQEALKD--YD--YTCFVFS|
QLDYGIYVINQAG DTMENEAKLLN IGFQEALKD-~-YD-~-YNCFVFS|
NQNVKLVVLLFNS: ~DSNPDKAKQVELMRDYR IKYPKADMQ I LPV-SGE| -ESLLFFCRVELV-FTTEFLQRCRANTVLGQQIYFP 1 IFSQYDP
~DSGQDSSKHIEL I1KGYQNKYPKAEMTL I PM-KGE]| ~DTLLLFCEV[EL I -FREDFLQRCRDNT IQGQQVYYP 1 1FSQYDP
~--PDELGDHLQLLHDLHARHVYQQVNWIQR-SSAESRGVALDVAARSSY I ---RQ--ED I ILF 1BV[EMV-FEVETLQRVRMHTQRGKQVYLP IVFSQYDP

NP NP

-

XP_012545235.1 ~SKHPLDYRNTELLINYY IEMYGKDIQI'VKM AALTEGLKLCDS DDLVFFI MM-FNHESLRRIRINTIKYNQVYFPIVFSEYNP
XP_026741443.1 —~-TSPLDYKNTENLINYY IDLYGKP IKMVQMGTET LTEGLRLCSG DDLVFFI MM ENFDTLRRIRIHTIKYHQVYFPVVFSQYNN
hB4GALNT3_NP_775864.3 DPHFNIVITDYSSEDMDVEMALKRSKLRSYQYVKL—========—=————— SGNFERSAGLQAG IDLVKD----P--HS I IFLCEL IH-FPAGV I DAIRKHCVEGKMAF-—
hB4GALNT4_NP_848632.2 DSRFSVVLVDFESEDMDVERALRAARLPRYQYLRR TGNFERISAGLQAGVDAVED IVFLCLE IH-FPPNILDGIRKHCVEGRLAF--

Dmel_CG12913_NP_610567.1
hCSGalNACT2_NP_061060.3
hCSGalNACT1_NP_060841.5

M- F'I'I'KFLERCRWNAAPGKK\/VYP\/VFSLVNP
1Y-FSAEFLNSCRLNAEPGKKVFYPVVFSLYNP
1Y-FTSEFLNTCRLNTQPGKKVFYPVLFSQYNP

—~EGLSKVKSILESVTSESNFHNYTLVSL-NEE]|
—~EEINEVKGILENTSKAANFRNFTF 1QL-NGE[§S|

DGRVHLTVVYFGK.

(GKGLDVGARFWK----GS--NVLLFFC|

SGLEQARSLAGRSQRTQFLALNET] SEAKALRLGAEH 1QPA--EE--DVLLFMC
NI



hCSS2_NP_078812.2

hCHSY3(hCSGICAT)_NP_061888. 1

XP_026726307.1
XP_004926306.3
hB4GalT7_NP_009186. 1
DmGalT7_NP_651319.2
XP_026729552. 1
XP_004933020. 1
XP_004933019.1
LSGICNACT_CAA56514.
hB4Gal T5_NP_004767.
mB4Gal TS_NP_062809
hB4Gal T6_NP_004766
mB4Gal T6_NP_062711.
rB4GalT6_NP_113928.
XP_021203993.1
XP_026746863. 1

RPRNONPR R

DmB4GalNACTB_NP_651657.1

XP_021205074-
XP_021205072.
XP_021205073.
XP_026730902.
XP_026730903.
XP_026730904 .

PRPRPEE

DmB4GalNACTA_NP_610946.1

XP_004926305 . 1

TnB4GalNACT_AAT11926.

AAT11926.1
XP_026736023.1
BmGalNACT

XP_012545894 .
XP_012545893.
XP_026735990.
XP_026735967 .
XP_026735983.
XP_026744785.
XP_026736000.
XP_026725933.
XP_026744789.
XP_026744786.
XP_026744790.
XP_026744791.
XP_026735957.
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CeGalNACT_NP_490872.1

hB4Gal T4_NP_003769.
mB4Gal T4_NP_062778
hB4Gal T3_NP_003770.
mB4Gal T3_NP_065604 .
ckGalT1_AAB05217.1

hB4Gal T2_NP_003771.1
DrB4GalT1_AAH80228.1

NP NP

ckGalT-CKI1_AAB05218.

bBA4GalT1_NP_803478.1
hB4Gal T1_NP_001488.2
mBA4Gal T1_NP_071641.1
hCHSY1_NP_055733.2

hCSS3(hCHSY2)_NP_787052.3
Dmel_CG9220_NP_996440.2

XP_012545235.1
XP_026741443.1

hB4GALNT3_NP_775864.3
hBAGALNT4_NP_848632.2
Dmel_CG12913_NP_610567.1
hCSGaINACT2_NP_061060.3
hCSGalNACT1_NP_060841.5

hCSS2_NP_078812.2

hCHSY3(hCSGICAT)_NP_061888. 1

XP_026726307.1
XP_004926306.3
hB4Gal T7_NP_009186.1
DnGal T7_NP_651319.2
XP_026729552.1
XP_004933020.1
XP_004933019.1
LSGICNACT_CAA56514.
hB4GalT5_NP_004767.
mB4Gal T5_NP_062809
hBA4Gal T6_NP_004766.
mB4Gal T6_NP_062711.
rB4Gal T6_NP_113928.
XP_021203993. 1
XP_026746863.1

RPRNNPR R

DmB4GalNACTB_NP_651657.1

XP_021205074-
XP_021205072.
XP_021205073.
XP_026730902.
XP_026730903.
XP_026730904.

PRPEER

DmB4GalNACTA_NP_610946.1

XP_004926305. 1

TnB4GalNACT_AAT11926.

AAT11926.1
XP_026736023.1
BmGalNACT

XP_012545894 .
XP_012545893.
XP_026735990.
XP_026735967 .
XP_026735983.
XP_026744785.
XP_026736000.
XP_026725933.
XP_026744789.
XP_026744786.
XP_026744790.
XP_026744791.
XP_026735957.
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CeGalNACT_NP_490872.1
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hCHSY3(hCSGICAT)_NP_061888. 1 FEQEQANST
XP_026726307.1 DVFELKRL----YTYVQUNIDG I TGKESK IKLYNKLLNPVTTNKTAEQLK

XP_004926306.3
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XP_026729552.1
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ASRTALSVGGAPCTVLNIMLDCDKTATPWCTF:
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