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Abstract
Cloning, expression and characterization of a 31,4-GalNAcTransferase from
Schistosoma mansoni.
By Kristoffer E. Leon

Schistosomiasis is an insidious parasitic helminth infection that affects millions of
people worldwide. Infection is marked by a number of clinical manifestations,
ranging from dermatitis to chronic inflammation of the liver and spleen.
Schistosoma mansoni is one of the helminth species responsible for schistosomiasis,
and has been previously studied for its interactions with the human immune system
and its carbohydrate (glycan) biochemistry. The entire genome has recently been
published online and partially annotated. Computational tools were used to select a
gene coding for a 31,4-N-acetylgalactosaminyltransferase (smf1,4-GalNAcT), a class
of enzymes responsible for synthesizing LacDiNac (LDN). LDN plays an important
role in the immune response to S. mansoni and is a parent glycan that is further
modified by the addition of fucose(s) to generate other antigenic carbohydrates. The
gene was cloned into a mammalian expression vector, expressed in a mammalian
cell line grown in suspension, purified and then used in activity assays to prove the
computationally determined gene was a smf31,4-GalNACT. Activity assays were also
used to determine metal cofactor necessity, and the specificity for the nucleotide
sugar donor UDP-GalNAc. The enzyme itself is an important member of S. mansoni
glycosylation pathways and immunology, and could potentially represent a target
for pharmaceutical development. Lastly, the smf31,4-GalNAcT provides a link
between the glycome and genome. Glycomics is becoming more important,
especially in understanding host-pathogen interactions, and knowing the enzymes
necessary for glycan synthesis is important in understanding the complex and
fascinating glycobiology of S. mansoni.
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Introduction
Schistosomiasis Epidemiology

Schistosomiasis is among the most widespread parasitic infections in the
world. Currently, there are over 200 million people at risk of infection with one of
these disease causing helminths: Schistosoma mansoni, Schistosoma haematobium or
Schistosoma japonicum. S. mansoni is a widespread parasite found in the Caribbean,
the Middle East, South America and Africa (1). Furthermore, the parasite is found in
several freshwater travel destinations, such as the Lake Malawi, Lake Kariba, and
the Zambezi River, and presents as a threat to locals, travelers and livestock (2). The
impact that S. mansoni has on these regions is significant. However, schistosomiasis
has a high disease burden outside of mortality, especially on development in young
patients and pulmonary and neurological complications from long-term infection
(3). Furthermore, praziquantel is the only drug currently being used to treat
schistosomiasis, which brings about fears of resistance (4-6). Furthermore,
praziquantel has a variable cure rate, largely dependent on the life stage of the
worms and cannot be used for prophylaxis (6). Schistosomiasis falls under the
definition of a poverty trap, which enforces the low economic status of infected
individuals by reducing physical and mental health (7). The economic burden
caused by chronic schistosomiasis is difficult to estimate, but these serious
morbidities cause reduced productivity, maintaining the poverty of those infected
with schistosomiasis. Schistosoma mansoni infects 54 millions people worldwide,

and over 300 million people at risk of infection (8). Schistosomiasis is a global



threat and research to understand the disease is necessary to make the steps

towards assisting those affected.

Schistosoma mansoni life cycle

Understanding the life cycle of this complex parasite is important for the
development of vaccines and therapeutics. Schistosoma sp. have a two part life cycle
that require both a snail and mammal host. S. mansoni infect Biomphalaria glabrata
snails. (9). These aquatic snails shed cercariae, which are the infectious life stage
for mammals. The cercariae are able to enter the human body through mechanical
penetration and enzymatic proteolysis (10-13). Upon successful penetration of the
tissue, the tail is lost, and the cercariae transforms into the juvenile stage of the
adult worm known as the schistosomula. The schistosomula travels through the
lung vasculature to the final destination of the hepatic and intestinal vasculature
(12, 14). Over time, the schistosomula mature into an adult form capable of sexual
reproduction. Adult worms feed on red blood cells to obtain iron. Adult male and
female worms pair in the vasculature and reproduce. Disease presents at the
reproductive stage as several hundred eggs are produced daily, and must travel
from the circulatory system to the intestinal tract (15). The eggs are capable of
traveling through several epithelial layers in order to accomplish this feat (16).
However, not all eggs are successful and travel to other portions of the body, such as
the spleen and liver, and cause inflammation and disease (16, 17). After successful
passage into the intestinal tract, the eggs exit the human host with the fecal matter
(16, 18). When the fecal matter makes contact with a body of water, the eggs will

open, releasing miracidiae, which are capable of infecting snails. Upon infection of



the mollusk host, the miracidiae will develop into the cercariae and continue the life
cycle (16, 18, 19). While the intestinal tract is important in S. mansoni and S.
japonicum infections, S. haematobium instead utilizes the urinary tract for exit from
the human host (18). The life cycle is complex and presents a multitude of
opportunities to learn more about helminth biology. While much work has been
done on understanding the life cycle, the knowledge is superficial and there is little

known about the molecular determinants of each stage.

Schistosoma mansoni clinical manifestation

Clinical manifestation is directly linked to the different life stages of the
disease. The epidemiology of S. mansoni is especially relevant to the clinical aspect
of the disease due to the destructive and insidious nature of the parasitic infection.
Schistosomiasis presents with a variety of symptoms. Initial infection can be marked
by cercarial dermatitis or rash, fever, heptaosplenomegaly, fatigue, myalgia, malaise,
cough and eosinophilia. In non-endemic persons this disease stage, termed Katyama
fever, is more severe and can last anywhere between two to 10 weeks (19-21).
Chronic pathology is markedly different than acute schistosomiasis, especially since
the worms have reached adulthood and egg laying has begun. The eggs induce a
robust immune response (2, 20). Common symptoms include diarrhea,
inflammation, pseudopolyposis, microulcerations and superficial bleeding. More
severe versions of chronic S. mansoni infection include hepatic, pulmonary, genital
and neurological complications caused by either the adult worm or the eggs (2, 19).

Chronic schistosomiasis has also been linked with anemia, undernutrition, growth



stunting, host immunity, and fertility issues (22). Furthermore, there is little to no

evidence of the body’s ability to clear adult worms (23).

Immune response to Schistosomiasis

The immune response to S. mansoni is important to the disease pathogenesis.
Schistosomiasis is chronic because S. mansoni has the ability to modulate the
immune system so that the body is unable to clear the adult worm (16).
Schistosomiasis differentiates between acute and chronic disease, which is due to
the immune response to the different life stages. Katayama fever, which is
associated with the maturation of the schistosomula to an adult, is seen as a T
Helper 1 (Tul) response to the parasite (16, 24). However, chronic disease is
associated with a T Helper 2 (Tu2). While a Tu2 response is helpful in dampening
the inflammatory response, it allows the adult worm to escape destruction.
Furthermore, constant, long-term expression of cytokines associated with a Ty2
eventually results in other diseases associated with long-term inflammation. The
shift towards a Tu2 response is commonly seen in other parasitic helminth diseases

as well (25, 26).

Carbohydrate Inmunomodulation

Glycans, or oligosaccharides, are complex carbohydrates linked to proteins
(glycoproteins) and lipids (glycolipids) and are the predominant immune targets in
S. mansoni infection. Previously, it was believed that S. mansoni was able to maintain

a chronic infection and avoid clearance by glycan mimicry (27, 28). Essentially, it



was thought that the helminth created and secreted glycans similar to the host to
avoid detection. However, more recent research revised that theory to that of
“glycan gimmickry”, which is the current working hypothesis (29). Carbohydrates
are bioactive, and in the case of S. mansoni, the glycans directly interact with the
immune system and change the nature of the immune response from Ty1 to Tu2 (16,
30). The eggs of S. mansoni are particularly important in the modulation of the
immune system by Asn-linked oligosaccharides (N-glycans) and glycolipid glycans

(30, 31).

Schistosoma mansoni and LDN

While there are many unique glycans produced by S. mansoni, the LacDiNAc
(LDN) family is of particular interest due to the antigenic nature of its members.
LDN is a parent structure that is further modified, particularly by the addition of one
or more fucose residues, to create antigens important in immunomodulation (32-
34). The LDN antigen also generates an antibody response, as well as initiating
granuloma formation (35-37). LDN modified by fucose addition(s) generate
significant immune responses. Several of these structures are shown in Figure 1.
Responses to these antigens include significant antibody generation and modulation

of the immune system (38-40).
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Figure 1: A) The above glycan structures are known antigens of the human immune
system and are produced by S. mansoni. B) The chemical structures of each sugar.

The glycogenome and glycosyltransferases

The glycans produced by S. mansoni are extraordinarily important in the
development of the immune response to the parasite and the clinical manifestation
of schistosomiasis. Therefore, understanding the molecular processes necessary in

synthesizing these antigens is extremely important. The genome for S. mansoni has



recently been published, partially annotated, and augmented with RNA-Seq data
(41, 42). Several of the transcripts have been identified as glycosyltransferases,
which are enzymes that synthesize glycans. A brief schema of glycosyltransferase
function is shown in Figure 2. Three of these glycosyltransferases were further
identified as [31-4 N-acetylgalactosaminyltransferases ($1-4GalNAcT), a family of
enzymes that are responsible for the synthesis of LDN (43, 44). The ortholog from C.
elegans has previously been expressed, cloned and shown to be functional in
generating LDN (45). The $1-4GalNAcT from S. mansoni could be a potential target

for therapeutics.

e, mE B B

uDP

Figure 2: The glycosyltransferase (yellow-green) binds Mn?+*, the UDP-GalNAc
donor (yellow), and the chitobiose acceptor (blue). The enzyme catalyzes the
addition of the GalNAc to the chitobiose acceptor to generate the product through
the cleavage of the UDP. The Mn?* ion associates with the phosphate of the
nucleotide to stabilize binding to the glycosyltransferase.



The following thesis describes the process of cloning, expressing and characterizing
a S. mansoni [31-4GalNAcTransferase. First, potential $1-4GalNACT transcripts were
identified based on the annotated genomic data and homology with ce31-4GalNACcT.
Then, computational analysis of RNA-Seq data for transcript expression is reported.
A single gene was targeted for cloning and expression, which was performed using a
human expression plasmid containing a GFP reporter tag. Following the cloning,
transfection of HEK Freestyle cells grown in suspension with expression of the
protein is reported. After purification from cellular lysate, the 1-4GalNAcT was
assayed with a variety of acceptor and donor pairs, as well as at different
temperatures and with varying co-factors. The conclusion arrives at the successful
characterization of a novel glycosyltransferase from a parasitic helminth that causes

morbidity and mortality worldwide.

Materials and Methods
All chemicals were purchased from Sigma-Aldrich, restriction enzymes were
purchased from New England BioLabs, and DNA extraction and clean-up kits from

Qiagen unless noted otherwise.

Selection of a putative 1,4GalNAcT

The entire genome of S. mansoni has recently been published, with partial
annotations included for several genes. Many of the genes have been predicted
based off of computational techniques. Several keywords (GalNAc, N-

acetylgalactosamine, etc.) were used to search for GalNAcTransferases within the



GeneDB database for schistosomiasis
(http://www.genedb.org/Homepage/Smansoni). Seven putative
GalNAcTransferases were identified. The coding domain sequences were translated
in silico and aligned against the previously identified $1-4GalNAcTransfease from C.
elegans. Translations, alignments and phylogenetic trees were generated using
Geneious V4.7.6. For the alignments, the cost matrix was 70%, with a gap open
penalty of 12, a gap extension penalty of 3 and a global alignment type with free end
gaps. For the phylogenetic tree, the Jukes-Cantor was used to determine genetic
distance, with a neighbor joining build. The entire sequence Smp 021370, termed
smfB1-4GalNAcT, was synthesized by Genewiz with flanking EcoRI and BamHI

restriction sites in a pUC57 vector.

Cloning of smf1-4GalNAcT

The gene was excised from the pUC57 vector using ECORI-HF and BAMHI-HF
for an hour at 37°C to ensure complete digestion. sm31-4GalNAcT was separated
from the pUC57 backbone by agarose gel and excised and extracted using a
QIAquick gel extraction kit. smB1-4GalNAcCT was ligated to a similarly digested
expression vector for mammalian cells, termed pGen2, overnight at 16°C. This
plasmid construct is now referred to as smB1-4GalNAcT -pGEn2 and its protein
product smB1-4GalNAcT-GFP. GalNacT-pGEn2 was transformed into E. coli by heat
shock and then plated on agar plates with ampicillin at 100ug/ml. Single colonies
were used to inoculate culture for plasmid extraction using a QIAquick Spin Mini-

prep kit. After extracting the plasmids from the bacteria, the plasmids were digested
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with BamHI and EcoR], ran on an 1% agarose gel for the presence of the smfp1-
4GalNACT gene segment. The plasmids were also sent for Sanger sequencing
(Genewiz) to ensure that Smp 021370 was properly inserted. The plasmids were
prepared by using a Qiagen Maxiprep kit to obtain DNA concentrations appropriate

for transfection of mammalian cells.

Expression of smff1-4GalNAcT-GFP in HEK-Freestyle Cells

HEK 293 Freestyle cells were grown to a density of 1.8x10¢ cells/mL in
suspension on a platform shaker in a humidified 37°C incubator. Polyethylimine
(PEI Polyscience, Inc.) was used as the transfection agent. A PEI-DNA complex at 1:3
was incubated for 30 minutes and then added to the culture for a final concentration
of 3pg/mL of DNA and 9ug/mL of PEl. Twenty-four hours after the PEI-DNA
complex was added, the media volume was doubled and valproic acid was added to
a final concentration of 2.2 mM. Every day, 200 pL aliquots of cells were frozen for
western blot to monitor the expression of the protein. Images were also taken using
a fluorescent microscope (Olympus IX51, 10x zoom) to visually monitor GFP

fluorescence. At 120 hours, the cells were harvested.

Purification of smf1-4GalNAcT-GFP

The HEK cell pellet resuspended in Ni-NTA wash buffer (50 mM NaHzPOg,
300 mM, 20 mM imidazole, pH 8), protein inhibitor (cOmplete, EDTA-free, Roche)
and 0.25% Triton X-100. The cells were then sonicated to disrupt the cell

membranes and generate a lysate. After sonication, the cell lysate was spun down



11

for 5 minutes at 3220xg to clarify the lysate and remove the insoluble materials. The
lysate was run over a 2 ml column of Ni-NTA agarose (Qiagen) according to
manufacturer’s recommendations. GFP positive elution fractions were collected and
dialyzed overnight into 45mM HEPES, 300 mM NaCl and 50 mM imidazole using
dialysis cassettes with a 10kDa MWCO. The dialyzed solution was then concentrated
using a 10kDa MWCO centrifugal filter unit (Millipore) and then stored at 4°C for up
to one month. Protein concentrations were approximated using a BCA protein assay

kit (Pierce).

Western Blots and Silver Stain

Western blots were performed by adding NuPage loading dye to 1X
concentration. The mixture was then boiled for 15 minutes, spun down for 1 minute
at 10000xG and then added to a 4-20% SDS-PAGE gradient gel (BioRad). For
western blots, the gel was transferred to a nitrocellulose membrane and blocked
overnight at 4°C in 5% BSA in TBST (20mM Tris, 300 mM NacCl, pH 7.2, 0.1% Tween-
20). The ladder used was the Spectra Multicolor Broad Range Protein ladder
(Thermo Scientific). After washing, the anti-GFP (GT859, GeneTex) antibody was
incubated for one hour at a 1:10,000 dilution. The secondary, anti-mouse IgG (074-
1802, KPL) was incubated at 1:5,000 dilution for 45 minutes and then washed with
TBST. Post secondary incubation and washing, SuperSignal West Pico
Chemiluminescent substrate (Thermo Scientific) was added to the membrane and
then exposed.

Silver stains were run as previously described in reference (46).
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EndoH (NEB) and PNGaseF (NEB) digestion were performed following the

manufacturer’s protocol.

Enzyme Assays

Enzymatic reactions were set up in 25 pL quantities. The reactions included
the purified protein (1-5 pg), MnClz (10 mM), sodium bicarbonate buffer (50 mM),
shrimp intestine phosphatase, a donor nucleotide sugar (1ImM) and an acceptor
AEAB-linked sugar (40uM)(47). AEAB is a fluorescent linker. EDTA was used at a
final concentration of 10mM. Reactions were run for varying times, typically longer
than 24 hours. The reactions were performed at both room temperature and at 37°C

while rotating. The different reaction conditions are shown in Tables 1 and 2.

The reaction was cleaned via porous graphitized carbon solid phase extraction as
previously described in reference (48) (Grace Davison Discovery Science), vacuum
concentrated (Labconco Centrivap Concentrator) to remove the organic solvent and
then lyophilized overnight. The lyophilized material was then re-suspended in 100
uL and then analyzed using HPLC and MALDL.

Table 1: Endpoint Enzyme Assays

Trial Acceptor Donor Ion Temperature Duration
1 UDP-GalNAc Triose MnCl; Room Temp. 5 days
2 UDP-GalNAc Triose MnCl; 37°C 5 Days
3 UDP-GalNAc Chitobiose MnCl; 37°C 5 days
4 UDP-Gal Triose MnCl; 37°C 5 days
5 UDP-GalNAc Triose EDTA 37°C 93 hours
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Table 2: Timepoint Enzyme Assays

Trial Acceptor Donor Ion Temperature Duration
1 UDP-GalNAc Triose MnCl; 37°C 24 hours
2 UDP-GalNAc Triose MnCl; 37°C 48 hours
3 UDP-GalNAc Triose MnCl; 37°C 93 hours
4 UDP-GalNAc Chitobiose MnCl; 37°C 24 hours
5 UDP-GalNAc Chitobiose MnCl; 37°C 48 hours
6 UDP-GalNAc Chitobiose MnCl; 37°C 93 hours
HPLC

A Shimadzu HPLC CBM-20A system coupled with a fluorescence detector RF-
10AXL was used for HPLC analysis and separation of glycan-AEABs. The glycans
were purified by reverse phase HPLC on a porous graphitized carbon column (150 x
4.6 mm, Thermo Scientific) with a gradient of 15-45% acetonitrile (0.1%
trifluoroacetic acid) in 40 min. The glycans were monitored by fluorescence at 420

nm.

MALDI-TOF Mass Spectrometry Analysis of Glycans

After HPLC purification of the reactions and the collection of peaks, the
carbohydrates were peracetylated and then permethylated as previously described
by references (49) and (50), respectively. The carbohydrates were then analyzed by
a matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) mass
spectrometer. MALDI plates were spotted with 0.5 pL. DHB matrix (10 mg/mL DHB,

0.1% Trifluoroacetic Acid) and 0.5 pL of sample (50% methanol).
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Results
Selection of a f1-4GalNAcT

Seven genes are annotated in the S. mansoni genome database as probable
GalNAcTs (Table 3). The coding domain of each sequence was extracted from
GeneDB, and then translated into a protein sequence. The protein sequences were
then aligned to a $1-4GalNAcT from the nematode C. elegans (ceGalNAcT) (Figure
3). The database is incomplete, and many of the transcripts found appeared to be

incomplete and lacking certain features, such as a transmembrane domain.

Table 3: Gene IDs of the GalNAcTs annotated in S. mansoni gene database

Putative N-acetylgalactosamine transferases Gene ID
(GalNACcTSs)

1 Smp 057620
2 Smp 159490
3 Smp 005500
4 Smp 139230
5 Smp 211240
6 Smp 021370
7 Smp 047240
B

L 50 100 150 200 250 300 350 386
| | ] | ' P L 1 |
50 99 148 198 248 298 384

1. C. Elegans B(1,4) GalNAcTransferase translation n | | T T IR T W N T TR TR U TR I
108 158 208 258 308

2. SMP 021370 translation T e R O W e
Figure 3: Out of the seven genes, SMP 021370 was found to have both a high level of
homology and the most complete sequence at the protein level. The black regions
represent identical amino acid residues, dark grey denotes similar residues and
light grey are completely different residues. A) The alignment of the seven GalNAcTs
using the ceGalNACT as the reference sequence. B) ceGalNAcT and SMP 021370

aligned against each other to show which regions share homology.

B1-4GalNAcTs require several motifs in their catalytic domain in order to be
functional. These include conserved domains that bind nucleotide sugars and often

metal ion co-factors. As seen in Figure 3, there are regions that share the complete
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homology between the two protein sequences, which include binding motifs for a
donor-binding site, and a metal binding site as predicted by NCBI's conserved
domain database. However, there was no transmembrane domain in the sequence
predicted by the TMHMM Server v2.0. Furthermore, Smp 021370 has an isoleucine
residue at the same position as cef31-4GalNAcT, corresponding to the Tyr-289 in
bovine (1-4Gal-T1, which has been shown to have a role in increasing the
preference of UDP-GalNAc over UDP-Gal (51, 52). In Figure 4, a phylogenetic tree
was generated using the protein sequences of the seven smGalNAcTransferases,
ceGalNACT and human B4GALNT. Human B4GALNT is responsible for transferring
UDP-GalNAc to a GIcNAc acceptor to generate the LDN motif (53). In Figure 4A, the
glycosyltransferases separate into different clades, with Smp 005500, Smp 057620,
Smp 159490 and Smp 129230 forming their own monophyletic group. As seen
Figure 4B, the human B4GALNT is most closely related to SMP 021370. Data from
the RNA sequencing was used to generate a plot showing the expression of each of
the putative f1-4GalNAcT transcripts in four different points of the life cycles
(Figure 5)(42). The reads per kilobases per million of mapped reads (RPKM) is a
normalized value based on the depth of the sequencing that helps to predict
expression of a gene in a sample (54). The addition of this information assisted in

the decision to express and characterize Smp 021370.



16

A SMP 021370 translation

SMP 211240 translation
SMP 047240.2 translation
SMP 005500 translation
SMP 057620 translation
SMP 159490 translation
SMP 139230 translation
B

C. clegans B(1,4) GalNAcTransferase translation
SMP 211240 translation

SMP 047240.2 translation

Human B4GALNT3

I
I— SMP 021370 translation

SMP 005500 translation

SMP 139230 translation

SMP 057620 translation

SMP 159490 translation

Figure 4: A) Phylogenetic tree based on amino acid sequence of the seven putative
GalNACcTs B) Phylogenetic tree based on amino acid sequence with amino acid
sequences of ceGalNAcT and hGALNT3 included in analysis. The trees are unrooted.
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Figure 5: Smp 021370 is the best-represented transcript out of all of the potential
GalNACcTs. The error bars are standard deviations.
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Based on the presence of UDP-GalNAc and Mn?* binding motifs, homology with
ceGalNACT, phylogenetic relationship to hGALNT3 and the levels of RNA expression,
the gene transcript Smp 021370 was synthesized. Smp 021370 will be referred to as

smGalNAcT.

Synthesis and Cloning of smGalNAcT

SMP 021370 was synthesized by GeneTec and cloned into a pUC57 vector.
The gene was excised by restrictions enzymes, and then ligated into a pGEN2 vector
(smGalNacT-pGen2) (Figure 6). The pGEN2 vector was designed to generate
soluble, secreted GFP fusion enzyme, which can be transiently expressed in
mammalian cell lines and purified via Ni-NTA affinity chromatography. The
recombinant protein product will be called smf1-4GalNACcT.
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Figure 6A: Vector map of the smGalNAcT-pGEn2 vector. The yellow annotation on
the bottom of the map labeled GalNACcT is where the sequence for the gene is, which
is adjacent to the superfolder GFP. The mammalian expression vector produces an
N-Terminal GFP. The Kozak sequence, TCM signal sequence, His tag, AviTag,
Superfolder GFP and smGalNACT are all transcribed into mRNA and then translated.
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Figure 6B: Restriction digests of the synthetic gene smf31-4GalNAcT in the pUC57
vector and after ligation into the pGen2 expression vector. The sm31-4GalNAcT has
a length of 987 bases, the gene hF9 (Human Fucosyltransferase 9 or Fut9) includes
the attB1 primer site and a TEV cleavage site for a total length of 1061 bases, the
pUC57 vector is 2710 bases and the pGEn2 vector has a length of 5215 bases. The
ladder is 1 kb DNA ladder.

Sanger sequencing also was used to confirm the insertion of smf31-4GalNAcT into

the pGEN2-DEST vector. After successful plasmid generation, E. coli top10 cells were

transformed and the sm1-4GalNAcT -pGen2 isolated using a Qiagen Maxi Kit.

Expression of smf1-4GalNAcT into HEK-Freestyle cells

Human Embryonic Kidney 293-Freestyle (HEK293-F) cells (a derivative of
HEK 293 cells designed for suspension growth) were transfected using the smf31-
4GalNACT -pGEnZ2 and PEI Transfection efficacy was monitored via flow cytometry

and fluorescent microscopy of GFP (Figure 7).
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Figure 7: A) Gating of living cells on flow using untransfected HEK cells B) An
overlay of untransfected cells (red) and cells transfected with smp1-4GalNAcT -

pGEn2 (blue).

Figure 7 C, D, E: C) GFP Fluorescence at 96 hours post transfection D) Fluorescence
at 120 hours post transfection. E) Untransfected cells
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Western blots of cell lysates (Figure 8) at different time points show the expression

of the gene over time. Western blots of media only showed hF9 secretion.

The purified protein was also treated with EndoH (an enzyme that removes high
mannose-type N-glycans) and PNGaseF (an enzyme that removes all types of N-
glycans including complex-type) to visualize the glycosylation patterns of smf31-
4GalNACT to determine the whether or not the protein left the endoplasmic
reticulum. Since EndoH and PNGaseF caused the same shift on a western blot, it
appears that only high mannose-type N-glycans are found on smf31-4GalNAcT

(Figure 8B).

The cell lysates were also probed for LDN synthesis by western blot, but when the
membrane was probed with an anti-LDN antibody, there does not appear to be any

presence of LDN.
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Figure 8: A) Non-reduced SDS-PAGE gel of hF9 (expression positive control) and

smGalNAcT with an anti-GFP antibody. B) EndoH and PNGase treatment of
smGalNAcT.

Activity Assays of Gene

The activity assays have shown that the gene is responsible for
catalyzing the addition of a GalNAc to a terminal GIcNAc to form the LDN epitope.
The acceptors used were a triose and chitobiose that were AEAB labeled and
contained a terminal GIcNAc. The triose was derived from the tetrasaccharide LNnT
and then treated with a beta-galactosidase to create a triose (trisaccharide) with a
terminal GIcNAc. A time point assay was performed to see the activity of the gene
over the course of a few days to ensure completion of reaction. The results of the

reactions were measured using HPLC and MALDI-TOF Mass Spectrometry. The
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results of the HPLC analysis are shown in Figure 11 for the triose acceptor (GlcNAc-

Gal-Glc-AEAB) and in Figure 12 for the chitobiose acceptor (GlcNAc-GlcNAc-AEAB).
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Figure 9: A) Triose acceptor B) Reaction after 24 hours C) Reaction after 48 hours
D) Reaction after 93 hours
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Figure 10: A) Chitobiose acceptor B) Reaction after 24 hours C) Reaction after 48
hours D) Reaction after 93 hours
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Figure 11: The two major peaks were collected from the 48 hour reaction with the
triose (A) and chitobiose (B) acceptor. The molecular weights correspond to the
peracetylated, permethylated carbohydrates with a sodium ion.

The data from the HPLC shows the generation of a new peak that runs off of the
column earlier than the starting product. A time course that more clearly depicts the
results is shown in Figure 12; the tallest peak in 12A slowly diminish over time,

replaced by a peak that elutes earlier and gets larger as the length of the reaction

increases.

The peaks from the HPLC were collected, and then the glycans were peracetylated
and permethylated. The peracetylated and permethylated carbohydrates from each
peak were then analyzed by MALDI-TOF to obtain mass data. The representative
mass data for the triose and chitobiose reactions are reported in Figure 13 A and B,

respectively.

The results of other reactions found that the addition of EDTA inhibited transfer of
UDP-GalNAc activity. Furthermore, smf1-4GalNAcT cannot utilize UDP-Gal under

the same conditions as UDP-GalNAc, at least with the two acceptors assayed.
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Discussion

Based on the results provided, the gene Smp 021370 has been confirmed as a
B1-4GalNAcTransferase. The purified sm31-4GalNAcT is capable of synthesizing the
LacDiNAc (GalNAcB1-4GlcNAc-R, LDN) motif on at least two different acceptors, as
well as retain activity for several days at 37°C. The ability to clone, express and
characterize a gene from a human parasite is an important step in generating the
necessary tools to understand parasite function at a molecular level. Furthermore,
the data helps to show the strength of computational tools to predict gene products,
as well as provide a new target for the development of pharmaceuticals.
Furthermore, the characterization of the gene provides another link between the

glycome and genome.

The protein alignments of the seven GalNAcTransferases annotated on GeneDB
showed two distinct groups of sequences when using C. elegans 31-4GalNAcT as a
reference sequence since it contains the necessary domains for glycosyltransferase
functionality, as seen in Figure 3A. The four amino acid sequences that do not align
well with ceGalNACT (Smp 057620, Smp 159490, Smp 005500, Smp 139230) create
a monophyletic group seen in Figure 4. Thus, it was deemed that those sequences
were less likely to be 1-4GalNAcTs. There are other GalNAcTransferases, such as
those that transfer a GalNAc directly to a peptide, which makes these four genes
good candidates for exploring other GalNAcTransferase activities. Smp 021370 was
a strong candidate for synthesis because not only did it align well; the sequence also

was the most complete as compared to ce1-4GalNAcT. Furthermore, it shared an
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isoleucine residue with cef31-4GalNAcT that was correlated with an increased
preference in binding UDP-GalNAc (51, 52). A DVD sequence that corresponds to a
metal binding site was also found in both cef1-4GalNAcT and smf31-4GalNAcT when
aligned. Since cef31-4GalNAcT used Mn?*, it was predicted that sm31-4GalNAcT
would use the same metal ion cofactor. Lastly, Smp 021370 lacked a transmembrane
domain, which was of little concern, since the goal was to have the smf1-4GalNAcT
secreted into the media for rapid purification. Furthermore, the close phylogenetic
relationship between Smp 021370 and hB4GALNT3 provided extra support for 31-
4GalNAcTransferase potential. Lastly, using the RPKM data, it appears that Smp
021370 is also the most expressed transcript among the three sequences that were
the most closely related to ce$1-4GalNAcT, making it the most biologically relevant
transcript as well. Part of the goal is to create a drug target, thus, if this enzyme is
the most highly expressed of the three potential f1-4GalNAcTransferases, then it
would also represent the most rationale target since inhibition of this enzyme would

also have the greatest effect.

Expression of the smf31-4GalNAcT was interesting because, despite the lack of a
predicted transmembrane domain, the protein appears to be found only in cell
lysate and not secreted into the media. Post-translational modification of proteins
by glycan maturation is often used to track protein movement through the secretory
pathway. Sensitivity to EndoH only occurs for proteins that are found either in the
endoplasmic reticulum or early in the Golgi complex. PNGaseF cleaves almost all

known N-linked glycans (55). Since Figure 8 shows the same shift if treated with
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EndoH or PNGaseF it can be inferred that the smfB1-4GalNAcT was still early on in
the secretory pathway, or the enzyme is resistant to typical processing of N-glycans
leading to complex-type structures. This could be an interesting phenomenon that
represents the interactions of the smf1-4GalNAcT with another protein within the
cell. However, it could also represent incorrect folding of the protein or an exposed
sequence of the glycosyltransferase that prevents secretion. Furthermore, attempts
to probe for in vivo activity of smf31-4GalNAcT was unsuccessful using an anti-LDN
antibody. The lack of LDN could be because the smp1-4GalNAcT is not being
exported out of the endoplasmic reticulum, and thus never interacts with an
acceptor with a terminal GIcNAc. However, the lack of LDN motifs could also be due
to the lack of terminal GlcNAcs because mammalian glycans are typically sialylated.
Especially since ce31-4GalNACcT is secreted into the media, it leaves questions over
what kind of intracellular interactions are occurring with smf1-4GalNAcT. The
Human Fut9, a glycosyltransferase used as an expression control, had no issues
being secreted, which means that the signal sequence and GFP portion of the

recombinant enzyme should not being causing issues with secretion.

The time courses shown in Figures 9 and 10 provide important information,
showing the conversion of the acceptor into the desired product with a terminal
LDN epitope. Using a triose acceptor with a terminal GlcNAc (Figure 9), it appears
that after 24 hours the entire product has been synthesized, and the reaction does
not proceed with extended incubation. However, using a chitobiose acceptor, the

smfB1-4GalNAcCT proceeds to convert the acceptor into the final product



27

continuously over almost four days. The lifespan of the protein is remarkable,
especially when it's being incubated at 37C. After the carbohydrates were
peracetylated and permethylated, Mass data confirms the identity of the peaks
shown in Figures 9 and 10. The molecular weights of peaks support the HPLC data
since they primary peaks found in the purified fractions correspond to the

molecular weight of the either the acceptor or product glycan.

Other activity assays were performed to elucidate other important reagents for the
LDN synthesis reaction. Using EDTA, any metal co-factor was removed from the
enzyme, which proceeded to inhibit activity of the glycosyltransferase. This
information helps to support the need for MnCl; or another metal co-factor, which is
supported computationally by the presence of a DVD (residues 180-182) and a DDD
(residues 246-248) motif shared with ceff1-4GalNAcT. These DxD motifs suggest
binding to a metal cofactor. Due to similarities between the GalNAcTs and GalTs,
UDP-Gal was also used in several activity assays in place of UDP-GalNAc. There was
no synthesis of LN or any conversion of the acceptor, which leads to the theory that
smfB1-4GalNAcT does not utilize UDP-Gal and is selective for the donor UDP-GalNAc.
smpB1-4GalNAcT recognizes two different acceptors, which may show a proclivity for
multiple acceptor sequences or demonstrate a basic requirement for a terminal
GIcNAc with no preference for the preceding sequence. Lastly, the enzyme is
functional a both 37°C and room temperature. The transcript is present in both the
human and aquatic life stages (Figure 5), which supports the functionality of the

enzymes at both temperatures.
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Further experiments are necessary to glean more information about the enzyme.
First and foremost, a survey of other acceptors is necessary, especially of
biantennary glycans that is typical of many N-glycans. Activity assays with other
ions, such as magnesium, could provide more detailed information on the ion-
binding site. Other donors, such as UDP-GIcNAc and UDP-Glc, would also provide
interesting information about the active site depending on the preference for the

donors.

The ability to express the enzyme stably in a human cell line and be able to monitor
the synthesis of LDN would assist in the development of the S. mansoni glycome on a
human cell. Synthesis of LDN could be determined by flow cytometry by using an
anti-LDN antibody previously characterized (32). While the cef1-4GalNAcT has
been used previously to synthesize LDN on a human cell, it is possible that it is
different from that created by a S. mansoni ortholog since C. elegans is a nematode

and S. mansoni is a trematode.

Conclusion

LacDiNAc is an important motif in understanding the immune response to S.
mansoni. A variety of antigens with LDN as a parent structure are presented by the
parasite and work to modulate the immune system. The identification and
characterization of enzymes important in the synthesis pathways of this important

antigen could potentially lead to new therapeutics for schistosomiasis, which affects
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hundreds of millions of people worldwide. The age of antibiotic resistance is rapidly
approaching and has arrived for many diseases. In the arms race against resistance,
it is necessary to not only develop new drugs, but also to discern new targets so that

new classes of pharmaceuticals can be developed.

A novel $1-4GalNAcTransferase from an important agent of a disease with a global
impact has been cloned, expressed, and characterized. The work here represents the
first 1-4GalNAcTransferase expressed from a trematode. Schistosomiasis is a
neglected tropical disease with little research focused on the disease. Partially it is
because there is little financial gain to be made from studying this parasite.
However, there are global consequences for the advances in understanding the
worm biochemistry because it could potentially lead to vaccines and novel
treatments. Thus, it is important that strides are made in the research of the
molecular biology of parasites because of the little attention neglected tropical

diseases receive.

With the advent of next generation sequencing technologies, the ability to sequence
the entire genome of any organism becomes a very real scenario. The genome of an
organism is an incredible tool to have in the identification of genes and proteins
important in the life cycle of an organism. Especially in the realm of multicellular
parasites, the ability to synthesize gene products de novo simplifies the process of
identifying and cloning these important gene products. The computational tools

available now are sophisticated and are able to correctly identify certain conserved
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motifs in DNA and amino acids sequences, but the information is still limited. In the
understudied field of glycobiology, there is little information on the different
glycosyltransferases outside of select model organisms, especially when it comes to
understanding binding affinities for acceptors. While human glycosyltransferases
have been studied much more extensively, this work represents the first
GalNAcTransferase expressed from any of the Schistosoma species. A BlastP search
of the amino acid sequence of Smp 021370 shows a sequence of homology that is
identified as being an UDP-Gal binding site. However, as shown in the data provided,
the smf31-4GalNAcT does not utilize UDP-Gal under the same conditions that it
utilizes UDP-GalNAc. Therefore, it is important to confirm computational
annotations of genes with physical data. Furthermore, physical data provides much
more insight into an amino acid sequence by elucidating the donor and acceptor
combinations to understand the specificity of the enzyme in question. Other
questions, such as temperature dependence and kinetics have yet to be predicted
computationally. However, the data presented in this study could help to not only
help prediction models for glycosyltransferases, but also helps to link the glycome
and the genome. Predicting glycosylation patterns is notoriously difficult, and any
information on the glycosyltransferases necessary for glycan synthesis would help
in developing glycosylation prediction models, such as Structure Feature Analysis
Tool (56) or Glycosylation Predictor (57). Since many proteins and lipids are
glycosylated, it is necessary to understand glycan modification of molecules to
understand the interactions occurring in vivo. Furthermore, having the actual

protein allows for other experiments to screen for inhibitors of the enzyme and find
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potential new therapeutics. In the case of S. mansoni, this is particularly important
since there still remains only one pharmaceutical capable of clearing the helminth
after infection. Hopefully, the data presented here represents that first step towards

identifying new drug targets for schistosomiasis.
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