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Chapter 1

General Introduction

1.1 Protein N-glycosylation in domains of life

Asparagine-linked (N-linked) protein glycosylation is an abundant protein post-
translational modification mechanism by addition of sugar moiety (generally described as
glycan) onto designated amino acid sequence on the nascent polypeptide chain. The glycan
structure varies depending on the corresponding hosts. This process is sophisticated, yet shares
common mechanisms amongst eukaryotes and is available throughout domains of life. This
chapter provides a general overview of the protein glycosylation essential in eukaryotes,

archaea and bacteria, with a focus on Saccharomyces cerevisiae and Campylobacter jejuni.

1.1.1 Eukaryotic N-glycosylation

Eukaryotic N-glycosylation was identified in rat serum (1), and later was determined to
possess a variety of glycosyl linkages, glycan branches and complex structures. The mature N-
glycan structure is generally viewed as a heterogeneous population of glycans modified by
glycosyltransferases (GTases) and glycanases. The mechanisms and principles of N-
glycosylation are distinct processes that have been recently reviewed (2). The non-templated
diversity of N-glycosylation allows the fine-tuning of the functions of glycans (3). Numerous
biological implications of protein N-glycosylation including with respect to processes such as
protein folding, oligomerization, and structural stability, control of intracellular trafficking,
secretion, protease protection, and cell-to-cell adhesion (3-6). For example, in viral
glycoproteins such as GP120 in human immunodeficiency virus (HIV) (7) and hemagglutinin
of the influenza virus (8, 9), N-glycans serve to modulate antigenicity, evade the immune

system, help in infectivity and help to support virion production.



In eukaryotes, before N-glycans underwent maturation and became a widely
heterogeneous glycan population, they shared a similar assembly pathway. Kornfeld and
Kornfeld (10) reviewed the pathway of protein glycosylation to contain the synthesis of
GlcsMangGIcNACc2-PP-Dol (Glc is glucose, Man is mannose, GIcNACc is N-acetylglucosamine,
and Dol is dolichol). Glycosylation onto designated asparagine residues of proteins is carried
out by the multi-subunit enzyme oligosaccharyltransferase (OST) protein complex (11). Co-
translational glycosylation is a recently proposed mechanism (12, 13) and not all asparagine
residues are glycosylated (14). Later, in the ER and Golgi, diversity of N-glycan structures are
generated by GTases and glycanases (15). This thesis focuses on early-stage biosynthesis of
the eukaryotic N-glycan structure, so the later-stage glycan trimming and the fate of

glycopeptides will not be extensively discussed.

1.1.1.1 Dolichol pathway conferring to N-glycosylation

The early stage of the eukaryotic N-glycosylation process involves of assembly of an
oligosaccharide donor on dolichol, the lipid precursor that localize between cytosol and the ER
lumen. The glycans linked to the lipid via phosphate or pyrophosphate linkage are generally
referred to as lipid-linked oligosaccharides (LLOs). In the dolichol pathway, a series of GTases

are required for the synthesis of specific LLO, GlcsMangGIcNAc.-PP-Dol (10, 16).

Proteins participating in this dolichol pathway are called Alg proteins [after the process
known as asparagine-linked glycosylation (17)], and their predicted activities are shown in
Figure 1-1. GTases on the cytosolic side of the ER facilitate the assembly of MansGIcNAC:-
PP-Dol. The molecular mechanism of the translocation or flipping of this heptasaccharide is

unclear; to date only one candidate gene, RFT has been identified (18).
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Figure 1-1. Glycosyltransferases of the dolichol pathway. Proposed enzymes are indicated for
each step (OST is oligosaccharyltransferase).
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On the lumenal side of the ER, after LLO translocation, GTases participate in the
synthesis of dolichol-tetradecasaccharide (14 saccharide). Step-by-step addition with tight
quality control of substrates has been observed. OST complex is considered to demonstrate a
strong preference for GlcsManyGIcNACc2-PP-Dol (19). This recognition must occur to ensure
the proper assembly of the GlcsMangGIcNAc2-PP-Dol before N-glycosylation by the OST
complex can take place. If the assembly of the full-length 14 saccharide is not complete, the
resulting underglycosylated proteins might be misfolded since lectins (the carbohydrate-
binding property of proteins) in the quality control pathways might not correctly recognize the

underglycosylated structure.



1.1.1.2 Overview of protein-folding glycosylation in quality control

Protein quality control commences upon the emergence of glycosylated polypeptides,
and is followed by protein folding. This process strongly correlated with protein glycosylation.
As an example in eukaryotes, the initial steps include deglucosylation by glucosidase | and
glucosidase 11 (3, 20). As a result of glucosidase | digestion, the GlcoManygGICNAC,-protein is
recognized by the chaperones calnexin (CNX) and calreticulin (CRT), according to their
carbohydrate-binding (lectin) properties. It is considered that the interaction between lectins
and glycans helps to protect the proteins from premature folding. Furthermore, these
chaperones recruit foldase protein, aiding protein-folding process (20). Later in this pathway,
glucosidase 11 completely removes all Glc residues, thereby lowering the lectin affinity and
causing the release of glycoprotein. The proteins released from CNX and CRT are transported
from the ER to Golgi. However, misfolded proteins can reenter the CNX/CRT cycle by means
of UDP-Glc: glycoprotein glycosyltransferase (UGGT), which recognizes the misfolded
protein and thereby re-glucosylates the MangGIcNAC: structure. UGGT might recognize the
hydrophobic patches on improperly folded proteins (21). Using chemical synthesis approaches,
details of the molecular mechanisms underlying the specificities and interactions of the lectin
domains in UGGT, CRT and ubiquitin ligase have been elucidated (22, 23). Furthermore, if
the protein is not recognized by CNX/CRT, there are also peptide N-glycosidases (PNGase),
ubiquitination enzymes, ER mannosidases and additional glycan modification enzymes to

accommodate the different protein substrates.

1.1.1.3 Glycosyl donors and glycosyltransferases

Glycosyl donors of the dolichol pathway can be separated into two groups: donors in
the lumen of the ER and donors in the cytosol. GTases in the cytosol utilize the nucleotide-

activated sugars UDP-GICNAc and GDP-Man. In the ER, the substrates for glycosylation are



dolichylphosphate-monosaccharide donors, Man-P-Dol and Glc-P-Dol (16). These
monosaccharide donors are synthesized by Dpml and Alg5, respectively. However, the

transport mechanism of Man-P-Dol and Glc-P-Dol is still unclear.

GTases participating in the dolichol pathway include Alg7, Alg13/14, Algl, Alg2 and
Algl1for cytosolic LLO assembly, and Alg3, Alg9, Alg12, Alg6, Alg8 and Alg10 for extension
of the saccharides of the LLO moiety in the ER (by yeast nomenclature, listed stepwise, and
partially displayed in Figure 1-1) (16). Some key GTases are mentioned in the paragraphs

below.

Alg7 is an enzyme transferring the GIcCcNAc moiety from UDP-GIcNAc to P-Dol to
generate GIcNAc-PP-Dol, and this transferring activity can be inhibited by tunicamycin (24,
25). alg7 was found in S. cerevisiae, and its homologues have been identified in the archaea
Methanococcus voltae and Homo sapiens (26). Alg7 is a complex multi-transmembrane
spanning protein which hampers purification for biochemical analysis. Furthermore, there is

evidence showing that Alg7 is associated with the Alg13/14 complex in S. cerevisiae (27).

The second GIcNACc is transferred by the Alg13/14 protein complex, generating
GlcNAcp1,4-GIcNAc-PP-Dol. This protein complex was identified by a protein structural
approach, and was predicted to occur with a structural conformation similar to that of the E.
coli MurG protein, which catalyzes the addition of MurNAc-pentapeptide to GIcNAc-PP-Und
(Und is undecaprenol, which serves as a saccharide anchor of LLOs in E. coli) (28, 29).
Functional similarities of Alg13/14 complex and MurG are presumed, but so far there have
been no protein complementation analyses. Furthermore, physical contact between the small
proteins Algl3 and Algl4 has been identified by a co-fractionation technique (30). A recent
study showed that Alg14 recruits Alg13 to the cytoplasmic face of the ER membrane (31), and

currently even the catalytic site is presumed to exist on soluble Algl3, such that the Algl4



protein ensures the cell viability and maintain the interaction with Alg7 (27). In brief, presence
of Algl3 and Algl4 are necessary for the transfer of the GIcNAc from UDP-GIcNACc to

GIcNAc-PP-Dol, forming the disaccharide intermediate in the dolichol pathway.

After GIcNAcP1,4-GIcNAc-PP-Dol has formed, the first mannosylation in the dolichol
pathway is carried out by Algl. Using GDP-Man as a donor, Manf1,4-GlcNAcp1,4-GIcNAc-
PP-Dol synthesis is catalyzed. Furthermore, Algl has been shown to oligomerize with Alg2
and Algll (32). Based on TMHMM (Trans Membrane prediction using Hidden Markov
Models) (33) prediction, Algl has at least one predicted transmembrane domain at the N-

terminal.

Alg2, a bifunctional mannosyltransferase, further adds two Man residues to
ManGIcNAc.-PP-Dol (34). Based on TMHMM (33) prediction, this mannosyltransferase has
four transmembrane domains—i.e., two at the far N-terminus and two at the far C- terminus—
and is responsible for «1,3- and «1,6-mannosylation of ManGIcNAc.-PP-Dol, synthesizing
LLO-pentasaccharide, ManzGIcNAc2-PP-Dol. Algl1 then modifies MansGIcNAc2-PP-Dol by
adding another 2 Man residues. The resulting MansGIcNAc2-PP-Dol is flipped from the cytosol
into the lumen of the ER. By disruption of Algll, MansGIcNAc.-PP-Dol was found to be
accumulated, and thus its function was elucidated. With the MansGIcNAc.-PP-Dol flipped into
the lumen of the ER (18), mannosyltransferases and glucosyltransferases complete the
synthesis of GlcsMangGIcNAc2-PP-Dol prior to the transfer of saccharide moieties to Asn of

the N-X-S/T sequon by the OST protein complex.

1.1.1.4 Oligosaccharyltransferase (OST) of the eukaryotes

Unlike the single-subunit assembly of prokaryotic OST (35), eukaryotic OST exists in
multi-subunit form. The eukaryotic OST complex is comprised of membrane-bound

components. In yeast, 9 subunits have been identified, and Stt3, Swpl, Wbpl, Ostl and Ost2



are essential (11, 36). Stt3 was identified as a catalytic subunit and is the most conserved
subunit in terms of amino acid sequence. The eukaryotic OST recognizes N-X-S/T (where X
is not Pro). All possible glycosylation sequons are not always glycosylated (14). Furthermore,
the research revealed that glycosylation is not limited to N-X-S/T; more recently, N-X-C, N-

X-V, and N-G-X glycosylations were statistically observed in the mouse glycoproteome (37).

The PgIB encoded on the pgl operon of C. jejuni is found to be a homologue of Stt3
subunit of OST (38). Both enzymes possess a highly conserved WWDYG motif for OST
catalysis (39). While the eukaryotic OST subunits form a functional protein complex,
glycosylation by PgIB can be carried out alone both in its native host and in heterologous
expression system in E. coli (40). Moreover, the glycosylation sequon recognized by PgIB are
more extended than the eukaryotic one, D/E-X1-N-X2-S/T, where X1 and Xz are not Pro (41).
Homologues of Swpl, Wbp1, Ostl and Ost2 were identified in eukaryotes but was not found
in C. jejuni.

1.1.2 archaeal N-glycosylation

The archaea are a domain of organisms that possess characteristics distinct from those
of the eukarya and bacteria (42). “Archaea” have different cellular structures than those of other
domains. Their membranes are composed of branched hydrocarbon chains that are attached to
glycerol by ether linkages. Their cell walls contain no peptidoglycans. Usually, archaea inhabit
extreme environments, such as highly sulfurous lakes, undersea hydrothermal vents, or hot

geysers.

1.1.2.1 Discovery of N-linked glycoprotein in archaeal organisms

N-glycosylation was once believed to be restricted to eukaryotes. However, it has since
become apparent that archaea and bacteria also possess this post-translational modification.

Variety of glycan structures were found attached to asparagines of glycosylation sequon (43).



The first archaeal N-linked glycosylation was discovered in Halobacterium salinarum
in 1976. Mescher and Strominger (44) described that the surface (S)-layer glycoprotein is
modified by Asn-linked oligosaccharides, which possess a structure of repeating units of

sulfated pentasaccharide.

The N-linked GIcNAc glycosylation was discovered in Methanococcus voltae (45). The
glycan observed was trisaccharide, GICNAc-(2,3diacetamido-2,3-dideoxy-B-glucuronic acid)-

(2-acetamido-2-deoxy-p-mannuronic acid), which was linked to Asn residues.

1.1.2.2 LLO of archaea

The archaea core glycan is assembled on dolichol, unlike the case of bacteria for which
the assembly of glycan takes place on undedaprenol (Und) (46). Archaea utilize both Dol-P
and Dol-PP as carriers. An example of Dol-P as a carrier is seen in the Halobacterium S-layer
glycoprotein, where bacitracin was unsuccessful at inhibiting the addition of GIcNAc-linked
pentasaccharide, suggesting the use of Dol-P as a carrier of this glycan (47). Recently,
Haloferax volcanii S-layer glycan-component biosynthesis was described (48), and a series of

archaeal glycosylation (Agl) GTases were identified (49-52).

1.1.2.3 AgIB is the archaeal oligosaccharyltransferase

The OST in eukaryotes is a complex of multi-subunit enzyme containing the Stt3
catalytic subunit, whereas in archaea and bacteria, OSTs exist as a single component. AgIB
OST (archaeal glycosylation oligosaccharyltransferase) was identified in M. voltae as a

homologue to Stt3 (53). The Stt3 homologue was also identified in archaea H. volcanii (54).

1.1.3 Bacterial N-glycosylation
Protein glycosylation, once thought to be exclusive to eukaryotes, is now known to
occur in all domains of life (43-46, 55). According to recent discoveries, many bacterial species

8



are able to modify protein substrates by N- (56) or O-glycosylation (57). Among these protein
glycosylation-competent species, C. jejuni, a Gram-negative, spiral-shaped microaerophilic
bacterium whose infection is one of the common causes of bacterial diarrhea (58, 59), is the
most extensively studied bacterium in terms of the N-linked glycosylation pathway (60), which

IS quite different from its eukaryotic counterpart.

1.1.3.1 Campylobacter jejuni N-glycosylation
1.1.3.1.1 C. jejuni protein glycosylation operon

In 1998, Fry et al. isolated the 16 kb protein glycosylation (pgl) locus from C. jejuni
NCTC 81116 (61). Previously, this locus was identified as the lipoposaccharide (LPS)
biosynthesis operon by comparing it to the operons of other bacteria. Fry et al. observed a total
of 11 LPS biosynthetic gene homologues, which consisted of three sugar biosynthesis genes,
six GTases and two transporter genes. In their study, the pgl operon was subcloned, introduced,
and expressed in E. coli. LPS profiling confirmed the putative glycosylation activity in E. coli
harboring the cloned C. jejuni NCTC 81116 pgl operon. Later, Wacker et al. (56) and Linton
et al. (40) further characterized the pgl operon, and their findings will be discussed below.

Orthologues of the pgl operon are also observed in other Campylobacter species. In
some strains, such as Campylobacter curvus 525.92, Campylobacter concisus 13826 and
Campylobacter gracilis RM3268, multiple copies of the PgIB OST genes are present. The
strains found to contain a pgl operon were summarized in the 2010 review of Nothaft and
Szymanski (60).

1.1.3.1.2 Biosynthesis of the C. jejuni N-glycan

In C. jejuni, heptasaccharide (GalNAcal,4-GalNAcal,4-[Glcp1,3-]GalNAcal,4-
GalNAcal,4-GalNAcal,3-diNAcBac, where GalNAc is N-acetylgalactosamine and

diNAcBac is di-N-acetylbacillosamine) is assembled onto an undecaprenyl pyrophosphate



(Und-PP) lipid carrier. Biosynthetic genes encoding GTases, diNAcBac synthases and OST are

located on the pgl operon.

Biosynthesis of C. jejuni LLO is initiated with UDP-GIcNAc modifications by PglF,
PglE and PgID to form UDP-diNAcBac at the cytoplasmic side of the inner membrane (62).
PglF, a C6 dehydratase, generates UDP-2-acetamido-2,6-dideoxy-D-xylo-4-hexulose. Then
PglE, an aminotransferase, catalyzes the pyridoxal-dependent transfer of an amino group
from L-glutamate to C4 of the UDP-4-keto-sugar to form UDP-2-acetamido-4-amino-2,4,6-
trideoxy-a-D-glucose (a UDP-4-amino-sugar). PgID acetylates the C4 group on the UDP-4-
amino-sugar to form UDP-2,4-diacetamido-2,4,6-trideoxy-o-D-glucose (also called UDP-2,4-

diacetamido bacillosamine; UDP-diNAcBac), using acetyl CoA as an acetyl donor.

PgIC, the first GTase, adds UDP-diNAcBac to Und-P, forming diNAcBac-PP-Und (63).
PglA transfers UDP-GalNAc to form GalNAc-diNAcBac-PP-Und, disaccharide. PglJ adds a
single al,4-GalNAc residue, and PglH, working as a polymerase, then adds another 3 GalNAc
residues, not by block transfer but one at a time, resulting in GaINAcs-diNAcBac-PP-Und. Pgll
GTase adds a glucose branch to complete the common heptasaccharide LLO synthesis (40, 64).
The ATP-dependent flippase PgIK (65) then flips this assembled LLO en bloc (66) into the
periplasmic space, where PgIB OST transfers the glycan moiety of LLO onto Asn residue of
D/E-X1-N-X2-S/T (where X1 and Xz are not Pro) acceptor site of the polypeptide chain (56).

The general scheme of this section is shown in Figure 1-2.

In eukaryotes, systematic N-glycan modification by glycan-modifying enzymes in the
corresponding protein secretion pathway was observed. However, in C. jejuni, no such activity
has been described to date, although the addition of phosphoethanolamine to N-glycans was

demonstrated (67).
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Figure 1-2. Summary of the Campylobacter jejuni N-glycan biosynthesis pathway and the
corresponding cellular compartments where the bacterial glycosylation takes place. Please note
that the glycosylation recognition site is extended compared to eukaryotes.

1.1.3.1.3 PgIB substrate recognition and glycosylation mechanism

PgIB is an enzyme encoded from the pgl operon. The presence of a single pgIB gene in
the pgl operon suggests that the PgIB protein functions as a single-subunit OST (56). In contrast
to eukaryotic OSTs, PgIB recognized the extended glycosylation sequon D/E-X1-N-X2-S/T
(where X1 and Xz are not Pro) (41, 68). Evidence suggested that PgIB prefers the folded
substrate in vitro (69). Recently, the X-ray structures of the globular domain of C. jejuni
RM1221 PgIB and the full-length Campylobacter lari PgIB, in complex with an acceptor
peptide, were elucidated (35, 70). In addition, the in vitro quantification of sequon binding and
catalysis (71), and the mechanism of carboxamide activation (72) were studied in C. lari PgIB.
It is anticipated that these data will help clarify the mechanism of bacterial N-linked

glycosylation.
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1.1.3.1.4 Functions of C. jejuni N-glycan

In C. jejuni, numerous N-glycoproteins have been identified (73). Disruption of its N-
glycosylation pathway has pleiotropic effects for the bacterium. Effects include reduced protein
immunoreactivity with both human and animal sera (46, 74), a reduced ability to adhere to and
invade human epithelial cells in vitro (75), and a decrease in mouse and chicken colonization in
vivo (76, 77). However, disruption of either pgll, or pglG (which its function has not been
determined), had no effect on chicken colonization. This absence of an effect on colonization
ability was supported by the observation that mutation of these genes did not affect the N-
glycosylation profile (66). Disruption of pglD resulted in the loss of chicken colonization, even
though low levels of N-glycosylation could still be detected (66, 78).

The C. jejuni N-glycan has immunogenic properties. It was observed that the
heptasaccharide is recognized by human macrophage galactose-type lectin (MGL) (79). This
macrophage captures glycosylated antigens via its lectin activity, providing signals that
modulate immune cell function. MGL recognizes C. jejuni glycoproteins, as well as C.
jejuni LLOs with terminal GalNAc residues. Exposure of human dendritic cells to the C. jejuni
pglA mutant resulted in increased production of the cytokine interleukin-6 (IL-6), because the
C. jejuni pglA mutant does not possess N-linked GalNAc residues, the putative MGL ligand.
Consequently, it could be considered that C. jejuni N-glycosylates its proteins in order to
modulate the host immune response, which could help to limit cellular cytokine production
(79).
1.1.3.2 Unusual protein glycosylation in other bacteria

Apart from C. jejuni, the N-glycosylation system was recently described in the Gram-
negative, y-proteobacterium Haemophilus influenzae, and was shown to involve the sequential
transfer of sugars (80). HMW1 (the high-molecular-weight adhesion protein of H. influenzae)

possesses 31 N-glycosylation sites, and interacts with sialylated N-glycoproteins on the host
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cell surface (81). To resist degradation and maintain bacterial cell surface interaction with its
cognate outer-membrane translocator protein, HMW1B, glycosylation of HMW!1 is required.
The GTase HMW1C seems to associate with HMW1A in the cytoplasm (82), where
monohexoses and dihexoses are added to the conventional eukaryotic N-glycosylation
sequon. An in vitro experiment demonstrated that HMW1C can transfer glucose, galactose,
and small amounts of mannose residues. Surprisingly, HMW1C exhibits two functions: first, a
distinct GTase activity, adding N-linked sugars to HMW1, and second, an ability to generate
hexose—hexose bonds (83). These information help to characterize the new type of bacterial
GTase in H. influenzae.

Remarkably, the N-glycosylation machinery that was identified in Actinobacillus
plueropneumoniae exhibited N-GTase activity towards various donor substrates, mainly the
Glc, but not the GIcNAc (84). The authors thus proposed an alternative route to synthesize N-

glycosylation in bacteria.

1.2 Significances of protein glycosylation
1.2.1 Congenital disorders of glycosylation

Glycosylation is a complex process. Therefore, defects in the pathway can cause lethal
phenotypes or severe medical symptoms. In human patients, congenital disorders of
glycosylation (CDG) can be classified into two groups, CDG | and CDG 11 (85, 86). CDG
caused by problematic biosynthesis of glycan results in aberrant glycosylation of intermediate
glycan structures instead of the mature form. There are a wide range of clinical manifestations,
from intestinal disorders to liver failure or severe mental retardation. To date, 11 human genes
whose mutations can cause these defects have been identified. They are listed in Table 1-1,
which was adapted from Aebi and Hennet 2001 (86). New CDGs symptoms conferring genes

are also being proposed (87).
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Table 1-1. Congenital disorders of glycosylation

Name Gene OMIM Activity
defect
CDG-la PMM2 212065 Phosphomannomutase (Man-6-P — Man-1-P)
CDG-Ib PMI 602579 Phosphomannose isomerase (Fru-6-P — Man-6-P)
CDG-Ic ALG6 603147 a1-3 Glucosyltransferase
CDG-Id ALG3 601110 a1-3 Mannosyltransferase
CDG-le DPM1 603503 Dolichyl-phosphate-mannose synthase (GDP-Man — Dol-
P-Man)
CDG-If LEC35 604041 Unknown
CDG-lla MGAT?2 202066 B1-2 N-acetylglucosaminyltransferase 11
CDG-IIb GLS1 601336 al-2 Glucosidase
LADII/CDG-llc  GDP-Fuc 266265 Import of GDP-Fuc into Golgi and export of GMP
transporter
Ehlers—Danlos XGPT 130070 Xylose B1-4 galactosyltransferase
syndrome
(progeroid
form)
Galactosemia | GALT 230400 Gal-1-P-uridyltransferase (Gal-1-P+UDP-Glc «~UDP-
Gal+Glc-1-P)
Galactosemia | GALE 230350 Galactose epimerase (UDP-Gal <« UDP-Glc)
Galactosemia Il GALK 604313 Galactokinase (Gal — Gal-1-P)

Congenital Disorders of Glycosylation. Online Mendelian Inheritance in  Man
(OMIM) compendium catalog numbers are listed along with the gene names. Adapted from
Aebi and Hennet 2001 (86).

1.2.2 Pharmaceutical glycoprotein functions and applications: recognition and cellular

uptake mediated by mannosylated p-glucocerebrosidase

Glycosylation of certain therapeutic proteins can influence their physiological
properties, such as intracellular targeting, protein-binding and molecular stability (88, 89). In

brief, the purpose of glycosylation is to achieve the optimum therapeutic efficacy.
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B-glucocerebrosidase (bGC) is an enzyme that is absent in patients with Gaucher
disease. This lysosomal disease leads to accumulation of glucosylceramide substrate in the
lysosome of various tissues. Symptoms of Gaucher disease include disorders of the liver, spleen,
blood, bone, and lung (90). Treatment can be carried out by enzyme replacement therapy (ERT),
with an enzyme purified from human placenta (91). Previously, the discovery of mannose
receptors on macrophages by Stahl et al. (92) suggested that glycan modeling of bGC might be
used for uptake purposes (93). However, human placental bGC with such oligomannose was
not effectively utilized. In 1981, Furbish et al. (94) studied the effects of deglycosylation on
bGC uptake, and found that the removal of complex glycans and maintenance of the core
mannose improved macrophage targeting. The N-glycan structure on human bGC was later
elucidated to contain one chain of oligomannose in its 4 glycosylation positions (95). The post-
production glycan modification strategy is being used in production of imiglucerase, Cerezyme.
Cerezyme is a recombinant human bGC produced in Chinese Hamster Ovary (CHO) cells,
where the complex-type glycan on the respective glycosylation sites was modified to contain
mannose terminals. Cerezyme has been reported to have clinical efficacy (96). Recently, the
effect of the mannose chain length on targeting of bGC for ERT of Gaucher disease was
examined (97), and the results indicated that increased binding to mannose-binding lectin
occurred when the mannose core saccharide length of bGC was extended. However, the serum
half-life and macrophage uptake were similar in all forms of bGC generated in the stated work.
Considering that the interaction between lectin and the long mannoses chain, which might
affect clearance and pharmacokinetics, production of bGC with extended mannoses is not
required. This result underscores the importance of specific glycan composition when glycan-

containing pharmaceutical proteins are being produced.
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1.3 Production of glycoproteins in Escherichia coli and approach of glycoengineering

E. coli is a well characterized and robust protein expression host (98). Rapid and
economical production of pharmaceutical proteins (99) are among the most attractive
applications of this organism. To optimize this valuable and cost-effective host, strategies have
been developed for maximizing the expression of soluble recombinant proteins (100, 101).
However, the E. coli protein expression system lacked the glycosylation mechanism which is
available in higher eukaryotic hosts. Recently, E. coli was engineered to be equipped with the
C. jejuni protein glycosylation mechanism (56). Many types of engineered glycans could be
transferred onto recombinant periplasmic- and subcellular- or extracellular-targeted proteins

(102-104).

However, the unique glycan moiety, GaINAcal-4GalNAcal-4(Glcp1-3)GalNAcal-
4GalNAcal-4GalNAcal-3Bacf1-Asn (73), is totally different from the eukaryotic N-glycans
found in mammals. Also, bacterial N-glycans are immunogenic (105, 106) and the Asn residues
are linked by an unusual sugar, diNAcBac. Therefore, if the glycan portion is not for
immunizing purposes, the bacterial glycosylation limits the use of the resulting glycoprotein in
terms of cellular recognitions and functions (3, 4). This has led to the requirement of glycan

structure modeling, namely glycoengineering.

Glycoengineering can be performed in two different ways: in vitro glycopeptide
synthesis followed by chemical ligation, or in vivo glycan engineering. The first method has
been successfully performed in numerous reports (107-109). However, this tedious process
limits the synthesis of folded, complex, or long proteins. In this thesis, therefore, the term
glycoengineering generally refers to the latter method.

The idea of glycoengineering in E. coli has been exploited since the transfer of the

protein glycosylation mechanism from C. jejuni into E. coli (56, 61). To identify the function
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of enzymes involved in pgl operon activity, mutational studies of operon components were
performed (40). Later, by removing genes conferring synthesis and lipid-transfer of diNAcBac
from pgl operon, the HexNAc residue, suggestively GIcNAc, at the reducing ends of N-glycan
was obtained. With a relaxed substrate specificity of PglB OST, the glycan structures
containing GIcNAc at the reducing ends could be transferred onto the respective acceptor sites
of target proteins in the E. coli periplasmic space (103). Furthermore, it was clearly shown that
PglB could transfer not only the C. jejuni-type, linear or branched glycan (110), but also E. coli
O-antigens onto the model proteins (102, 103). These E. coli O-antigens are synthesized on the
common LLO building block, the Und-P, initiated by E. coli native WecA (111-113). The
resulting GIcNAc-PP-Und should be readily available in E. coli, since the second GTase of the
O-polysaccharide biosynthesis pathway, wbbL, was missing in E. coli lab strains, and when
wbbL was complemented, O-antigen was synthesized in previously lacking E. coli (114).
These insights have opened up the engineering of humanized glycan structures, bottom-
up from GIcNAc-PP-Und and later, GIcNAc-Asn. Engineering of glycosylation pathway in E.
coli is recognized as bottom-up because the E. coli constructed N-glycosylation pathway is
novel. Taking into account that there was no previous protein glycosylation pathway installed
in E. coli, the desired N-glycan to be obtained from the constructed pathway is rationally

homogeneous.

Engineering recombinant glycan structures in E. coli for both research use and
industrial application is a current goal of glycoengineering. A bacterial N-glycosylation
glycoengineering approach requires 3 key steps: [1] the LLO glycan donor must be assembled
onto the E. coli WecA product, GIcCNAc-PP-Und; [2] the engineered LLO glycan must be
flipped across the inner membrane into the periplasmic space; and [3] the engineered glycan is
transferred onto the secreted protein by PgIB OST. Figure 1-3 provides a general outline of this

concept. The resulting engineered glycan, both on LLO and glycoprotein, can serve as a
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material for functional studies and biomedical applications. The ultimate goal is to establish an
E. coli platform for the production of homogeneous eukaryotic N-glycoproteins, which will be

further discussed in Chapter 3 of this thesis.
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Figure 1-3. The bacterial N-glycosylation glycoengineering approach in E. coli

1.4 Summary

Protein glycosylation, once thought to be exclusive to eukaryotes, is observed in all
domains of life. In bacteria, the N-glycosylation has been identified in C. jejuni. The pathway
was found to be comprised of genes located on a 16 kb pgl operon. When this pgl operon was
transferred into E. coli, protein glycosylation was observed. After the pgl operon was
extensively examined, the possibility of bacterial N-glycan glycoengineering arose. Using
property of relaxed substrate specificity of the PgIB, glycans assembled from the installed

recombinant pathway could be glycosylated onto the desired target protein.
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1.5 Objective of the study

CHO cells are the most popular host in terms of production of human therapeutic
glycoproteins. The CHO produced sialylated glycans are suitable for interaction with human
cells (115), moreover the high titers of the secreted glycoprotein have reached the order of 10
g/l (116). However, there are drawbacks in using CHO cell lines for production of therapeutic
protein productions, such as slower growth rate, expensive growth media, and risk of viral
contamination (117). These factors have kept the production costs high. Recently, the
production of glycoprotein in E. coli has been made possible by the characterization and
successful transfer of pgl operon from C. jejuni to E. coli (56). Considered as a promising
glycoprotein production platform with relatively low costs, yet the remaining challenges are
such as engineering of glycan structure, and to avoid integration of unwanted bacterial glycan
in the constructed E. coli system. Approaching the application of E. coli N-glycosylation, the
biosynthetic pathway of eukaryotic N-glycan structure is to be constructed.

This thesis comprises of four chapters. Chapter 1, general introduction, describes
protein glycosylation in domains of life, differences of their processes and approach of
glycoengineering in E. coli. A pgl operon conferring N-glycosylation from C. jejuni strain JCM
2013 was identified in Chapter 2. Heterologous expression of the cloned pgl operon resulted in
GIcNAc-Asn glycosylation of proteins. In Chapter 3, an N-glycosylation pathway containing
S. cerevisiae GTases, connecting with native E. coli O-polysaccharide biosynthetic pathway,
was constructed and introduced into E. coli. The eukaryotic N-glycan structure, as observed in
the early dolichol pathway, was found to be assembled and glycosylated onto the model protein
as a result. This work has opened up the possibility of engineering more complex, humanized
N-glycan structures and N-glycoproteins that could be totally synthesized in E. coli, which the

perspective is described in Chapter 4.

19



Chapter 2

Cloning and Characterization of the Protein Glycosylation Operon from
Campylobacter jejuni JCM 2013

2.1 Introduction

Campylobacter is a group of spiral-shaped, microaerophilic, pathogenic bacteria. C.
jejuni is the strain in which the protein N-glycosylation mechanism was found. C. jejuni NCTC
81116 and 11168 are type strains in which pgl operon was identified and characterized (40, 56,
61). The pgl operon consists of GTases, OST, and translocase (flippase), and the resulting
glycan structure is a heptasaccharide, as generally described in Chapter 1. Furthermore, diverse
N-glycan structures have been observed in Campylobacter other than C. jejuni (118).

C. jejuni strain JCM 2013 is available in the Japan Collection of Microorganisms (JCM)
of the RIKEN Bioresource Center (Saitama, Japan), but there has been no report focusing on
its protein N-glycosylation. In this study, identification of the C. jejuni JCM 2013 pgl operon
was performed.

In C. jejuni, numerous N-glycoproteins have been identified (73). In previous reports,
Peb3 and CmeA, which respectively function as an antigenic peptide (119) and a component
of a multidrug efflux pump (120), were shown to be abundantly expressed and glycosylated in
native C. jejuni (40). CmeA was chosen as a glycan acceptor protein in this work.

To assess the function of the cloned pgl operon, it was co-expressed with a glycan
acceptor protein, CmeA, which possesses 2 prokaryotic N-glycosylation sites, in the
constructed E. coli BL21 Awaal mutant. Protein expression was successful, and putative
protein glycosylation activity was observed. The detailed glycan structure was analyzed by
mass spectrometry (MS) and the fluorophore-labeling method.

Operon minimization, protein expression requirements, and induction conditions were

studied. In addition, the maltose binding protein (MBP) and DsbA were C-terminally fused
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with a synthetic glycosylation sequon and expressed as glycan acceptor proteins, alternative to
CmeA. MBP was chosen because it can be expressed at a high-level in E. coli (data not shown),
can carry a foreign protein following its C-terminal, and can be periplasmically directed and
purified on amylose resin or metal affinity resin (121, 122). DsbA was chosen because it is a

small periplasmic protein of E. coli with an efficient periplasmic secretion signal (123, 124).

2.2 Materials and methods

Chemicals were obtained from Wako Pure Chemical Industries (Osaka, Japan) unless
mentioned otherwise. Tryptone and yeast extract were purchased from BD Biosciences
(Franklin Lakes, NJ). Restriction enzymes were obtained from TaKaRa Bio Inc. (Kyoto, Japan).

General molecular biology techniques were conducted following a laboratory manual (125).

2.2.1 Strains, medium and cultivation conditions

Genomic DNA of C. jejuni JCM 2013 (ATCC 29428) was obtained from the Japan
Collection of Microorganisms (JCM). E. coli DH5a (126) and BL21 (DE3) (Novagen, WI)
were used for genetic manipulation and protein expression, respectively. E. coli strains were
grown in LB medium (1% tryptone, 0.5% yeast extract and 1% NaCl). Antibiotics of 100 mg
ampicillin (Ap), 25 mg chloramphenicol (Cm) or 25 mg kanamycin (Km) per liter were added
to the media for selection as needed.

2.2.2 DNA cloning
KOD-Plus DNA polymerase (TOYOBO, Osaka, Japan) was used for DNA

amplifications. pGEM-T Easy (Promega, Madison, WI) was used for cloning of operon
fragments. Sequence analysis was performed using a BigDye Terminator version 3.1 cycle
sequencing kit on a 3130xI genetic analyzer (Applied Biosystems, Foster City, CA). DNA

contigs were assembled using the ATGC application in the GENETYX 10 software package
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(GENETYX Corp., Tokyo, Japan), and sequence identification was performed using the
BLASTN and BLASTP facilities of NCBI.

The whole region of the pgl operon was separated into 5 regions, and each region was
amplified separately. The fragments ranged from 3.5 to 4.5 kb in size, with intra-overlapping
at the respectively predicted pglK, pgll, pglB, and pglE ORFs. Amplicons were generated by
amplification of C. jejuni JCM 2013 genomic DNA with the following primer pairs: waaC-R
and pglK-R; pglK-F and pgll-R; pgll-F and pgIB-R; pglB-F1300 and pglE-R; and pglE-F and

cheY-R. The oligonucleotide primers are listed in Table 2-1.

2.2.3 E. coli BL21 (DE3) waaL mutant generation

The waaL gene was disrupted according to the method reported for Salmonella species
(127). Briefly, the waalL locus with a 3.5 kb flanking region was amplified using primers
gumD-F and waaT-R. An amplified product with a size of 7.7 kb was ligated to pGEM-T Easy.
Inverse-PCR was performed at the waal locus on the cloned plasmid using the primers inv-
waal-F and inv-waal-R in order to delete waaL and introduce BamHI cutting sites. The
bacterial kanamycin-resistance cassette (kanR) was amplified from plant binary vector pBI121
(128) with terminal BamHI restriction sites using the primers kanR-F and kanR-R. Later, this
cassette was ligated into a previously constructed and cut plasmid to replace the waaL ORF
with kanR. This yielded a kanamycin-resistance cassette with flanking genes of waaL. This
constructed waal disruption cassette on pGEM-T Easy was amplified with M13 primers, and
the amplified product was cut with Notl, purified and self-ligated using a TaKaRa Ligation Kit
version 2.1. The ligation product was ethanol-precipitated and then electrotransformed (0.1 cm
cuvette, on Bio-Rad (Hercules, CA) Gene Pulser set at 2.4 kv, 400Q, and 25uF) into E. coli
BL21 (DE3). The transformants were plated on LB agar (Km) and incubated for 20 hrs at 37°C,
and were subsequently transferred onto three fresh agar plates: LB (Ap), LB (Km) and LB,

respectively. The transformants which only showed resistance to Km but not Ap were chosen
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as the candidates for the waal. mutant. Genomic integration of the kanR gene at the waal locus
was confirmed by PCR analysis. The obtained mutant was designated as the E. coli BL21
Awaal and used for the protein expression.

2.2.4 Protein expression of the pgl operon and CmeA

The pgl operon and the cmeA gene were amplified from C. jejuni JCM 2013
chromosomal DNA using KOD-Plus DNA polymerase. The amplified pgl operon and cmeA
gene were digested with Ncol and Xhol and ligated to the Ncol and Xhol sites of pACYCDuet-
1 (Novagen) and pET-22b (Novagen). The resulting plasmids were designated as pPgl and
pCmeA, respectively.

Plasmids pPgl and pCmeA were co-introduced into the E. coli BL21 Awaal by
electroporation. Freshly transformed cells were inoculated into LB media (Ap, Cm, Km) and
incubated overnight with shaking as a preculture. The preculture was diluted 3% into a 500
ml Erlenmeyer flask containing 100 ml LB medium (Ap, Cm, Km). The culture was then
incubated at 37°C and 120 rpm on a reciprocal shaking incubator. After the cell density
reached an ODsoo Of 0.5, the culture flask was transferred onto ice and kept for 15 min. Protein
expression was initiated by shaking at 37°C and 120 rpm for another 4 hrs. The expressed
cells were harvested by centrifugation at 10,000 x g for 10 min, washed with 20 ml of 10 mM
Tris-Cl pH 8.0, then pelleted again.

2.2.5 Protein extraction and purification

Periplasmic material extraction was performed using a single-step incubation. Briefly,
the cell pellet was resuspended in 20% sucrose, 30 mM Tris-Cl pH 8.5, 1 mM EDTA and 1
mg/ml of lysozyme (Sigma). After incubation on ice for 30 min, the mixture was centrifuged
at 10,000 x g for 15 min. The resulting supernatant was collected as periplasmic extract. The
extract was then dialyzed against CmeA purification buffer (30 mM Tris-Cl pH 8.0, 300 mM

NaCl, 1 mM phenylmethylsulfonyl fluoride (Sigma)) using a dialysis membrane (Wako). The
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dialyzed extract was loaded onto 1 ml of a nickel-nitrilotriacetic acid (Ni-NTA) affinity resin
(Bio-Rad), equilibrated with CmeA purification buffer. The unbound proteins were washed
out with 50 ml CmeA purification buffer containing 5 mM imidazole (MP Biomedicals,
Santa Ana, CA). The bound protein was eluted with CmeA purification buffer containing 20,

50 and 200 mM imidazole.

2.2.6 Protein electrophoresis, Western- and lectin-blotting

SDS-PAGE was performed with a discontinuous system as previously described (129)
using 10% acrylamide (Nacalai Tesque, Kyoto, Japan) with 3.3% N, N'-
methylenebisacrylamide. The protein was stained with Coomassie Brilliant Blue (CBB)
following a general protocol (125) or by immunoblotting. For immunoblotting, the protein was
transferred onto a polyvinylidene fluoride (PVDF) membrane (Immobilon-P; Millipore,
Bedford, MA) by a semi-dry system with 25 mM Tris, 192 mM glycine and 20% methanol as
buffer. The blotted membrane was blocked in 5% skim milk in phosphate buffered saline with
0.05% v/v Tween-20 (PBS-T) for 1 hr at room temperature. The blocked membrane was
incubated with 1:2000-diluted anti-Penta His antibody (Qiagen, Hilden, Germany) as the
primary antibody and 1:5000-diluted horseradish peroxidase-conjugated anti-Mouse 1gG (GE
Healthcare, Piscataway, NJ) as the secondary antibody. The immunoreacted signal was
developed with Immobilon Luminata Forte Western HRP Substrate (Millipore).
Chemiluminescent signals were visualized by exposure to RX-U Medical X-ray film (Fuji Film,
Tokyo, Japan) and developed with an FPM100 medical film processor (Fuji Film). For soybean
agglutinin (SBA) lectin blotting, the blotted membrane was blocked in 1% skim milk in PBS-
T, then incubated with 1 pg/ml biotinylated SBA lectin (J-Oils Mills, Tokyo, Japan) in PBS-T
for 1 hr with shaking and 1 pg/ml HRP-conjugated streptavidin (Vector Laboratories,
Burlingame, CA) in PBS-T. After extensive washing in PBS-T, the membrane was developed
with a POD-Staining kit (Wako).
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2.2.7 Glycopeptide analysis by nanoLiquid chromatography/mass spectrometry

(nanoLC/MS)

The purified putatively glycosylated CmeA was separated by SDS-PAGE and stained
with CBB staining solution. Bands of interest were excised by scalpel, destained with 50 mM
NHsHCO3z in 50% acetonitrile, dehydrated with acetonitrile, and in-gel digested with Trypsin
Gold (Promega) in ProteaseMAX™ surfactant (Promega) at 37°C for 3 hrs. After
centrifugation at 15,000 xg for 15 sec, the resulting solution containing tryptic peptides was
subjected to mass spectrometry (MS) analysis on a nanoLC/MS 1200 System (Agilent, CA)
equipped with a micrOTOF-QII instrument (Bruker Daltoniks, Bremen, Germany). For the LC
analysis, ZORBAX 300SB-C1g columns were used as the trapping column (5 um, 0.3 x 5 mm)
and analytical column (3.5 um, 0.075 x 150 mm). For the nanoLC separation, the mobile phase
was composed of 0.1% formic acid (solvent A) and 0.1% formic acid in acetonitrile (solvent
B). For peptide trapping in the column, 0.1% trifluoroacetic acid (solvent C) was used. After
injection of the sample, the flow was directed to the trapping column in solvent C at a flow rate
of 10 ul/min. The tryptic peptides were separated by linearly increasing the solvent B
concentration from 2% to 8% over 5 min, and then to 30% over 30 min at a flow rate of 0.3
ul/min, followed by washing with 95% solvent B for 5 min, and then returned to the initial
conditions. The MS data were deconvoluted using ESI Compass DataAnalysis 4.0 software
(Bruker Daltoniks).

2.2.8 N-glycan analysis by fluorophore labeling

The sample for N-glycan structural analysis was prepared using a previously described
method (130) with modifications. Briefly, glycan was released from 10 mg of lyophilized
powder of the purified CmeA protein by hydrazinolysis at 100°C for 10 hrs. Re-N-acetylation
was performed using saturated NaHCOs3 and acetic anhydride. The resulting solution was

desalted using a Dowex 50x2 resin (Muromachi Technos, Tokyo, Japan), then vacuum
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concentrated and lyophilized. The obtained powder was pyridylaminated using purified 2-
aminopyridine (PA). The excess of free PA was removed with 3 rounds of phenol:chloroform
(1:1) extraction followed by 3 rounds of chloroform extraction. The aqueous phase, containing
PA-glycan, was lyophilized and dissolved in 50 ul of Milli-Q water (Millipore) prior to analysis.

Size-fractionation (SF)-HPLC was performed using a 4.6 x 250 mm Asahipak NH2P-
50 4E column (Showa Denko, Tokyo) on a Jasco HPLC apparatus, and PA-glycans were
detected at the excitation and emission wavelengths of 310 and 380 nm, respectively. The
chromatographic solvents were acetonitrile (SF solvent A) and 0.01% TFA (SF solvent B).
After sample injection, the percentage of SF solvent B was held at 15% for 5 min as an initial
condition. PA-glycans were eluted by increasing the percentage of the SF solvent B mixture
linearly from 15% to 50% over 30 min at a flow rate of 0.7 ml/min. The column temperature
was set at 40°C.

To analyze the oligosaccharide structure, digestion of PA-glycan was performed using
a-N-acetylgalactosaminidase (a-GalNAcase; NEB, Beverly, MA) according to the
manufacturer’s protocol. After boiling to inactivate the reactions and centrifugation, the

resulting supernatants were subjected to SF-HPLC analysis.

The HPLC-eluted PA-glycan samples were collected and subjected to subsequent
digestion and LC-MS/MS analysis on an Agilent Technologies 1200 series instrument

equipped with an HCT Plus MS unit.

2.2.9 Transcriptional analysis of bacillosamine synthase and transferase genes under the
constructed E. coli system

Total RNA was prepared from 500 pl culture of the E. coli BL21 AwaalL mutant
expressing pPgl and pCmeA using an RNeasy mini kit (Qiagen) according to the
manufacturer’s protocol. The cDNA was synthesized using a PrimeScript RT reagent kit

(TaKaRa) and pglG-R primer. Primers amplifying the internal regions of pglF, pglE, pgID, and
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pglC were designed by Primer3 software (131), yielding amplicons of 470, 495, 497 and 451
bp, respectively. The PCR reaction was performed for 35 cycles with a 25 pl reaction of GoTaq
polymerase (Promega) using 10 ng of cDNA, and 10 ul of PCR product was separated on TBE
agarose gel.

2.2.10 Elucidation of glycan composition and the glycan residue at the reducing end of N-

linked glycan

First, the pgll gene (putative glucosyltransferase) was disrupted from the pgl operon.
Primers pglH(down)-R and pglJ(ups)-F were used in inverse-PCR amplification, leaving
approximately 100 bp at both ends of pgll ORF. The resulting PCR products were ethanol
precipitated, phosphorylated with polynucleotide kinase (TaKaRa), ligated overnight with a

DNA Ligation kit and transformed into E. coli DH5a. The resulting plasmid was named pPgl

Apgll.

pPgl Apgll and pCmeA were introduced into E. coli BL21 Awaal. The protein
expression and following preparations were performed as described above. PA-glycans were
prepared and the corresponding sample was subjected to a-GalNAcase digestion. The SF-
HPLC conditions were changed when monosaccharide was analyzed. PA-monosaccharide
standards were obtained from TaKaRa. Using a SF-HPLC column, PA-monosaccharides were
eluted by increasing the percentage of the SF solvent B mixture linearly from 5% to 50% over

30 min at a flow rate of 0.7 ml/min.

2.2.11 Construction of pgl operon derivatives and expression under the Ara promoter

To construct a pgl operon of minimal length, the partial pgl operon fragment from wlaA
to pglA was amplified (primer wlaA-F x pglA-R). Fragments were ligated to the Ncol and
BamHI sites of pACYCDuet-1. Subsequently, to remove pgll glucosyltransferase, inverse-PCR

was performed as described above. The plasmids were named pPgl mini and pPgl mini Apgll,
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accordingly. The T7 promoter (Pt7) was removed from pACYCDuet-1 using primers
pACYC(T7down)-F x pACYC(T7up)-R, and the resulting plasmid was named pACYCDuet-

1 AT7.

To construct an inducible protein glycosylation operon, an alternative to Pr7, arabinose-
inducible promoter (Psap), was employed. Psap was cloned from genomic DNA of E. coli
BL21 (DE3) and replaced Pt7 and the lac operator on pACYCDuet-1. The obtained plasmid
was named pAra-0. Subsequently, the pgl operon on pPgl was cut at Ncol and Xhol and ligated

to the respective cutting sites on pAra-0. Designations were Pgap (name of previous plasmid).

2.2.12 Construction of plasmids expressing glycan acceptor proteins

A Glycosylation Tag (GT) containing GGDQNAT as a prokaryotic glycosylation motif
(104) was introduced onto plasmid pET-22b. By inverse-PCR, GT and GT4 were introduced
after the Xhol site and in front of the 6xHis sequence using primers pET22bGT-F X pET22bGT-R
and pET22bGT4-F X pET22bGT4-R pairs, respectively. pET-22bGT and pET-22bGT4 were then
obtained. Next, E. coli MBP encoded by the malE gene, and disulfide isomerase encoded by
the dsbA gene were amplified with primers Ndel-MalE-F x Xhol-MalE-R and Ndel-DsbA-Fw
x Ncol-DsbA-Rv, and were ligated in-frame to pET-22bGT. The resulting constructs were
designated MBP-GT and DsbA-GT, respectively. By ligation of malE and dsbA into pET-
22bGT4, constructs carrying 4 GT repeats were obtained, and the resulting proteins were named

MBP-GT4 and DsSbA-GTa.
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Table 2-1. Oligonucleotide primers used in Chapter 2. Restriction sites are underlined.

Name Sequence (5°)
waaC-R CTATTTTTCATTAAGTAAGCC
polK-R TCATTTCTCCTCTTTAAGC
polK-F ATGTTAAAAAAACTTTTTTTTATTTTAAG
poll-R CTAATTTTTGCATAAAGCCACC
poll-F ATGCCTAAACTTTCTGTTATAGTGC
pglB-R TTAAATTTTAAGTTTAAAAACTTTAGC
pglB-F1300 CAACTATAAAGCGCCAACAG
polE-R TTAAGCCTTTATGCTCTTTAAGATC
polE-F ATGAGATTTTTTCTTTCTCCTCC
cheY-R GTGAAATTGTTAGTTGTTGATG
wlaA-F GTTTCCATGGCAAAAAATGAAGGTTATATTTG
polG-R GTTTCTCGAGTCAAATATTATTATTTTTATACTTAACCGTA

AATAAA

cmeA-F GTTTCCATGGATAGCAAAGAAGAAGCACC
cmeA-R GTTTCTCGAGTTGTGCTCCAATTTCTTTAAC
gumD-F ATGATCATCGTTACCGGC
waaT-R ATACTTTAATATCGCGCGTG
inv-waal-F GGATCCATATTTTCAACCTATGCTAC
inv-waal-R GGATCCTGAATATGTGAAATAAAATC
kanR-F GGATCCCAGTGAGAGCAGAGATAGC
kanR-R GGATCCCGTCGATCAGTTCTTGCC
M13-F GTTTTCCCAGTCACGAC
M13-R CAGGAAACAGCTATGAC

pglH(down)-R

CCACACTTTTAGTATCATCGCTAGAATTATCATCGC

pgld(ups)-F GCCTAAGTATAAAAATCAACGCTCCTGCTTTG

pglA-R GTTTGGATCCTCATACATTCTTAATTACCCTATCATAAAGT
TTT

PET22bGT-F AACGCGACCCACCACCACCACCACCACTGAGAT

PET22bGT-R CTGATCGCCGCCCTCGAGTGCGGCCGCAAGC

PET22bGT4-F GGCGGCGATCAGAACGCGACCGGCGGCGATCAGAACGCG
ACCCACCACCACCACCACCAC

PET22bGT4-R GGTCGCGTTCTGATCGCCGCCGGTCGCGTTCTGATCGCCG

CCCTCGAGTGCGGCCGCAAG
pACYC(T7down)-F CCTGTAGAAATAATTTTGTTTAACTTTAATAAGGAGATAT
ACC

pACYC(T7up)-R ATTTCCTAATGCAGGAGTCGCATAAGG
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2.3 Results and discussion

2.3.1 ldentification of the pgl operon from C. jejuni JCM 2013

The nucleotide sequence of the pgl operon of C. jejuni JCM 2013 has never been
reported, and therefore there was no information about the operon organization, including
insertion, deletion or variation of operon components. To elucidate the pgl operon organization
in the C. jejuni JCM 2013 strain, 15,597 nucleotides of the putative pgl locus were cloned. This
pgl operon contained 14 ORFs, [wlaA, gne, pglK, pglH, pgll, pgld, pglB, pglA, pglC, pglD,
wlaJ, pglE, pglF, pglG] (Figure 2-1), with 98% identities for overall nucleotide sequence, and
99% for overall amino acid sequence, compared to that of C. jejuni NCTC 11168 (GenBank:
AL111168.1). There were no insertions, deletions, or alterations of order or direction of any
components. The sequence data and annotations can be accessed under accession number

(AB872218). The sequence of CmeA can be found in the Appendix.

pgiC pglD wiaJ

=i

1 kb

Figure 2-1. Identified pgl operon of C. jejuni JCM 2013

CmeA

> ot
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Figure 2-2. Landmark of N-glycosylation sites available on CmeA
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2.3.2 Heterologous expression of the pgl operon and C. jejuni glycoprotein CmeA in E.
coli

To examine the N-glycosylation activity of the putative pgl operon from C. jejuni JCM
2013, the cloned pgl operon was co-expressed with CmeA as a glycan acceptor protein. CmeA
cloned from C. jejuni JCM 2013 has 2 extended N-glycosylation sites at amino acid N12s and
N275 or N27s (Figure 2-2). To avoid the integration of foreign Campylobacter glycan into the E.
coli O polysaccharide structure, the chromosomal waal gene encoding O-antigen ligase was
disrupted by insertion of a bacterial kanamycin-resistance gene (Figure 2-3). The obtained

mutant, designated as the E. coli BL21 Awaal, was used in protein expression.

A o
Introduced -
or native-
olysaccharide ..
poy Lipid A-core
\_P_l \
Fg Poik | R
! Waal
Wzx ‘
e Outer
Escherichia coli Membrane
B Chromosomal locus and flanking of waal. gene

4{ waaT‘ waaY| waaW‘ waaV | waalL | waaC | WaaF‘ gumbD }7

‘ waaT| waaY| waaW| waaV “ waaC | waaF H gumbD ‘

waal disruption cassette

Figure 2-3. Construction of the waaL disruption cassette. A: Possible function of WaaL as an
O-antigen ligase that inhibits the accumulation of assembled polysaccharide by ligating
polysaccharides to the cell wall structure. B: Chromosomal locus of waal in the genome of E.
coli BL21 (DE3) and the corresponding disruption cassette.

31



The glycan acceptor protein CmeA was expressed with the N-terminal PelB leader
signal peptide to facilitate periplasmic secretion, where the C. jejuni-type glycosylation is
expected to occur. The recombinant proteins encoded in the pgl operon and CmeA were
produced without IPTG induction. Use of IPTG in the constructed system (pPgl and pCmeA)
yielded the CmeA protein product, but failed to generate glycosylated CmeA, as shown on
Western blot. The use of the described expression plasmids (pPgl and pCmeA) in the E. coli
BL21 (DE3) wild type resulted in abolished glycosylation compared to expression in the E.
coli BL21 Awaal (Figure 2-4).

E. coli BL21 WT Awaal
(DE3)

q
Qoo o
kDa 50 -

37 -

Figure 2-4. The putative CmeA glycosylation activity by the cloned pgl operon. Expressions
in E. coli BL21 (DE3) and the AwaalL mutant were compared by loading total protein extracts
on the Western blot. Protein glycosylation was only observed in the non-IPTG-induced Awaal
strain expression. Pre indicates the pre-induced sample, and the numbers indicate the IPTG
concentrations.

The periplasmic-localized recombinant CmeA was purified by Ni-NTA and analyzed
by SDS-PAGE (Figure 2-5 A) and Western blotting (Figure 2-5 B). SDS-PAGE analysis
showed that the CmeA protein was purified to at least 95% homogeneity in the 50 mM
imidazole-eluted fraction. In both analyses, two additional protein bands with slower mobility
were observed along with the main protein band. These additional bands probably represented

the glycosylated CmeA, with one and two N-glycan chains.
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Figure 2-5. CmeA purification. A: Coomassie-stained SDS-PAGE of Ni-NTA purified CmeA.
B: Western blot of purified CmeA where His-tagged CmeA was detected with anti-His
antibody. C: SBA lectin blot of CmeA carrying glycan synthesized from pPgl. BL21 was E.
coli BL21 Awaal, transformed with blank plasmids.

The C. jejuni JCM 2013 pgl operon identification revealed that the structure of this
operon was similar to that of the previously reported C. jejuni NCTC 11168 pgl operon (40).
Therefore, C. jejuni JCM 2013 was predicted to possess a similar C. jejuni N-glycan structure
(GalNAcal,4-GalNAcal,4-[GlcB1,3-]GalNAcal,4-GalNAcal,4-GalNAcal,3-diNAcBac).

To examine glycosylation on the recombinant CmeA expressed in the constructed
system using C. jejuni N-glycan synthesized by pgl operon components, lectin blotting with
soybean agglutinin (SBA), which reacts to the terminal GalNAc residue (66, 132), was
performed. Crude periplasmic extracts of the E. coli BL21 AwaalL co-expressing pPgl and
pCmeA were subjected to SDS-PAGE and SBA lectin blotting. The two slowly migrating
bands above the molecular standard of 37 kDa reacted to SBA lectin (Figure 2-5 C). This
migration pattern corresponded to SDS-PAGE and anti-Penta His Western blotting of the
purified CmeA. These results suggested that CmeA was glycosylated with a glycan structure

that possessed a GalNAc residue at the non-reducing end.
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2.3.3 nanoL.C/MS/MS analysis of the recombinant glycosylated CmeA

To analyze the detailed glycan structure on CmeA, a nanoLC/MS/MS analysis was
performed. The Ni-NTA purified protein band corresponding to the expected glycosylated
CmeA was excised, destained, in-gel digested with trypsin and subjected to analysis with the
nanoLC/MS Q-TOF system. After the chromatogram was integrated and deconvoluted, the
tryptic glycopeptide of interest containing a glycosylation motif with the putative glycosylated
Asn underlined [AIFDNNNSTLLPGAFATITSEGFIQK], as depicted in Fig. 2-6 A, was
identified as a major glycosylated peptide signal at m/z 4149.84. Due to the technical
limitations of the nanoLC/MS/MS, it was still unclear which Asn residue of the DNNNST
glycosylation motif was glycosylated. In addition, the MS/MS fragmentation analysis did not
show the MS signal of the predicted diNAcBac-containing glycopeptide (m/z 2997), but the
glycopeptide consisted of 6 HexNAc residues and 1 Hex residue (m/z 2972.33) (Fig. 2-6 B).
This analysis revealed that the N-linked glycan at the reducing end was HexNAc, not the
predicted diNAcBac. Together with the results of SBA lectin blotting, these results suggested
that the glycan structure in the recombinant CmeA co-expressed with the pgl operon of C.
jejuni JCM 2013 was GalNAc-(HexNAcsHex)-Asn, which can be inferred to have the structure
of GalNAc-HexNAc-(Hex-)HexNAc-HexNAc-HexNAc-HexNAc-Asn, which in turn
corresponds to the previously reported structure of GaINAc-GalNAc-[Glc]GalNAc-GalNAc-

GalNAc-HexNAc-Asn (40).
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Figure 2-6. CmeA glycopeptide analysis. A: Predicted glycopeptide. B: Mass spectrometric
analysis of glycopeptide.

2.3.4 Transcriptional analysis of the diNAcBac synthase and diNAcBac transferase genes
under protein expression condition in the constructed E. coli system

Although the diNAcBac moiety was predicted to be present at the reducing end of the
N-linked glycan in the recombinant CmeA, it was not observed. This result differed from the
previous observation of C. jejuni N-linked glycan production in E. coli expressing the C. jejuni
NCTC 11168 pgl operon (56). To explore the reason for the absence of the diNAcBac residue
in the N-glycan, the expression of the genes involved in diNAcBac synthesis — pglF, pglE,
pglD and pglC — on the pgl operon was analyzed by reverse transcription (RT) PCR. pglA was
selected as a control transcript since its function has been elucidated (40), and was positioned
adjacent to pglC. The background of DNA contamination in the RNA extract was examined,
together with verification of successful cDNA synthesis in the RT-PCR reaction by pglA

amplification as a positive control (Figure 2-7 A). All four genes were transcribed under the
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protein expression conditions (Figure 2-7 B), although their expected glycan product was

absent.
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Figure 2-7. Reverse-transcriptional analysis. A: The control reaction consisting of pglA
amplification in cDNA but not RNA. B: Transcriptional analysis of pglF, pglE, pglD and pglC
genes conferring diNAcBac synthesis. M indicates a 100 bp ladder from Bio-Rad.
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Figure 2-8. PA-glycans analysis. A: PA-glycans from CmeA. Peak a is the corresponding
glycan from glycopeptide MS analysis and Peak b is the a-GalNAcase digest of Peak a. B: MS
chart of the sample corresponding to Peaks a (upper) and b (lower).
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2.3.5 N-glycan analysis of glycosylated CmeA

In order to analyze the N-linked glycan structure on CmeA in detail, including
assessment of the monosaccharide constituent and linkage manner, a conventional N-glycan
analysis by PA labeling with glycosidase digestion was performed. Using SF-HPLC, the PA-
glycan prepared from the purified CmeA was separated. A total of 10 peaks were collected,
concentrated and analyzed by LC-MS. The results showed that only the peak a eluted on SF-
HPLC at 21.8 min corresponded to PA-glycan of CmeA (Figure 2-8 A). The other 9 peaks
were analyzed and found not to correspond to signal of any PA-oligosaccharide, since they
lacked the characteristic fragmentation pattern in MS/MS analyses (data not shown). Peak a
possessed an m/z of 1478.1. By MS/MS sequencing, this signal was fragmented to m/z signals
of 1274.3, 1071.3, 909.3, 706.2 and 503.2, which corresponded to Hex-HexNAcs-PA, Hex-
HexNAcs-PA, HexNAcs-PA, HexNAcs-PA, and HexNAc-PA, respectively (Figure 2-8 B).
This structure agreed with the findings of the nanoLC/MS/MS analysis. Peak a was then
digested with a-N-acetylgalactosaminidase (o-GalNAcase). The o-GalNAcase digest was
analyzed on SF-HPLC, eluted at 18.7 min and named peak b (Figure 2-8 A). Peak b was
subjected to MS analysis and showed an m/z of 1072.0, which was fragmented to m/z signals
of 909.2, 706.2 and 503.1; the peak was found to correspond to Hex-HexNAcs-PA (Figure 2-
8 B). This result showed that 2 a-GalNAc residues were digested, and the digestion was stopped
at the HexNAc residue possessing a Hex-branch. Collectively, these results suggested that the
proposed glycan structure attached to the glycosylated recombinant CmeA was GalNAca-
GalNAca-(Hex-)HexNAc-HexNAc-HexNAc-HexNAc-Asn.
2.3.6 Expression of pgl operon derivatives

In an attempt to minimize the length the pgl operon, plasmids containing different
versions of a minimized pgl operon (Figure 2-9) were constructed. For example, pPgl mini

consisted of ORFs on pPgl but with omission of the ORFs following pglA, which contained
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genes conferring synthesis of diNAcBac, as well as several unidentified ORFs. From pPgl
Apgll and pPgl mini Apgll, an inverse-PCR was performed to remove the ORF of pgll. The
obtained plasmids were introduced into E. coli AwaaL for co-expression with pCmeA and
expressed as described above. Glycosylated CmeA proteins were found in the periplasmic

space and all of them were sensitive to a-GalNAcase digestions (Figure 2-10).

pPgl w!aA‘ gne‘ ngK‘H‘!‘J‘B‘A \c\ D\ wfaJ‘E‘F‘G‘
pPgl mini w!aA‘gne‘pglK‘H‘f‘J‘B‘A‘
pPgl Apgll w!aA‘ gne‘ pg!K‘H‘ ‘J‘B‘A \c\ D\ wiaJ‘E‘F‘G‘

pPgl mini Apgll w!aA‘ gne‘pglK‘ H‘ M B‘A ‘

Figure 2-9. Construction of pPgl and its derivatives. Pgl mini was Pgl without the ORFs
following pglA. The operons Pgl with pgll deletion and Pgl mini with pgll deletion were
designated Pgl Apgll and Pgl mini Apgll, respectively.
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Figure 2-10. CmeA glycosylated with pPgl and the derivative glycosylation plasmids. A:
Western blot of CmeA, co-expressed with pgl operon derivatives. B: Deglycosylation by a-
GalNAcase digestions. Complete digestion was observed in the case of the pgll-deleted pgl
operons. CmeA gl and g2 were putative glycosylated CmeA bands.
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MS analysis of CmeA putative glycopeptide resulted from glycosylation activity of
pPgl Apgll protein expression is shown in Figure 2-11. A summary of the operon structures
and their resulting glycan structures is given in Table 2-2. In brief, the pgl operon and pgl mini,

yielded the same detailed glycan structure as seen in the constructed E. coli BL21 Awaal.
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Figure 2-11. Mass spectrometry of a CmeA derived peptide, glycosylated with pPgl Apgll

Table 2-2. Summary of pgl the operon structures and their resulting glycan structures when
expressed in E. coli BL21 AwaalL

Construct Plasmid Description Observed N-glycan structure
Number

1 pPgl (Hex)HexNAcs-Asn

2 pPgl mini (Hex)HexNAcs-Asn

3 pPgl Apgll HexNAcs-Asn

4 pPgl mini Apgll HexNAcs-Asn
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2.3.7 Elucidation of glycan composition and the glycan residue at the reducing end of N-
linked glycan

To analyze the glycan composition and the glycan moiety at the reducing-ends of N-
glycans, which were synthesized in E. coli BL21 Awaal co-expressing pPgl Apgll and pCmeA,
cells were cultivated. The results of MS analysis of the glycopeptide are shown in Figure 2-11.
PA-glycans resulting from the protein glycosylation of pPgl Apgll was prepared. The PA-
glycans were resolved on SF-HPLC, and a peak corresponding to HexNAcs-PA was identified
(Figure 2-12 A). The mass spectrum of HexNAcs-PA was obtained and is shown in Figure 2-
12 B. The HexNAces-PA sample was subjected to a-GalNAcase digestion. The Digest was
resolved on SF-HPLC with a more moderate gradient than that used for analysis of longer
glycan chains. The retention time of the PA-monosaccharide produced by the digest was
compared against Glc-PA, GIcNAc-PA and GalNAc-PA standards (Figure 2-13). The digest
possesses PA-monosaccharide, which was eluted at a retention time of 20 min, just as in the
case of GICNACc-PA. Thus, it can be inferred that the glycan moiety at the reducing-ends of N-
glycans synthesized in this constructed system was GIcNAc. Furthermore, N-glycan structure

(Hex)-aGalNAcs-GIcNAc, could be inferred.
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Figure 2-12. PA-glycans analysis. A: PA-glycan preparation of CmeA glycosylated with pPgl
A pgll and resolved on SF-HPLC. The purified HexNAcs-PA was eluted at 26.5 min. B:
HexNAcs-PA was subjected to MS analysis. The results showed 4 fragmented HexNAc ions,
along with loss of 1 Hex ion that was observed in the pPgl expression.
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Figure 2-13. Analysis of the glycan moiety at the reducing ends. A: The scheme of a-
GalNAcase digestion of HexNAcs-PA. B: The resulting PA-monosaccharide from the digest
was compared against standard PA-monosaccharides on a gradual SF-HPLC run program.
Because its elution time of PA-digest was identical to that for GICNAc-PA (arrows), the
reducing end of glycan synthesized in the constructed system was determined to be the GICNAc

moiety.
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2.3.8 Promoter and requirements pertaining to protein expression of the pgl operon

The identified pgl operon contained 14 putative ORFs. Till this work, there has been
no evidence that the external promoter required for protein expression, nor indeed that the
presence of wlaA is particularly important. To elucidate the essential component for protein
expression of the pgl operon, either P17 or wlaA was deleted from pPgl. The resulting constructs

are shown in Figure 2-14.

pPgl W,‘aA‘gne‘pg}K‘H‘!‘J‘B‘A [C][ D[ wlaJ[E[F[G|
pPgl AT7 ‘w}aA\gne\pg}K\H\f\J\B\A \C\D\ W.*aJ‘ E\F\G\
pPgl AwlaA ‘gne‘pglK‘H‘!‘J‘B‘A‘C‘D‘WIaJ‘E‘F‘G‘

Figure 2-14. Construction of pgl expression vector with P17 deletion or wlaA deletion.

A pgl operon was cloned into plasmid pACYCDuet-1 AT7 for which inverse-PCR had
been performed beforehand to disrupt Ptz and the lac operator from pACYCDuet-1. The
resulting pPgl AT7 was introduced into E. coli BL21 Awaal along with pCmeA. Glycosylation
of periplasmic CmeA was probed by Western blotting against anti-His. CmeA protein
glycosylation was eliminated (Figure 2-15 A).

To elucidate the function of wlaA, wlaA was deleted from pPgl. The resulting pPgl
AwlaA (Figure 2-14) was co-introduced with pCmeA to E. coli BL21 Awaal. No protein
glycosylation was observed as a result of this treatment (Figure 2-15 B). In brief then, based
on the observations in the present work, an external promoter is required for protein expression

of pgl operon, and wlaA is also required even its function has not been elucidated.
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Figure 2-15. CmeA glycosylation by pPgl with a promoter deletion or with deletion of wlaA.
A: CmeA glycosylation was not observed when pPgl AT7 was used. B: wlaA ORF, which has
an undetermined function, was required for protein glycosylation. CmeA gl and g2 were
putative glycosylated CmeA bands.

As described above, when the pgl operon was placed under P17, IPTG induction was
detrimental for protein glycosylation. Even at a concentration as low as 0.02 mM IPTG,
induction was not successful. Only constitutive expression was allowed, and basal transcription
of P17 was required for protein expression. This situation would not allow higher expression of
the pgl operon or of the model protein, which was also expressed under Pt7. In an attempt to
resolve this limitation, we designed a model protein that would continue to be expressed under
P17, while the pgl operon was designed to be expressed under mildly-inducible Peap (133). P17
of pACYCDuet-1 was exchanged with Peap of native E. coli BL21 (DE3). The resulting
plasmid was named pAra-o. pgl operon fragments derived from pPgl and pPgl mini were
subcloned into pAra-o0 at Ncol and Xhol, resulting in Peap pgl and Peap pgl mini Apgll,

respectively (Figure 2-16).
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Figure 2-16. Plasmid construction of arabinose-inducible pgl operons.

The Peap pgl and Peap pgl mini Apgll constructs were tested for induction conditions.
Glycosylation plasmid was induced by L-ara at concentrations of 0.2%, 0.02%, 0.002%,
0.0002%, and 0.00002%. Periplasmic materials were prepared from cells expressed at different
inductions. The L-ara concentrations of 0.002% and 0.02% seemed to be optimal for inducing
protein glycosylation using Peap pgl and Peap pgl mini Apgll, respectively. At a concentration
of 0.2% L-ara, the operon appeared to be overinduced and glycosylation was diminished as a
result (Figure 2-17). The results suggested that the pgl operon could be mildly induced by an

arabinose promoter.
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Figure 2-17. CmeA glycosylation by Peap pgl and Peap pgl mini Apgll. Different L-ara
concentrations were used, and cells were harvested at 4 h and 20 h. The most intense
glycosylation could be observed when the pgl operon was induced at 0.02% L-ara. pPgl was
sample taken from E. coli BL21 Awaal expressing pPgl and pCmeA.

44



To test that the promoters Peap for the pgl operon and Py7 for the model protein are
independent and self-sufficient for the protein expression of dual plasmids, IPTG induction
was performed in a system of E. coli BL21 Awaal harboring Psap pgl and pCmeA, and Psap
pgl mini Apgll and pCmeA. The L-ara concentration was maintained at 0.02% while varying
IPTG concentrations were used (Figure 2-18). At 0.01 or 0.02 mM IPTG, the expression and
glycosylation of CmeA were optimal in both transformants. The results showed that more IPTG
induction does not always led to greater amounts of either protein or glycosylated protein.
However, a certain concentration of IPTG should be used. Furthermore, the induction

conditions might be adapted to the fermentation mode of each of the proteins being used.
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Figure 2-18. Induction of the pgl operon under Peap and of CmeA under Pt7. Concentrations
of IPTG were tested to screen for optimum protein production while the L-ara level was kept
at 0.02%. The results showed that an IPTG concentration of 0.02 mM was optimal for
glycosylated CmeA expression.

2.3.9 Glycosylation of other proteins containing a Glycosylation Tag

DQNAT sequence, a theoretically strong glycosylation motif towards PglB, has been
shown to initiate glycosylation both in vitro (134) and in vivo (104). To construct a glycan
acceptor protein, inverse-PCR was performed using a nucleotide primer coding the amino acid
GGDQNAT inserted at the front of the 6xHis sequence on pET-22b. Plasmid pET-22bGT was
generated. malE and dsbA were subsequently ligated at Ndel and Xhol, and Ndel and Ncol,
respectively. These constructs are outlined in Figure 2-19. A plasmid pET-22bGT4, coding
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(GGDQNAT)4 - GT4, was also constructed. Finally, glycan acceptor proteins including MBP-

GT, MBP-GT4, DsbA-GT and DsbA-GT4 could be produced.

GT GG DQNAT
GT, (GG DQNAT GG DQNAT GG DQNAT GG DQNAT |

R G
sspelB - MCS

pET-22b GT or pET-22b GT,
ApR

e W

DsbA-GT ssdsbA  dshA | GT
ae YO

MBP-GT, GT,

Figure 2-19. Constructions schemes for the plasmids pET-22b GT and pET-22b GTa.
Examples of cloned model proteins and hypothetic glycosylation on GT and GT4 motifs are
depicted.

Protein-GT plasmids were introduced into E. coli BL21 (DE3) and BL21 Awaal, in the
latter case with co-introduction of pPgl. Periplasmic material was prepared. Glycosylated
proteins, which migrated slower than similar proteins expressed in the non-glycosylating (wild
type BL21) E. coli, could be observed (Figure 2-20). Their calculated tryptic mass values of

peptides containing GT or GT4 and generated by trypsin digestion are displayed in Table 2-3.
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Figure 2-20. Protein expressions of GT and GT4 MBP and DsbA. Glycosylation was performed
in E. coli BL21 Awaal expressing pPgl. The periplasmic fraction was prepared and analyzed
by anti-His Western blot. E. coli BL21-expressing blank plasmids were used as a control.

Table 2-3. Tryptic peptides carrying glycosylation motifs in DsbA and MBP on GT
plasmids, shown with their calculated masses and predicted pl values.

Name Tryptic Peptide Mass value  pl
(Da)

MBP-GT LEGGDQNATHHHHHH 1726.75 6.27

MBP-GTs LEGGDQNATGGDQNATGGDQNATGGDQNAT 3657.58 541
HHHHHH

DsbA-GT LAAALEGGDQNATHHHHHH 2053.14 6.27

DsbA-GTs LAAALEGGDQNATGGDQNATGGDQ 3983.93  5.40
NATGGDQNATHHHHHH

MS analysis was performed and revealed the glycan structures on the designed GT
motifs (Figures 2-21 and 22). MBP-GT mass analysis showed a GT glycosylated peptide at
m/z 3107.17, which fragmented 3 HexNAc ions and 1 Hex ion, where m/z 2335.93 was the
predicted peptide carrying 3 HexNAc ions. The unglycosylated peptide was also shown at m/z
1726.69, with a mass value similar to the estimated value. The peptide from MBP-GT4 was
shown to be glycosylated with a glycan structure derived from pPgl at m/z 5036.89, which

fragmented 3 HexNAc ions and 1 Hex ion.
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Surprisingly, when DsbA-GT was co-expressed with pPgl, glycopeptide signals
containing Asn-HexNAc (precursor m/z at 3433.37) and a minor population of Asn-228 Da
residue (precursor m/z 3458.40) were observed. This might have represented glycosylation of
a small amount of diNAcBac (theoretical mass~ 228 Da) containing glycan. It should be
mentioned that DsbA is a strong disulfide isomerase (135), and thus it might create an oxidizing
periplasmic environment and thereby affect protein glycosylation. Furthermore, the
periplasmic extract of DsbA-expressing cells was very sticky, and was obtained in a smaller
amount compared to when MBP was expressed, which might indicate stress in the periplasmic
space. Possibly it might also be asserted that DsbA properties or a specific glycosylation motif

of DsbA must have yielded sensitive protein glycosylation, even to a minor glycan population.

MBP-GT

1726.69

lHexNAc | Hex | HexNAcl HexMAc I
I T T T 1

233593 270205 310717
2539.01 2904 11
o
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Figure 2-21. Mass spectrometry of the protein glycosylation of MBP-GT and MBP-GT4 by
pPgl.
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Figure 2-22. Mass spectrometry of DsbA-GT glycosylated by pPgl activity. The mass spectrum
in the lower panel represents a minor glycosylated portion of DsbA exhibiting putative
glycosylation of a diNAcBac-containing glycan structure. The predicted diNAcBac (228 Da)
was listed as the HexNAc+25 fragment.

2.4 Summary

In this chapter, the pgl operon from C. jejuni JCM 2013 was cloned and identified.
Protein glycosylation on the CmeA model protein was observed when the plasmid containing
the pgl operon (pPgl) was co-introduced with pCmeA into E. coli BL21 Awaal. Glycan
structural analysis by mass spectrometry of glycopeptide and by flourophore labeling revealed
the Hex-HexNAGcs structure, which was further identified by a-GalNAcase digestion to be
GalNAc2-Hex-HexNAcs. When the gene conferring a Glc branching enzyme was disrupted
from pPgl, the GalNAc residues were completely digested until PA-monosaccharide was
obtained, and the resulting reducing-end saccharide moiety was therefore revealed to be

GIcNACc.
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The glycan structure of the minimized pgl operon was analyzed and found to be similar
to the full-length pgl operon. This constructed system synthesized 2 kinds of glycan structures,
one with a Glc branches, and one without, which were designated Hex-HexNAcs and HexNACs,
respectively. By consolidating the data presented here along with the findings from a previous
publication (36), it could be inferred that the observed structures were Glc-«GalNAcs-GICNAc

and «GalNAcs-GIcNAc.

Next, a promoter and the important components for pgl operon expression were
determined. A promoter, such as example Pz, is required for pgl operon expression. When
placed under an arabinose promoter, the pgl operon became inducible at certain L-ara
concentrations. A wlaA ORF at leftmost of pgl operon was required for protein expression of

the pgl operon, even though the detailed function of this wlaA was not elucidated.

Glycan acceptor proteins containing a glycosylation tag (GT) were constructed.
Periplasmic-expressed DsbA-GT, DsbA-GT4, MBP-GT and MBP-GT4 were obtained. Mass
spectrometric analysis was used to confirm that glycan was transferred onto the constructed
GT motifs. In other words, model proteins that could be used as alternatives for glycan

acceptors were generated.
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Chapter 3

Biosynthesis of an Initial-Stage Eukaryotic N-Glycan and

its Protein Glycosylation in Escherichia coli

3.1 Introduction

N-glycosylation is an abundant protein post-translational modification. First elucidated
in eukaryotes, N-glycosylation has since been observed in all domains of life; but the resulting
glycan structures are varying. Eukaryotic oligosaccharide assembly in the dolichol pathway is
shared from yeasts to humans (16), but in the prokaryotic glycosylation counterpart, the
assembly of “block™ saccharide takes place on undecaprenol lipid (136), which is a common
constituent of bacterial oligosaccharide assemblies (103, 113). Owing to the relaxed substrate
specificity of Campylobacter PgIlB OST (102, 103), it could be used for transfer of various

saccharide moieties onto a desired periplasmic-targeted protein.

MansGIcNAc, was selected as the desired structure. It was selected because it is the
smallest branched glycan unit observed in eukaryotes, and could accommodate further
modifications to obtain complex-type or hybrid-type glycans. Furthermore, the ManzGIcNAc>
structure was tested and found minimally required for clinical efficacy in delivering of

therapeutic glycoprotein, bGC (97).

To obtain MansGIcNAc, in E. coli, GTases Algl3/Algl4, Algl, Alg2 (yeast
nomenclature) are required. Some GTases from S. cerevisiae were shown to be solubly
expressed in E. coli with observed in vitro activity (34, 137), so S. cerevisiae was chosen as a
source of GTase genes. The E. coli endogenous lipid-GTase WecA (111) helps establish the
GIcNAc-PP-Und, which is required for the subsequent glycosyltransfer steps listed above. In

an engineered E. coli, glycosylation occurs in the periplasmic space. To exploit the native
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glycan-flipping activity, the activity of E. coli Wzx is expected (138, 139). Finally, PgIB
derived from C. jejuni JCM 2013 (140), which was identified in Chapter 2, was used as an
OST. The glycan acceptor protein was MBP-GT, which contains a synthetic prokaryotic
glycosylation motif recognized by PglIB. This system was transferred into the constructed E.
coli BL21 AwaalLAgmd mutant. The gmd gene was disrupted with the expectation of
accumulating GDP-Man (141) which is a substrate of mannosyltransferases Algl and Alg2.

The basic synthetic pathway is depicted in Figure 3-1.

Protein expression and the LLO biosynthesis in the constructed system were analyzed
by Western blotting and HPLC, respectively. By subjecting fluorophore-labeling to glycan
released from MBP-GT, the glycan structure was identified. Glycosylation of the glycan
structure synthesized from the constructed pathway was observed on a constructed

glycosylation motif by mass spectrometric analysis.

3.2 Materials and methods

For general methods regarding DNA cloning, Western blotting, mass spectrometric

analysis and N-glycan analysis, see the information in Chapter 2.

3.2.1 Strain, medium and cultivation conditions

S. cerevisiae BY4741 was obtained from the National Bio-Resource Project (NBRP) of
MEXT, Japan. Genomic DNA of S. cerevisiae BY4741 was extracted and used as a source of
GTase genes. Genomic DNA of Xanthomonas campestris NBRC 13303 and of Sulfolobus
acidocaldarius NBRC 15157 were obtained from NBRP. E. coli DH5a (126) and BL21 (DE3)
mutants were used for genetic manipulation and protein expression, respectively. E. coli strains
were grown in LB medium, and antibiotics of 100 mg ampicillin (Ap), 25 mg chloramphenicol
(Cm), 25 mg kanamycin (Km), or 5 mg tetracycline (Tet) per liter were added to the medium

for selection as required.
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3.2.2 Gene amplification and plasmid construction

DNA was amplified using KOD-Plus Neo (Toyobo, Osaka) or PrimeSTAR Max
(TaKaRa). The ALG13, ALG14 and ALG2 genes were amplified from genomic DNA of S.
cerevisiae BY4741. The ALG1 and pgIB genes (original amino acid sequence from S.
cerevisiae BY4741 and C. jejuni JCM 2013, respectively) were codon-optimized for E. coli
expression and synthesized by GeneArt AG (Regensburg, Germany). N-terminal T7 tag was
added to Algl13 and PgIB. Algl has a C-terminal T7 tag. A C-terminal S Tag was added to
Algl4. Thioredoxin-fused Alg2 (TrxAlg2) and MBP were expressed with a C-terminal
hexahistidine (6xHis) tag. All open reading frames (ORFs), except that of the TrxALG2 gene,
contained a synthetic ribosome binding sequence (RBS), 5’-AAGAAGGAGATATATAT, in
front of the ATG start codon, introduced in oligonucleotide primers. The primer sequences are
listed in Table 3-1. Pvul-KpnI-T7-PgIB-Fw and Xhol-PgIB-Rv were used to exchange and
remove the pglK gene from the respective plasmids. Furthermore, ALGlopt, ALG1dTMopt
and pglBopt were amplified using the primers Notl-ALG1opt-Fw, Notl-ALG1dTMopt-Fw and
Pvul-T7-ALGlopt-Rv, and Pvul-Kpnl-T7-PglBopt-Fw was amplified using Xhol-PglBopt-Rv,

respectively.

Amplified fragments were ligated one-by-one into pACYCDuet-1 (Novagen), whose
original Pt7 was exchanged with Pgap, an arabinose inducible promoter (123) cloned from
genomic DNA of E. coli BL21 (DE3), by using the primers pACYCT7up-araC-Fw and
pACYC::PBAD-Rv (described as pAra-o in Chapter 2); the original RBS and nucleotide
sequence encoding the His-tag were also removed from the polylinker region of pAra-o by the
primers pACYC-Sacl-F and pACYC-(-RBS&Ncol)-R. The organization of the cloned genes
was as follows: [Sacl-ALG13-Pstl-ALG14-Notl-ALG1-Kpnl-pglB-Xhol-T7pALG1dTM-Xhol].
The T7pALGL1 dTM is a cassette conferring the expression of an optimized Algl with a 35

amino acid deletion at the N-terminal, under inducible Pt7, inserted in the direction opposite
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that of the arabinose promoter expression. The resulting plasmid was designated as pM1

(Figure 3-8).

The ALG2 gene was amplified by primers ALG2-CDS-Fw and ALG2-no stop-Rv, and
cloned using a pBAD/TOPO ThioFusion Expression Kit (Invitrogen). Subsequently, the T7
expression cassette containing the malE gene with C-terminal GT (104) and 6xHis, amplified
from pET-22b MBP-GT (refer to Chapter 2) by primers Kpnl-T7pro Fw and Pstl-T7ter Rv,
was ligated following the original rrn terminator of pBADTrxALG2 at Pstl and Kpnl
(previously, inverse-PCR using primers pBADter(Pstl) Fw and pBADter(Kpnl) Rv was
performed to introduce Pstl and Kpnl sites into pBADTrxALG2). This plasmid expresses
arabinose-inducible Trx-ALG2 and T7 inducible MBP-GT, and is thus named pBADTrxALG2
MBP-GT. Furthermore, Guml and Saci_1262 were amplified by primers Notl-RBS-Guml and
Pvul-T7-Guml Rv and, Sacl-RBS-Saci_1262 and Notl-Stag-Saci_1262 Rv from genomic
DNA of X. campestris pv. campestris NBRC 13303 and Sulfolobus acidocaldarius NBRC
15157, respectively. DNA sequencing of plasmids was performed prior to protein expression,
using a BigDye Terminator version 3.1 cycle sequencing kit on a 3130x| genetic analyzer

(Applied Biosystems).

3.2.3 Construction of E. coli BL21 (DE3) waalL and gmd mutant

A method similar to that used in the genomic disruption of Salmonella species (127)
was adopted. Briefly, the gmd locus with a 3.5 kb flanking region was amplified by PCR using
primers cpsB-Rv and wcaC-Fw and ligated into pPGEM-T Easy (Promega). The ORF of the
gmd gene on the resulting plasmid was exchanged with a tetracycline-resistance gene amplified
from the pBR322 vector (142) by PCR primers tet+350-Rv and tet-350-Fw. The gmd-
disruption cassette was amplified with an M13 primer pair, and then transformed into the

previously constructed E. coli BL21 waalL mutant (refer to Chapter 2) (140). Transformants
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were selected on LB agar (Km and 12.5 mg/I Tet). The resulting mutant was designated as E.
coli BL21AwaalAgmd.

3.2.4 Protein expression, SDS-PAGE and Western blotting

Plasmids pM1 and pBADTrxALG2 MBP-GT were co-introduced into E. coli BL21
Awaal Agmd by electrotransformation. Freshly transformed cells were used for protein
expression. To screen for protein expression conditions, 5 ml cultivation in a 50 ml screw-cap
tube was performed. Different concentrations of L-ara were added for induction. For protein
purification and further analysis, a culture of 1 | in a 3 | Sakaguchi flask at an ODsoo equal to
1.0 was induced with 0.2% L-ara and a final concentration of 0.05 mM IPTG at 30°C for 16
hrs with 100 rpm reciprocal shaking. After harvesting at 10,000 x g for 10 min, the cells were

washed with 10 mM Tris-Cl pH 8.0, pelleted and stored at -80°C.

After SDS-PAGE and semi-dry transfer, the blocked membrane was incubated with
1:2,000 diluted anti-Penta His antibody (Qiagen, Hilden, Germany), 1:10,000 diluted anti-T7
antibody (Novagen) or 1:10,000 diluted anti-S Tag (Novagen) as the primary antibody. Then
1:10,000-diluted horseradish peroxidase-conjugated anti-Mouse IgG (GE Healthcare,
Piscataway, NJ) was used as the secondary antibody. 3-Color Prestained XL-Ladder (APRO

Science, Tokushima) was included as a protein standard.

3.2.5 LLO analysis

To analyze the composition of LLO, lipid extraction was conducted essentially as
described by Gao and Lehrman (143) and Folch et al. (144) Subsequently, 2-aminopyridine
(PA) labeling of acid-hydrolysis-released glycan was performed by a previously described
method (130). E. coli BL21 AwaalAgmd expressing pM1 and pBADTrxALG2 MBP-GT,
induced with 0.2% L-arabinose at 30°C for 16 h, was harvested and frozen. To the frozen cell

pellet, chloroform:methanol, CM (2:1), was added in a volume 20 times that of the wet weight
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of the pellet. Lipid was extracted twice by sonication and occasional vortexing for 5 min. This
CM extract was washed with MilliQ water, and evaporated to dryness. The resulting CM
extracted pellet was resuspended in 2 ml CM and vacuum dried. The water soluble content was
washed twice with 10 ml MilliQ water. Evaporation of the pellet in methanol was performed
to drive out residual water, and then the dried pellet was extracted twice with
chloroform:methanol:water, CMW (10:10:3). The CMW extracts were pooled, and the CM
extract was dissolved in 1 ml CMW. DEAE-cellulose was used to trap LLOs while allowing
free oligosaccharide to pass through. DEAE-cellulose-bound LLOs were eluted with CMW
containing 300 mM NH4OAc. The eluate was extracted against 4 parts of chloroform and 1 part
of MilliQ water. After phase separation, water was removed but care was taken not to disrupt
the white residual interphase. The extract was then dried and subjected to acid-hydrolysis (0.1
N HCI in 50% isopropanol, 50°C, 1 h). Released oligosaccharide was extracted by using a
butanol-water mixture. The water phase was collected and subjected to cation-exchange
chromatography prior to pyridylamination as described in Chapter 2 (140). PA-glycan was
analyzed by high performance liquid chromatography (HPLC) and LC-MS analysis was

performed on an Agilent Technologies 1200 HPLC equipped with an HCT mass spectrometer.

3.2.6 Protein purifications by TALON and ConA chromatography

E. coli BL21 AwaalAgmd harboring pM1 and pBADTrXALG2 MBP-GT was
cultivated. Cells were harvested and periplasmic extract was prepared by osmotic release as
described in Chapter 2. Dialyzed periplasmic extract supplemented with 5 mM imidazole (MP
Biomedicals) was loaded onto a 5 ml bed volume of TALON cobalt affinity resin (Clontech),
the resin slurry was washed with 125 ml TALON-purification buffer (30 mM Tris-Cl pH 8.0
and 300 mM NaCl) containing 5 mM imidazole, and then the bound MBP-GT was eluted with
buffer containing 500 mM imidazole. The purified protein was extensively diafiltrated on a

Vivaspin 20, MWCO 10,000 (Sartorius Stedim) against MilliQ water. The resulting protein
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solution was lyophilized and subjected to hydrazinolysis prior to fluorophore labeling and N-

glycan analysis.

To prepare the protein sample for mass spectrometric analysis, the glycosylated protein
was trapped by concanavalin A (ConA) lectin chromatography. Cells were resuspended in
ConA buffer (20 mM Tris-Cl pH 7.4, 500 mM NaCl, 1 mM MgCl;, 1 mM MnCl; and 1 mM
CaCl,) with 1 mg/ml lysozyme, then sonicated. After centrifugation at 10,000 x g for 10 min,
the supernatant was loaded onto 1 ml ConA-agarose (J-Oil Mills) prewashed with 1 M NaCl,
5 mM MgClz, 5 mM MnCl; and 5 mM CaClz and equilibrated with ConA buffer. After the
slurry was washed with 25 ml ConA buffer, elution was performed using 5 ml of 1 M methyl-
a-D-glucopyranoside (Sigma). The ConA eluate was concentrated on a Vivaspin 20 and
diafiltrated 3 times against TALON-purification buffer, 20 ml each time. ConA-derived, His-
tagged MBP-GT was purified on TALON resin and subsequently analyzed using nanoLiquid

chromatography-mass spectrometry (nanoLC/MS) after tryptic digestion.

3.2.7 Glycan structural analysis by fluorophore labeling and HPLC analysis

N-glycan structural analysis was performed as described in Chapter 2. Briefly, glycan
was released from lyophilized powder of the purified MBP-GT protein by hydrazinolysis. Re-
N-acetylation, desalting of the sample and lyophilization were performed. The obtained powder
was pyridylaminated using purified PA.

Analyses were performed on a Jasco HPLC apparatus, and PA-glycans were detected
at the excitation and emission wavelengths of 310 and 380 nm, respectively. Size-fractionation
(SF)-HPLC was performed using a 4.6 x 250 mm Asahipak NH2P-50 4E column (Showa
Denko, Tokyo) The chromatographic solvents were acetonitrile (SF solvent A) and water (SF
solvent B). After sample injection, the percentage of SF solvent B was held at 15% for 5 min

as an initial condition. PA-glycans were eluted by increasing the percentage of the SF solvent
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B linearly from 15% to 50% over 30 min at a flow rate of 0.7 ml/min. Reversed-phase (RP)-
HPLC was performed using a Cosmosil 5C18-AR Il column (Nacalai Tesque, Kyoto), and PA-
glycans were eluted by increasing the acetonitrile concentration in 0.02% trifluoroacetic acid

(TFA) linearly from 0% to 20% over 40 min at a flow rate of 1.2 ml/min.

3.2.8 Glycopeptide mass analysis

Following a ConA chromatographic step and TALON in order to trap the MBP-GT
protein glycosylated with Man residues, SDS-PAGE was performed and the MBP-GT protein
band was excised from the Coomassie-stained gel. Tryptic digestion and peptide mass analysis
were performed on a nanoLC-MS with micrOTOF-QII as described in Chapter 2 (140). The
data processing was carried out using DataAnalysis 4.0 and Biotools 3.2 software (Bruker
Daltonics). MS signals corresponding to the peptide moieties in the predicted glycopeptides
(LEGGDQNATHHHHHH, calculated m/z 1726.75) and predicted glycopeptides (calculated
m/z 2619.08) were sought based on the combination of the expected mass of the tryptic digests
and accurate mass measurement of precursor ion spectra. The glycosylation yield was
estimated by dividing the intensity of the MS signal corresponding to the predicted
glycopeptide by the sum of those of the MS signals corresponding to the peptide moiety and

the glycopeptide.
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Table 3-1. Oligonucleotide primers used in Chapter 3.
Restriction sites are underlined.

Name

Sequence (5°)

pACYCT7up-araC-
Fw
pACYC::PBAD-Rv
pACY C-Sacl-F
pACYC-(-
RBS&Ncol)-R
Kpnl-T7pro Fw
Pstl-T7ter Rv
pBADter(Pstl) Fw
pBADter(Kpnl) Rv
Sacl-RBS-Saci_1262

Notl-Stag-Saci_1262
Rv

Notl-RBS-Guml
Pvul-T7-Guml Rv

Sacl-RBS-T7-
ALG13-Fw

Pstl-ALG13-Rv
Pstl-RBS-S-ALG14
Notl-ALG14-Rv
Notl-RBS-ALG1-Fw
Pvul-T7-ALG1-Rv
Notl-RBS-
ALG1dTM-Fw
ALG2-CDS-Fw
ALG2-no stop-Rv

Notl-ALGlopt-Fw

Pvul-T7-ALG1opt-
Rv

CGACTCCTGCATTAGGAAATTGCATAATGTGCCTGTCAAA
TGG

CCAAAAAAACGGGTATGGAGAAAC
GAGCTCGGCGCGCCTGCAGG
ATTAAAGTTAAACAAAATTATTTCTACAGG

CCTTGGTACCCGATCCCGCGAAATTAATAC
ACGACTGCAGCAAAAAACCCCTCAAGACCC
TTTGCTGCAGTCGTTTTATCTGTTGTTTG
ATCGGGTACCAAGGCCCAGTCTTTCGACTG
GGTTTGAGCTCAAGAAGGAGATATATATATGATCGACAA
CCCATTACTG
GGTTTGCGGCCGCTTACGAGTCCATGTGCTGGCGTTCAAA
TTTCGCAGCAGCGGTTTCTTTCTCTCTAAGAAATTCTGCTA
ATTCAC
GGTTTGCGGCCGCAAGAAGGAGATATATATATGAGCGCG
TCTGCTTCGCTGCC
GGTTTCGATCGCTAACCCATTTGCTGTCCACCAGTCATGCT
AGCCATCAGCGCGGCGTCTCCATCCTTGC
AATGAGCTCAAGAAGGAGATATATATATGGCTAGCATGA
CTGGTGGACAGCAAATGGGTATGGGTATTATTGAAGAAA
AGGCTC
TCTTCTGCAGCTAGCTGTATATAGTTTCAACTAGCAATCG
GGTTTCTGCAGAAGAAGGAGATATATATATGAAAGAAAC
CGCTGCTGCGAAATTTGAACGCCAGCACATGGACTCGAA
AACGGCCTACTTGGCGTCATTGGTGC
GGTTTGCGGCCGCTTAAACAAGGATGCCGAACCACTTGGA
TCTTGG
GGTTTGCGGCCGCAAGAAGGAGATATATATATGTTTTTGG
AAATTCCTCGGTGG
GTTTCGATCGTCAACCCATTTGCTGTCCACCAGTCATGCTA
GCCATATGAATTAGCTTCAAATCTCTCAT
GTTTGCGGCCGCAAGAAGGAGATATATATATGTCGACCA
AAAAAAGGATCATCATATTTG
ATGATTGAAAAGGATAAAAGAACGATTGC
TATTTCTTCATAAGGGTAGGAGAGAGCG
TTTAAGCGGCCGCAAGAAGGAGATATATATATGTTCCTGG
AAATTCCGCG
TTAAACGATCGTTAACCCATCTGCTGACCACCGGTCATGC
TTGCCATATGAATCAGTTTCAGATCACGCATG
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Notl-RBS-
ALG1dTMopt-Fw
Pvul-Kpnl-T7-
PglBopt-Fw
Xhol-PgiBopt-Rv

T7 Rv

cpsB-Rv

wcaC-Fw
tet+350-Rv
tet-350-Fw
Pvul-Kpnl-T7-PgIB-
Fw

Xhol-PgIB-Rv

TTTAAGCGGCCGCAAGAAGGAGATATATATATGAGCACC
AAAAAACGCATCATTATCTTC
TAACGATCGTTTGGGGTACCAAGAAGGAGATATATATATG
GCAAGCATGACCGGTGGTCA
ACCAGACTCGAGTTAGATTTTCAGTTTAAACACTTTGGCA
TCACG

GCTAGTTATTGCTCAGCGG
AAGAACCGACATCACTCCAGCCCGCATC
ATCGCACCATTACTCGTACACCGGGTCC
GACTTTACGAAACACGGAAACCG
AAGGCAAAATGCCGCAAAAAAG
GTTTCGATCGGGTACCAAGAAGGAGATATATATATGGCTA
GCATGACTGGTGGACAGCAAATGGGTTTGAAAAAAGAGT
ATTTAAAAAACCC
AGACTCGAGTTAAATTTTAAGTTTAAAAACTTTAGC
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3.3 Results and discussion
3.3.1 Plasmid construction, mutant host construction and protein expression

In order to synthesize MansGIcNAC: in E. coli, some GTases are required. Figure 3-1

provides an overview of the construction and resulting synthetic pathway.

B GIcNAc
O Mannose
¢ Undecaprenol

PglB
native Alg13 native (Asp/Glu)-X-Asn-X-(Ser/Thr)

WecA Alg14 Alg1 Alg2 Wzx g %

Model protein

- ——— | ()
Transl
B ﬁ ﬁ E g \ Y ranslocase o
- | E |

Plasmid 1 \ ALG13 H ALG14 H ALG1 H ALG2 H pglB \

Plasmid 2 model protein

Eschetrichia coli

Figure 3-1. Overview of the protein expression system and the general concept of plasmid
constructs conferring MansGIcNAC, biosynthesis and glycosylation. Plasmid a was used for
OST and GTases expression and Plasmid b for model protein expression. P1 and P2 indicated
that the two expression plasmids might be driven by different E. coli functional promoters.

3.3.2 Construction of plasmid pM1
According to general outline presented in Figure 3-1, a series of plasmids was

constructed. Plasmid 1 contained the ALG13, ALG14, ALG1 pglK and pglB expression
cassettes. Plasmid 2 was similar to Plasmid 1, but the 35 amino acid-encoding codon at the N-
terminal of ALG1 was omitted. The f-mannosyltransferase is required to extend GICNAc2-PP-
Und; however, the potential sources for this enzyme are limited. Apart from the characterized

S. cerevisiae Algl, Guml is a GDP-Man:glycolipid 4-B-D-mannosyltransferase from X.
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campestris pv. campestris. This Guml mannosyltransferase was identified to be involved in the
xanthan polysaccharide biosynthesis pathway, using GDP-Man as a donor substrate and
glucuronic acid-p-1,2-Man-a-1,3-Glc-B-1,4-Glc-PP-polyisoprenol as an acceptor (145). The
guml expression cassette was constructed into Plasmid 3 and 6 in order to explore the use of
this alternative mannosyltransferase, even though its substrate preference towards dolichol

pathway intermediates was not determined.

In 2008, Gao et al. used a bioinformatics technique to identify the Alg13/14 complex,
which possesses structural homology to E. coli MurG (MurG is an UDP-GIcNAC
undecaprenyl-PP-MurNAc pentapeptide: N-acetylglucosaminyltransferase that has role in
bacterial peptidoglycan biosynthesis) (28). To find a candidate for a B-GIcNAc transferase
using predicted secondary structural homology, the MurG amino acid sequence was submitted
to the Protein Homology/analogY Recognition Engine (PHYRE) database server (146, 147).
The protein coded from the S. acidocaldarius Saci_1262 ORF was listed as a structural
homologue to MurG. Saci_1262 possesses 15% structural homology to MurG, while that of
Alg13/14 complex is 11%. To test the applicability of Saci_1262, its expression cassette was
constructed and was cloned into Plasmids 4, 5 and 6, to substitute ALG13 and ALG14, while

other components were maintained.

The expression of Algl in E. coli was problematic. The native, full-length ALG1 and
an N-terminal 35 amino acid-deleted mutant (ALG1dTM) were cloned into pET-23b at BamHI
and Xhol for expression under Pr7. Only the pET-23b-ALG1dTM construct expressed the
protein, which migrated approximately at 40 kDa on the Western blot (Figure 3-5). AlgldTM
encoded from pET-23b-ALG1dTM had an N-terminal T7 tag and C-terminal 6xHis tag.
ALG1dTM could be detected in both anti-His (data not shown) and anti-T7 blot, indicating
intact protein expression without degradation at either terminal, although the migration was

faster than the calculated mass (predicted at 48.9 kDa). To explore the feasibility of thioredoxin
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(Trx) as a potential expression fusion partner (148) with the goal of improving Algl expression,
Plasmid 7 harboring TrxALG1 and pglB was constructed. The constructs are listed in Figure

3-2.
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Figure 3-2. Plasmid constructs containing GTases, flippase, and OST. T7 indicates a T7 tag,
and S or Stag indicate an S Tag. Construction was based on pAra-o, in which the Ncol site and
His-tag sequence were removed. Peap indicates an arabinose-inducible promoter.

Plasmid 1 through Plasmid 7 were co-introduced into E. coli BL21 AwaalAgmd along
with blank pET-22b. Protein expression was induced with 0.2% L-ara at 30°C. Cells were
harvested and total cell extract was subjected to Western blotting with corresponding

antibodies. Blots of protein expression are shown in Figure 3-3.
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Figure 3-3. Protein expression of components in Plasmids 1 through 7 (the numbers are listed
above). A: Blot of anti-S Tag where expression of PglK, Saci_1262 and Alg14 was observed.
B: Anti-T7 blot where TrxAlgl, AlgldTM, Guml and Algl was observed expressed. The
asterisk (*) indicates a T7 non-specific interaction.

Unfortunately, the full-length Algl in Plasmid 1 and Plasmid 4 was not expressed
(Figure 3-3 B). PglK was found to be expressed in Plasmids 1, 4, 5 and 6 but not in Plasmids
2 and 7. However, in Plasmid 3 a faint band of PglK was detected. Unfortunately, PgIB was
not expressed in any constructs. Expression of PgIK (Plasmids 1-6) and TrxAlgl (Plasmids 7)

might have inhibited the PgIB expression.

Based on the expression data and in order to narrow down to the potential yeast GTases
for use in the preliminary study, Plasmids 2, 3 and 7 were chosen for further modification. To
examine the effect of the gene located upstream of pglB on the expression of pglB, pglK was
designated to be omitted from Plasmids 2, 3 and 7. Cassette [Pvul-Kpnl-RBS-pglIB-Xhol] was
constructed and ligated to Plasmids 2, 3 and 7 at Pvul and Xhol, Plasmid 2 ApglK, 3 ApgIK and
7 ApglK were then generated. The obtained plasmids (constructs depicted in Figure 3-4 A)
were re-introduced into E. coli BL21 AwaalAgmd. Protein expression was induced and

Western blotting was performed (Figure 3-4 B).

64



Pvul Kpnl  Xhol

2 ApglK T?ALG13‘S-ALG14‘ALG1dTM-T7‘ T7pgiB |
3 ApglK T7ALG13‘S-ALG14‘ Gum|-T7 \ ‘T?pg!B‘

7 ApglK TrXALG1-T7 | [T7pgiB]
B
> ] [L-arq]
o
Cp(\
PgiB R LN
< Trx-ALG1 U S
- Alg1dTM —1 1<
% Guml 35 S
M~
s
g < Alg13

Figure 3-4. A: QOutline of the construction of Plasmids 2 ApglK, 3 ApglK and 7 ApglK.
B: Western blot of the constructed components. The triangles indicate decreasing increments
of L-ara concentration, each representing a tenfold reduction, with the rightmost being 0.2%.
The asterisk (*) indicates a T7 non-specific interaction.

The Western blot analysis revealed the expression of Alg13 and Alg14 in Plasmids 2 A
pglK and 3 A pglK; Guml in Plasmid 3 A pglK; AlgldTM in Plasmid 2 A pglK and TrxAlgl in
Plasmid 7 A pglK. PgIB in Plasmid 3 A pglK, positioned after guml, was expressed. However,
in Plasmids 2 A pglK and 7 A pglK, where pglB was followed ALG1 derivatives, the PgIB

expression was abolished. It might be presumed that if pglB is positioned after ALG1, away

from pglK, the pglIB expression will be inhibited.

To overcome the protein expression problem, codon-optimization of genes was
employed. The optimized DNA of ALG1 and pgIB, for E. coli expression (denoted as ALG1opt
and pglBopt), were ligated at Notl and Xhol of Plasmid 1, just after the ALG13 and ALG14

cassettes. ALG1dTMopt, the N-terminal 35 amino acid-deleted mutant was also generated and
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cloned back into Notl and Pvul. Using a method similar to that for the preliminary constructs,

the resulting plasmids were named Plasmidloptand Plasmid2opt (Figure 3-5 A).

1opt | T7ALG13|S-ALG14| ALG10pt-T7 |T7pgiBopt |
207 T7 ALG13|S-ALG14| ALG1dTMopt-T7 | T7pg/Bopt|

o
\'2?}Q >
NS
KD
B Topr 20p1 0%9«?’
[L-ara] A
kDa

_Alg1dTM™

anti-T7

<Alg13

Figure 3-5. Plasmid construction and protein expression. A: Construction of Plasmidlopt and
Plasmid2opt. B: Protein expression of Plasmidloprand Plasmid2opt monitored on anti-T7 blot.
The triangles indicate increments of L-ara concentration. Control plasmids were blank plasmids
transformant. T7-PgIB and T7-ALG1dTM were generated by ligating pglB and ALG1dTM
into pET-23b. The asterisk (*) indicates a T7 non-specific interaction, and bold-lined boxes
indicated the use of optimized DNA.

The protein expression of Plasmidlopr and Plasmid2opt in E. coli BL21 AwaalAgmd
was analyzed by anti-T7 Western blotting (Figure 3-5 B). The results showed that PglBopt
expression was recovered in Plasmidlopr, but Alglopt was not expressed. On the other hand,
Plasmid2opt showed expression of AlgldTMopt, but PglBopt was not expressed. According
to these results, if ALG1 and pglB were positioned next to each other, only one or the other

would be expressed, even if optimized genes were used.
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To solve the Algl expression problem, an additional expression cassette of
AlgldTMopt under Pt7 was constructed and ligated onto the Xhol site downstream of pglB of
Plasmid lopt. TrxAlglopt was also constructed in the same manner. The insertion direction
was verified by DNA sequencing using the primer T7 Rv. Representative clones of each
direction were picked. Constructs are shown in Figure 3-6 A. The end-to-end ligations were

emphasized by (N) affix.

A
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Figure 3-6. Construction of Plasmid 1opt derivatives. A: Plasmid construction of Plasmid lopt
with expression cassettes of ALG1dTM and TrxALGL. B: Protein expression of the shown
constructs, probed by anti-T7 Western blot. The asterisk (*) indicates a T7 non-specific
interaction, and bold-lined boxes indicate the use of optimized DNA.

The results of the protein expression measurements showed that the inserted
t7ALG1dTM cassette recovered the AlgldTM expression in Plasmid lopt + t7ALG1dTM (N).
However, a similar ligation of the constructed expression cassette’s direction to the
downstream ORFs of Peap caused inhibition of its upstream-located pgIB, as observed in

Plasmid lopt+ t7ALG1dTM. Furthermore, none of ligation strategies recovered the expression
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of t7TrxALG1. TrxALG1 might only be expressed following Peap (Figure 3-2 and 3-3).
Finally, the AlgldTM expression was solved. The Plasmid lopr + t7ZALG1dTM (N) was

designated as pM1, as the construct seemed to confer synthesis of the ManGIcNAc; structure.

3.3.3 Plasmid construction of pPBADTrxALG2 MBP-GT

In the previously constructed protein expression system, Alg2 could not be expressed
without a thioredoxin fusion partner. Moreover, the TrxAlg2 construct was not expressed
unless it was in juxtaposition to Peap. To construct the dual expression plasmid, ALG2 was
amplified and ligated into pPBAD/TOPO ThioFusion (Figure 3-7 A). Subsequently, to express
the model glycan acceptor protein, the expression cassette of periplasm-targeted MBP with
synthetic glycosylation tag, MBP-GT, under Ptz was cloned by amplification of pET-22b
MBP-GT (refer to Chapter 2). The dual expression vector, pPBADTrxALG2 MBP-GT, was then
obtained and used. The sequence of genes used in this work can be found in the Appendix. The
protein expressions of pPBADTrxALG2 and pBADTrxALG2 MBP-GT are shown in Figure 3-

7 B and C, respectively.
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Figure 3-7. A: Plasmid construction of pBADTrxALG2 and pBADTrxALG2 MBP-GT. rrn
and T7tt were Rrn and T7 transcriptional terminators, respectively. B: Protein expression of
pBADTrxALG2, monitored by anti-His. TrxAlg2 was found to be expressed. In the last lane,
the band migrated at 140 kDa might be a dimer of TrxAlg2, and a smear band can also be
observed. C: Protein expression of the dual vector, pPBADTrxALG2 MBP-GT. Both proteins
were expressed and MBP-GT was secreted to the periplasmic space (Peri.), while TrxAlg2 was
retained in the cytoplasm.

To express genes conferring synthesis and transferring of ManzGIcNAc, and the
acceptor protein, the plasmids pM1 and pBADTrxALG2 MBP-GT were co-introduced into E.
coli BL21 AwaalAgmd. The construction and expression system is summarized in Figure 3-8
A. The pML1 is the expression vector of Algl3, Algl4 and PgIB under an arabinose inducible

promoter and ALG1dTM under Pt7. The pBADTrxALG2 MBP-GT is a plasmid for

expressions of Trx-ALG2 under Pgap, and the glycan acceptor protein MBP-GT under P+7.

Protein expressions in E. coli BL21 AwaalLAgmd harboring pM1 and pBADTrxALG2
MBP-GT were monitored by Western blotting with the corresponding antibodies. At an L-ara
concentration of 0.2%, Algl13, Algl4, PgIB and Trx-Alg2 were expressed (Figure 3-8 B). In

addition to genomic waal deletion, the gmd gene was disrupted in order to block GDP-fucose
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synthesis (141), thereby retaining more GDP-Man to be used as a substrate by the Algl and

Alg2 mannosyltransferases, respectively.

- )
ALG13 [ALG14 [ ALGTopt | pgiBopt | ALG1dTMopt {E

pBADTrXALG2 MBP-GT

[P D[ ToALG2 [ a2y [ VEP-oT
NG

E. coli BL21 AwaaLAgmd/

anti-S Tag anti-T7

PglBopt
<

Figure 3-8. Consolidation of the protein expression system. A: Outline of the E. coli system
for production of MansGIcNAc2-Asn. rrn and T7tt are Rrn and T7 transcriptional terminators,
respectively. B: Protein expression data as visualized by staining with 3 antibodies. All
constructed components were expressed. An asterisk (*) indicates a T7 non-specific interaction.

3.3.4 LLO analysis

Prior to the analysis of protein glycosylation, to examine whether the expected glycan was
assembled on E. coli Und, the structure of the glycan moiety on LLO was analyzed. E. coli
BL21 AwaalAgmd cells expressing pM1 and pBADTrxALG2 MBP-GT were subjected to
total lipid extraction. Hydrophobic LLO is expected to be contained in chloroform:methanol
(CM) extracts, while less hydrophobic LLO is expected in chloroform:methanol:water (CMW)
extracts, according to the protocol described by Gao and Lehrman (143). LLO extracts were

captured on a DEAE-cellulose column. The free saccharides passed through the column, while
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the LLOs were concentrated and eluted. The glycan moiety was released from LLO by acid-

hydrolysis, prior to pyridylamination. Most of the lipid extracted by CM contained target LLOs.

The PA-glycan derived from LLOs was analyzed on SF-HPLC. The analysis showed 2
distinct peaks at retention times of 19 and 24 min (Figure 3-9 A). The peaks were collected and
analyzed on an MS system, resulting in signals of m/z 665.6 and 989.9, which fragmented and
corresponded to chitobiose extended with one or three hexose residues (Figure 3-9 B). In
consideration of the constructed recombinant genes, these could be related to the structures of
ManGIcNAc. and MansGIcNAcC,, respectively. Based on the analyses, the PA-glycans derived
from LLO and eluted at 19 and 24 min were designated as PA-LLO M1 and PA-LLO M3,
respectively. A broad peak ranging from 21 to 22 min of SF-HPLC did not correspond to the

diagnostic mass value of glycans (data not shown).
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Figure 3-9. LLOs analysis. A: LLOs from recombinant E. coli AwaaLAgmd co-expressing pM1
and pBADTrxALG2 MBP-GT were prepared. Lipid extract was subjected to acid-hydrolysis
and the released glycans were labeled with 2-aminopyridine (PA). The sample was thus named
PA-LLO extract. Using an SF-HPLC system equipped with a fluorescence detector, PA-
labeled sugar was detected. Two distinct peaks were observed at retention times of 19 and 24
min. In the lower chart, the less abundant peak which eluted at the same retention time as the
PA-sugar chain 016 (TaKaRa Bio), 24 min on SF-HPLC, was concentrated and shown. The
later mass spectrometry analysis revealed a specific glycan corresponding to the structure of
HexsHexNACc2-PA, with a peak at a retention time of 24 min, which was therefore designated
PA-LLO M3.

B: Mass spectra of purified PA-glycans from LLO. The upper and lower chromatograms show
the results for samples previously collected from SF-HPLC at retention times of 19 and 24 min,
respectively. The upper chromatogram showed a major signal of m/z 665.6, which fragmented
one Hex (162 Da) ion and yielded an m/z of 503.3. This sample corresponded to HexHexNAC-
PA and was thus named PA-LLO M1. The peak retention time at 24 min has a primary ion of
m/z 989.9 and fragmented 3 Hex residues. This analysis corresponded to HexsHexNAc.-PA
and thus the sample was designated as PA-LLO M3. Diagonal squares indicate the precursor
ions in each mass spectrum.
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3.3.5 Protein purification and N-glycan analysis

To observe protein glycosylation activity, periplasmic material from cells expressing
pM1 and pPBADTrxALG2 MBP-GT was prepared. The periplasmic material was loaded onto
equilibrated TALON resin. After the contaminants were washed, the concentrated proteins
were eluted. MBP-GT was purified to near homogeneity and migrated closely to the 40 kDa

protein standard on SDS-PAGE gel (Figure 3-10).

kDa

MBPGT

20-

Figure 3-10. Coomassie-stained SDS-PAGE gel of the TALON-purified MBP-GT. The marker
is 3-Color Prestained XL-Ladder (APRO Science). Periplasmic is the periplasmic sample
before loading onto the TALON chromatography. Flowthrough means the fraction of proteins
not bound to the column. Wash indicates the washing fractions. Elute is the fraction containing
the eluted and purified MBP-GT.

PA-glycan was prepared from purified MBP-GT and named MBP-PA glycans. After
being resolved on SF-HPLC, the peaks were collected and the one eluted at a retention time of
24 min (Figure 3-11 A upper) was identified as PA-MBP M3; its mass spectrum is shown in
Figure 3-12. The other peaks of PA-glycan eluted on SF-HPLC were examined by mass
spectrometry, and neither glycan intermediates nor other glycan structures were observed.
When PA-MBP M3 was co-injected with the PA glycan standard (M3B, PA-016, TaKaRa),
the peak was co-eluted at the same retention time on SF-HPLC (Figure 3-11 A lower). To
further elucidate the identity of the glycan structure and composition, PA-MBP-M3 was
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resolved on reversed-phase HPLC. The results showed that PA-MBP M3 and the PA sugar
chain standard M3B were eluted at the same retention time (Figure 3-11 B). Consolidating the
results for SF-HPLC and RP-HPLC, it was suggested that the structure of the PA-MBP M3
synthesized and glycosylated in this constructed system was Manal-6(Manal-3)-Manf1-

4GlcNAcP1-4GIcNAC-PA.
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Figure 3-11. Glycan analysis of MBP-GT. A: SF-HPLC analysis. Periplasmic-localized MBP-
GT was purified and subjected to hydrazinolysis and PA labeling. PA-MBP glycans was
resolved. The candidate peak of PA-MBP M3 (marked with arrow) was purified and shown in
the middle chart. In the lower chart, PA-MBP M3 was coinjected with the PA-sugar chain 016
(PA-016); a single peak in SF-HPLC was observed. The PA-MBP M3 rationally possesses a
glycan structure similar to the standard PA-sugar chain 016.

B: RP-HPLC analysis. PA-MBP M3 and the PA-sugar chain 016 (PA-016) were subjected to
RP-HPLC analysis. One and the other, standard PA-016 and sample PA-MBP M3 eluted at
same retention time. This result showed that PA-MBP M3 exists in identical isomerism of
standard PA-016, as Mana1-6(Mano1-3)-Manf1-4GIcNAcB1-4GIcNAc-PA.
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Figure 3-12. Mass spectrometry of purified PA-MBP M3. PA-MBP M3 was subjected to mass
spectrometry. The subject PA sample showed a precursor m/z of 989.9 (diagonal square),
fragmented to 971.4, 827.4, 665.3 and 503.3, which corresponded to HexsHexNAc2-PA.

3.3.6 MS analysis of glycopeptide

The glycan assembly and its identity were successfully analyzed. To confirm the
protein glycosylation on MBP-GT, nanoLC-MS analysis was performed. Glycan analysis of
MBP-PA glycans suggested protein glycosylation containing a-Man residues, and therefore
ConA chromatography was employed. Following the ConA purification, TALON was used to
purify the Man-glycosylated MBP-GT protein. The purified Man-glycosylated MBP-GT
protein was digested with trypsin, and the resulting tryptic peptides was subjected to a nanoLC-
MS Q-TOF analytical system. The peptide containing the engineered glycosylation motif
(LEGGDQNATHHHHHH, calculated m/z 1726.75; N-glycosylation site underlined) and the
glycopeptide were sought and found to elute at 8.9 min on nanoLC. The signals of the putative
glycopeptide and the peptide were observed at m/z 2619.97 and 1726.67, respectively (Figure
3-13). The mass difference between the peptide and glycopeptide (893.3 Da) suggested
glycosylation of the ManzGIcNAC: structure. This mass analysis data supported the results of
the hypothetical glycan structure synthesized from the constructed pathway, LLO analysis and

N-glycan analysis. Three technical replicates were performed (where glycosylation yields of
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1.5%, 3.5% and 4.6% were observed), and the average yield was 3.2+1.5% glycosylation on
the observed peptide (not the total yield); other possible tryptic glycopeptides were sought but
were not found. The different yields may have been caused by different batches of cultivation.

In Dbrief, glycosylation of Manal-6(Manal-3)-ManfB1-4GIcNAc-B1-4GIcNAC
(MansGIcNAC2) to Asn on the introduced glycosylation motif, DQNAT, of MBP-GT was

observed.
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Figure 3-13. Mass spectrometry of the glycopeptide. The trypsin-digested glycosylated MBP-
GT (ConA and TALON-purified) was subjected to nanoLC-MS analysis. The mass spectrum
of the nanoL.C eluate at 8.9 min is shown. The m/z values of 2619.97 and 1726.67 corresponded
to the m/z values of a hypothetical ManzGIcNAc-linked peptide and a tryptic peptide of
LEGGDQNATHHHHHH, respectively. In the lower chart, TALON-purified MBP-GT
produced from the pET-22b backbone in E. coli BL21 (DE3) was subjected to tryptic digestion
and nanoLC-MS analysis, and shown as a control.
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In this chapter, plasmids conferring a glycan assembly of the yeast initial protein
glycosylation pathway were constructed. The E. coli BL21 AwaalAgmd mutant was obtained
and used. Protein expressions were monitored, and all of the recombinant proteins were found
to be expressed. To confirm the glycan biosynthesis, LLO was prepared from cells expressing
pM1 and pBADTrxALG2 MBP-GT. LLO ManGIcNAc, and LLO MansGIcNAc: were both
observed, the former in abundance. In addition, structural analysis by fluorophore labeling of
the glycan released from MBP-GT revealed an N-glycan structure of MansGIcNAC, but not a
population of ManGIcNAc,. Peptide MS analysis further confirmed the presence of the
MansGIcNAC: structure on the designated glycosylation motif.

The production of glycoproteins in E. coli is an emerging topic in biotechnology. This
approach has opened up since the successful transfer of protein glycosylation machinery from
C. jejuni into E. coli (56). It is important to note that, when the PgIB protein was used as the
OST in previous studies, it showed relaxed substrate specificities toward various glycan
structures, including immature native C. jejuni N-glycans, E. coli O-polysaccharides, and
synthetic glycan structures (39, 40, 102, 103, 136). In addition, WecA is an enzyme that
initiates synthesis of Und-PP-GIcNAc using Und-P and UDP-GIcNAc (111-113). These
contributions benefit the production of N-glycoprotein in E. coli by establishing the GIcNAc-
PP-Und, and later GIcNAc-Asn, which is fundamental to eukaryotic N-glycosylation.

To facilitate biosynthesis of the cell wall structure, E. coli and other bacteria possess a
polysaccharide membrane translocator, generally identified as Wzx (138). To exploit the native
E. coli Wzx flippase (65, 139), the pglK gene for flipping assembled LLO from C. jejuni (66)
was not included in the construction. Nonetheless, protein glycosylation of MBP-GT was
observed. Even though this flipping mechanism seemed to be interchangeable, the substrate
specificities toward engineered glycan structures would not be easily determined. Still, there

might be a chance that overexpression of either Wzx or PgIK could have improved the flipping
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of LLOs and thus the protein glycosylation yield, by saturating the donor substrate for
glycosylation in the periplasmic space.

In this constructed expression system, LLO ManGIcNAc2 was abundant, but only
MansGIcNAc, was found to be glycosylated to MBP-GT based on analysis using the PA-
glycan technique. As Man1.3GIcNAc: is not natural glycan substrate for PgIB, so the substrate
preference, specificity and selectivity of C. jejuni PgIB protein may be discussed that C. jejuni
PglB protein might prefers branched eukaryotic N-glycan structures. In order to improve the
glycosylation yield, mutants of PgIB might be generated, or an alternative OST from one of
various sources may be implemented. In contrast to a previous report (149), the MansGIcNAc:
was not observed in the present study. This discrepancy might have been related to the different
substrate specificities of the participating enzymes. In particular, Trx fusion to Alg2, which
might have increased solubility and specificity of Alg2, resulted in the observed glycan
assembly and following glycosylation. The previously reported in vitro activity of Trx-fused
Alg2 showed that glycan elongation of ManGIcNAc2-PP-Dol substrate was rigorously stopped
at MansGIcNAc.-PP-Dol (34), which supports the interpretation of the results presented herein.

At this moment, however, no clear explanation can be made.

More glycosylation efficiency is desired. Simple production optimization does not
seem to suffice. To resolve this problem, an improvement in the expression and solubility of
GTases, a reduction of the metabolic-bottleneck and burden of protein expression, or the use
of an alternative OST may be implemented. Furthermore, the stringent requirement of a PglB
glycosylation recognition motif, D/E-X1-N-X2-S/T, is not attractive, and a PglB replacement,

which should recognize N-X-S/T, might be identified in the future.
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3.4 Summary

Plasmids encoding GTase genes from S. cerevisiae, C. jejuni PgIB OST, and MBP-GT,
which conferred synthesis and glycosylation of MansGIcNAc,, were constructed and
transformed into the obtained E. coli BL21 AwaalAgmd. LLO synthesis was confirmed and
MansGIcNAc, was observed along with intermediate ManGIcNAc:. Protein glycosylation of
the model protein, MBP-GT, was analyzed by conventional N-glycan analysis and further
confirmed by glycopeptide mass spectrometry. A homogeneous, pentasaccharide-glycosylated

protein was obtained in this study.

79



Chapter 4

General Conclusions and Perspectives

The E. coli protein expression system has many appealing features, such as rapid
expression, high protein yields, ease of culture and manipulation, and low cost with good cost-
effectiveness (150). However, the inability to glycosylate proteins via this system has reduced
its usefulness for the expression of glycosylated proteins. If glycosylation machinery could be
made available in E. coli, the system would then become a useful host for recombinant
glycoprotein expressions, which might be used for functional studies and in biomedical

applications.

N-glycosylation is no longer restricted to eukaryotes, and indeed has been observed in
all domains of life. Currently, C. jejuni is one of the bacteria with a well-characterized N-
glycosylation pathway. pgl operon components enable the C. jejuni glycosylation function. The
reconstitution of the glycosylation mechanism in E. coli (56), and characterization of the
pathway (40), have opened up a pathway for engineering the glycan structure as a general

concept discussed in terms of glycoengineering in Chapter 1.

Genomic DNA of C. jejuni JCM 2013 was obtained from JCM. Its protein glycosylation
pathway had remained elusive. To study the operon conferring N-glycosylation of C. jejuni
JCM 2013, the pgl operon was cloned and characterized in Chapter 2. The pgl operon was
found to contain a total of 15,597 nucleotides, and putatively coded for 14 ORFs. Protein
glycosylation of the co-expressed CmeA as a model protein was analyzed. The structures of
HexHexNAcs and HexNAcs, which corresponded to those of Glc-GalNAcs-HexNAc and
GalNAcs-HexNAc, respectively, were elucidated. Later, the HexNAc moiety linked to Asn (at
the glycan-reducing end) was demonstrated as the GICNAc moiety putatively derived from the

bacterial polysaccharide biosynthetic pathway via the activity of WecA (111, 112).
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Furthermore, MBP and DsbA containing a glycosylation tag (GT) were constructed and
confirmed to function as glycan acceptor proteins. In brief, GIcNAc-Asn glycosylation was

demonstrated, and glycan acceptor proteins were obtained.

In Chapter 3, in order to synthesize a typical eukaryotic N-glycan MansGIcNAc», the
corresponding pathway (including ALG13, ALG14, ALG1, ALG2 and pglB genes) was
constructed into E. coli. Some difficulties were encountered in the expression of Algl, Alg2
and PglB, and later those protein expressions were solved by concluding gene arrangement in
the expression plasmids. Next, the LLO assembly was observed and putative structures of
ManGIcNAc. and MansGIcNAc, were found. Protein glycosylation was observed on MBP-
GT, where the glycan identity was elucidated as Manal-6(Manal-3)-Manf1-4GIcNAc-p1-
4GIcNAc by means of co-elution in HPLC PA-glycan analysis. Finally, mass spectrometric

analysis confirmed the glycosylation of the MansGIcNAc: structure onto the GT motif.

To conclude, Proof of Principle was conducted to show that the early-stage eukaryotic
N-glycan structure could be synthesized and glycosylated onto a model protein in E. coli. For
future application, the design and engineering of a glycan structure and protein secretion
pathway will need to be determined. Following the MansGIcNAc: core structure, a complex
glycan structure could be synthesized by integration with the constructed system of eukaryote-
or human-derived N-acetylglucosaminyltransferase 1 (GIcNAcT), B-galactosyltransferase
(GalT) and sialyltransferase (SiaT), since the former 2 human-derived enzymes have been

functionally expressed in E. coli (151, 152). This concept is shown in Figure 4.

The culmination of this particular biotechnology research area will be the E. coli-
synthesis of eukaryotic glycoproteins in high yield, and the engineering of N-glycan structures

for applications of benefit to humans.
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Figure 4. Summary of the constructed eukaryotic N-glycosylation pathway in E. coli presented
in this thesis. The complex-type glycan structure shown is beyond the scope of this thesis and
is a perspective work. The dashed rectangle denotes proteins GICNACT, GalT and SiaT, which
were required for the transfer of GICNACc, galactose and the sialic acid moiety, respectively.
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Appendix
DNA sequences and their respective amino acid sequences
Tags are shown in bold, and putative glycosylation motifs were underlined.

(pelB) cmeA
(ATGAAATACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGC
CGGCGATGGCC)ATGGATAGCAAAGAAGAAGCACCAAAAATACAAATGCCGCCT
CAACCTGTAACAACCATGAGTGCTAAATCTGAAGATTTACCACTTAGTTTTACTT
ACCCTGCTAAACTTGTCAGTGATTATGATGTCATTATAAAGCCTCAAGTTAGTGG
CGTAATAGAAAATAAACTTTTTAAAGCTGGAGATAAAGTAAAAAAAGGACAAAC
ATTATTTATTATAGAACAAGACAAATTTAAAGCTAGTGTTGATTCGGCTTACGGA
CAAGCTTTGATGGCTAAGGCAACTTTCGAAAATGCAAGCAAGGATTTTAATCGTT
CTAAAGCTCTTTTTAGTAAAAGTGCAATCTCTCAAAAGGAATACGACTCTTCTCT
TGCTACATTTAACAATTCAAAAGCTAGTCTAGCAAGTGCTAGAGCACAGCTTGCA
AATGCAAGAATTGATCTAGATCATACCGAAATAAAAGCTCCTTTTGATGGTACTA
TAGGAGATGCTTTAGTTAATATAGGAGATTATGTAAGTGCTTCAACAACTGAACT
AGTTAGAGTTACAAATTTAAATCCTATTTACGCAGATTTCTTTATTTCAGATACAG
ATAAACTAAATTTAGTCCGCAATACTCAAAATGGAAAATGGGATTTAGACAGCA
TTCATGCAAATTTAAATCTTAATGGAGAAACCGTTCAAGGCAAACTTTATTTTAT
TGATTCTGTTATAGATGCTAATAGTGGAACAGTAAAAGCCAAAGCTATATTTGAC
AACAACAACTCAACACTTTTACCAGGTGCTTTTGCAACAATTACTTCAGAAGGTT
TTATACAAAAAAATGGCTTTAAAGTGCCTCAAATAGCTGTTAAACAAAATCAAA
ATGATGTTTATGTTCTTCTTGTTAAAAATGGAAAAGTAGAAAAATCTTCTGTACA
TATAAGCTACCAAAACAATGAATATGCCATTATTGACAAAGGATTACAAAATGG
CGATAAAATCATTTTAGATAACTTTAAAAAAATTCAAGTTGGTAGCGAAGTTAAA
GAAATTGGAGCACAACTCGAGCACCACCACCACCACCACTGA

Translation:

MKYLLPTAAAGLLLLAAQPAMAMDSKEEAPKIQMPPQPVTTMSAKSEDLPLSFTYP
AKLVSDYDVIIKPQVSGVIENKLFKAGDKVKKGQTLFIIEQDKFKASVDSAYGQALM
AKATFENASKDENRSKALFSKSAISQKEYDSSLATFNNSKASLASARAQLANARIDL
DHTEIKAPFDGTIGDALVNIGDYVSASTTELVRVTNLNPIYADFFISDTDKLNLVRNT
QNGKWDLDSIHANLNLNGETVQGKLYFIDSVIDANSGTVKAKAIFDNNNSTLLPGAF
ATITSEGFIQKNGFKVPQIAVKQNQNDVYVLLVKNGKVEKSSVHISYQNNEYAIIDK
GLONGDKIILDNFKKIQVGSEVKEIGAQLEHHHHHH*

MBP-GT

ATGAAAATAAAAACAGGTGCACGCATCCTCGCATTATCCGCATTAACGACGATG
ATGTTTTCCGCCTCGGCTCTCGCCAAAATCGAAGAAGGTAAACTGGTAATCTGGA
TTAACGGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAATTCGAGA
AAGATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAAT
TCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGA
CCGCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAA
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GCGTTCCAGGACAAGCTGTATCCGTTTACCTGGGATGCCGTACGTTACAACGGCA
AGCTGATTGCTTACCCGATCGCTGTTGAAGCGTTATCGCTGATTTATAACAAAGA
TCTGCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATAAAGA
ACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTT
CACCTGGCCGCTGATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGC
AAGTACGACATTAAAGACGTGGGCGTGGATAACGCTGGCGCGAAAGCGGGTCTG
ACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACACCGATTACT
CCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCC
CGTGGGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTAC
TGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCGCAGG
TATTAACGCCGCCAGTCCGAACAAAGAGCTGGCGAAAGAGTTCCTCGAAAACTA
TCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGC
CGTAGCGCTGAAGTCTTACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGC
CACCATGGAAAACGCCCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTC
CGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAG
ACTGTCGATGAAGCCCTGAAAGACGCGCAGACTCGTATCACCAAGCTCGAGGGC
GGCGATCAGAACGCGACCCACCACCACCACCACCACTGA

Translation:

MKIKTGARILALSALTTMMFSASALAKIEEGKLVIWINGDKGYNGLAEVGKKFEKDT
GIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDK
LYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKS
ALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKN
KHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKP
FVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAK
DPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTRIT
KLEGGDONATHHHHHH*

The MBP-GT3 has 4 times repeating of the GGDQNAT sequence
DsbA-GT

ATGAAAAAGATTTGGCTGGCGCTGGCTGGTTTAGTTTTAGCGTTTAGCGCATCGG
CGGCGCAGTATGAAGATGGTAAACAGTACACTACCCTGGAAAAACCGGTAGCTG
GCGCGCCGCAAGTGCTGGAGTTTTTCTCTTTCTTCTGCCCGCACTGCTATCAGTTT
GAAGAAGTTCTGCATATTTCTGATAATGTGAAGAAAAAACTGCCGGAAGGCGTG
AAGATGACTAAATACCACGTCAACTTCATGGGTGGTGACCTGGGCAAAGATCTG
ACTCAGGCATGGGCTGTGGCGATGGCGCTGGGCGTGGAAGACAAAGTCACTGTT
CCGCTGTTTGAAGGCGTACAGAAAACCCAGACCATTCGTTCAGCATCTGATATCC
GCGATGTATTTATCAACGCAGGTATTAAAGGTGAAGAGTACGACGCGGCGTGGA
ACAGCTTCGTGGTCAAATCTCTGGTCGCTCAGCAGGAAAAAGCTGCAGCTGACG
TGCAATTGCGTGGCGTTCCGGCGATGTTTGTTAACGGTAAATATCAGCTGAATCC
GCAGGGTATGGATACCAGCAATATGGATGTTTTTGTTCAGCAGTATGCTGATACA
GTGAAATATCTGTCCGAGAAAAAAGGATCAACTAGTGGTTCTGGTTCCGCGGGT
CTGGTGCCACGCGGTTCCATGGATATCGGAATTAATTCGGATCCGAATTCGAGCT
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CCGTCGACAAGCTTGCGGCCGCACTCGAGGGCGGCGATCAGAACGCGACCCACC
ACCACCACCACCACTGA

Translation:

MKKIWLALAGLVLAFSASAAQYEDGKQYTTLEKPVAGAPQVLEFFSFFCPHCYQFE
EVLHISDNVKKKLPEGVKMTKYHVNFMGGDLGKDLTQAWAVAMALGVEDKVTVP
LFEGVQKTQTIRSASDIRDVFINAGIKGEEYDAAWNSFVVKSLVAQQEKAAADVQLR
GVPAMFVNGKYQLNPQGMDTSNMDVFVQQYADTVKYLSEKKGSTSGSGSAGLVPR
GSMDIGINSDPNSSSVDKLAAALEGGDONATHHHHHH*

The DsbA-GTj4 has 4 times repeating of the GGDQNAT sequence
ALG13

ATGGCTAGCATGACTGGTGGACAGCAAATGGGTATGGGTATTATTGAAGAAAAG
GCTCTTTTTGTTACGTGTGGGGCAACGGTGCCATTTCCAAAGCTCGTCTCATGTGT
GCTAAGCGACGAATTCTGCCAAGAATTGATTCAATATGGATTCGTACGTCTAATC
ATTCAGTTTGGGAGAAACTACAGTTCTGAATTTGAGCATTTAGTGCAAGAACGCG
GGGGCCAAAGAGAAAGCCAAAAAATTCCAATTGACCAGTTTGGCTGTGGCGACA
CCGCAAGACAGTATGTCCTGATGAACGGGAAATTAAAGGTGATCGGGTTTGACT
TTTCGACCAAGATGCAAAGTATTATACGTGATTATTCAGATTTGGTCATATCACA
CGCTGGAACGGGCTCTATACTAGATTCTCTACGGTTGAATAAACCGTTGATAGTT
TGCGTAAACGATTCTTTGATGGATAACCACCAGCAGCAGATAGCAGACAAGTTT
GTAGAGTTGGGCTACGTATGGTCTTGTGCACCCACTGAAACAGGTTTGATAGCTG
GTTTACGTGCATCTCAAACAGAGAAACTCAAACCATTCCCAGTTTCTCATAACCC
GTCATTTGAGCGATTGCTAGTTGAAACTATATACAGCTAG

Translation:

MASMTGGQQMGMGIIEEKALFVTCGATVPFPKLVSCVLSDEFCQELIQYGFVRLIIQ
FGRNYSSEFEHLVQERGGQRESQKIPIDQFGCGDTARQYVLMNGKLKVIGFDFSTKM
QSIIRDYSDLVISHAGTGSILDSLRLNKPLIVCVNDSLMDNHQQQIADKFVELGYVWS
CAPTETGLIAGLRASQTEKLKPFPVSHNPSFERLLVETIYS*

ALG14

ATGAAAGAAACCGCTGCTGCGAAATTTGAACGCCAGCACATGGACTCGAAAACG
GCCTACTTGGCGTCATTGGTGCTCATCGTATCGACAGCATATGTTATTAGGTTGAT
AGCGATTCTGCCTTTTTTCCACACTCAAGCAGGTACAGAAAAGGATACGAAAGA
TGGAGTTAACCTACTGAAAATACGAAAATCGTCAAAGAAACCGCTCAAGATTTT
TGTATTCTTAGGATCGGGAGGTCATACTGGTGAAATGATCCGTCTTCTAGAAAAT
TACCAGGATCTTTTACTGGGTAAGTCGATTGTGTACTTGGGTTATTCTGATGAGG
CTTCCAGGCAAAGATTCGCCCACTTTATAAAAAAATTTGGTCATTGCAAAGTAAA
ATACTATGAATTCATGAAAGCTAGGGAAGTTAAAGCGACTCTCCTACAAAGTGT
AAAGACCATCATTGGAACGTTGGTACAATCTTTTGTGCACGTGGTTAGAATCAGA
TTTGCTATGTGTGGTTCCCCTCATCTGTTTTTATTGAATGGGCCTGGAACATGCTG
TATAATATCCTTTTGGTTGAAAATTATGGAACTTCTTTTGCCCCTGTTGGGTTCCT
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CCCATATAGTTTATGTAGAATCGCTGGCAAGGATTAATACTCCTAGTCTGACCGG
AAAAATATTATATTGGGTAGTGGATGAATTCATTGTCCAGTGGCAAGAATTGAGG
GACAATTATTTACCAAGATCCAAGTGGTTCGGCATCCTTGTTTAA

Translation:

MKETAAAKFERQHMDSKTAYLASLVLIVSTAYVIRLIAILPFFHTQAGTEKDTKDG

VNLLKIRKSSKKPLKIFVFLGSGGHTGEMIRLLENYQDLLLGKSIVYLGYSDEASRQR
FAHFIKKFGHCKVKYYEFMKAREVKATLLQSVKTIGTLVQSFVHVVRIRFAMCGSP
HLFLLNGPGTCCIHSFWLKIMELLLPLLGSSHIVYVESLARINTPSLTGKILYWVVDEFI
VQWQELRDNYLPRSKWFGILV*

ALG1

ATG(TTTTTGGAAATTCCTCGGTGGTTACTTGCCTTAATAATATTATACCTTTCCAT
ACCGTTAGTGGTTTATTATGTTATACCCTACTTGTTTTATGGCAACAAG)TCGACC
AAAAAAAGGATCATCATATTTGTGCTGGGTGATGTAGGACACTCTCCAAGGATAT
GCTATCACGCTATAAGTTTCAGTAAGTTAGGTTGGCAAGTCGAGCTATGCGGTTA
TGTGGAGGACACTCTACCCAAAATTATTTCCAGTGATCCAAATATCACCGTCCAT
CATATGTCAAACTTGAAAAGAAAGGGAGGCGGAACATCAGTTATATTTATGGTA
AAGAAGGTGCTTTTTCAAGTTTTAAGTATTTTCAAATTACTTTGGGAATTGAGAG
GAAGCGATTACATACTAGTTCAAAATCCACCGAGCATACCCATTCTTCCGATTGC
TGTGCTATACAAGTTGACCGGTTGTAAACTAATTATTGATTGGCACAATCTAGCA
TATTCGATATTGCAACTAAAATTTAAAGGAAACTTTTACCATCCTTTAGTGTTGAT
ATCTTACATGGTAGAGATGATATTCAGCAAATTTGCTGATTATAACTTGACTGTT
ACTGAAGCAATGAGGAAATATTTAATTCAAAGCTTTCACTTGAATCCAAAGAGAT
GTGCTGTTCTCTACGACCGCCCGGCTTCCCAATTTCAACCTTTGGCAGGTGACATT
TCTCGTCAAAAAGCCCTAACTACCAAAGCCTTTATAAAGAATTATATTCGCGATG
ATTTTGATACAGAAAAAGGCGATAAAATTATTGTGACTTCAACATCATTCACCCC
TGATGAAGATATTGGTATTTTATTAGGTGCCCTAAAGATTTACGAAAACTCTTAT
GTCAAATTTGATTCAAGTTTGCCTAAGATCTTGTGTTTTATAACGGGTAAAGGAC
CACTAAAGGAGAAATATATGAAGCAAGTAGAAGAATATGACTGGAAGCGCTGTC
AAATCGAATTTGTGTGGTTGTCAGCAGAGGATTACCCAAAGTTATTACAATTATG
CGATTACGGAGTTTCCCTGCATACTTCAAGTTCAGGGTTGGACCTGCCAATGAAA
ATTTTAGATATGTTTGGCTCAGGTCTTCCTGTTATTGCAATGAACTATCCAGTGCT
TGACGAATTAGTACAACACAATGTAAATGGGTTAAAATTTGTTGATAGAAGGGA
GCTTCATGAATCTCTGATTTTTGCTATGAAAGATGCTGATTTATACCAAAAATTG
AAGAAAAATGTAACGCAGGAAGCTGAGAACAGATGGCAATCAAATTGGGAACG
AACAATGAGAGATTTGAAGCTAATTCATATGGCTAGCATGACTGGTGGACAGCA
AATGGGTTGA

Translation:

M(FLEIPRWLLALIILYLSIPLVVYYVIPYLFYGNK)STKKRIIFVLGDVGHSPRICYHAI
SFSKLGWQVELCGYVEDTLPKIISSDPNITVHHMSNLKRKGGGTSVIFMVKKVLFQV
LSIFKLLWELRGSDYILVQNPPSIPILPIAVLY KLTGCKLIIDWHNLAYSILQLKFKGNF
YHPLVLISYMVEMIFSKFADYNLTVTEAMRKY LIQSFHLNPKRCAVLYDRPASQFQP
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LAGDISRQKALTTKAFIKNYIRDDFDTEKGDKIVTSTSFTPDEDIGILLGALKIYENSY
VKFDSSLPKILCFITGKGPLKEKYMKQVEEYDWKRCQIEFVWLSAEDYPKLLQLCDY
GVSLHTSSSGLDLPMKILDMFGSGLPVIAMNYPVLDELVQHNVNGLKFVDRRELHES
LIFAMKDADLY QKLKKNVTQEAENRWQSNWERTMRDLKLIHMASMTGGQQMG*

The bracketed DNA sequence and amino acids were omitted in ALG1dTM
TrxALG1

(ATGGGATCTGATAAAATTATTCATCTGACTGATGATTCTTTTGATACTGATGTAC
TTAAGGCAGATGGTGCAATCCTGGTTGATTTCTGGGCACACTGGTGCGGTCCGTG
CAAAATGATCGCTCCGATTCTGGATGAAATCGCTGACGAATATCAGGGCAAACT
GACCGTTGCAAAACTGAACATCGATCACAACCCGGGCACTGCGCCGAAATATGG
CATCCGTGGTATCCCGACTCTGCTGCTGTTCAAAAACGGTGAAGTGGCGGCAACC
AAAGTGGGTGCACTGTCTAAAGGTCAGTTGAAAGAGTTCCTCGACGCTAACCTG
GCCGGCTCTGGGTCCGGTGATGACGATGACAAG)ATGTTTTTGGAAATTCCTCGG
TGGTTACTTGCCTTAATAATATTATACCTTTCCATACCGTTAGTGGTTTATTATGT
TATACCCTACTTGTTTTATGGCAACAAGTCGACCAAAAAAAGGATCATCATATTT
GTGCTGGGTGATGTAGGACACTCTCCAAGGATATGCTATCACGCTATAAGTTTCA
GTAAGTTAGGTTGGCAAGTCGAGCTATGCGGTTATGTGGAGGACACTCTACCCA
AAATTATTTCCAGTGATCCAAATATCACCGTCCATCATATGTCAAACTTGAAAAG
AAAGGGAGGCGGAACATCAGTTATATTTATGGTAAAGAAGGTGCTTTTTCAAGTT
TTAAGTATTTTCAAATTACTTTGGGAATTGAGAGGAAGCGATTACATACTAGTTC
AAAATCCACCGAGCATACCCATTCTTCCGATTGCTGTGCTATACAAGTTGACCGG
TTGTAAACTAATTATTGATTGGCACAATCTAGCATATTCGATATTGCAACTAAAA
TTTAAAGGAAACTTTTACCATCCTTTAGTGTTGATATCTTACATGGTAGAGATGAT
ATTCAGCAAATTTGCTGATTATAACTTGACTGTTACTGAAGCAATGAGGAAATAT
TTAATTCAAAGCTTTCACTTGAATCCAAAGAGATGTGCTGTTCTCTACGACCGCC
CGGCTTCCCAATTTCAACCTTTGGCAGGTGACATTTCTCGTCAAAAAGCCCTAAC
TACCAAAGCCTTTATAAAGAATTATATTCGCGATGATTTTGATACAGAAAAAGGC
GATAAAATTATTGTGACTTCAACATCATTCACCCCTGATGAAGATATTGGTATTTT
ATTAGGTGCCCTAAAGATTTACGAAAACTCTTATGTCAAATTTGATTCAAGTTTG
CCTAAGATCTTGTGTTTTATAACGGGTAAAGGACCACTAAAGGAGAAATATATG
AAGCAAGTAGAAGAATATGACTGGAAGCGCTGTCAAATCGAATTTGTGTGGTTG
TCAGCAGAGGATTACCCAAAGTTATTACAATTATGCGATTACGGAGTTTCCCTGC
ATACTTCAAGTTCAGGGTTGGACCTGCCAATGAAAATTTTAGATATGTTTGGCTC
AGGTCTTCCTGTTATTGCAATGAACTATCCAGTGCTTGACGAATTAGTACAACAC
AATGTAAATGGGTTAAAATTTGTTGATAGAAGGGAGCTTCATGAATCTCTGATTT
TTGCTATGAAAGATGCTGATTTATACCAAAAATTGAAGAAAAATGTAACGCAGG
AAGCTGAGAACAGATGGCAATCAAATTGGGAACGAACAATGAGAGATTTGAAG
CTAATTCATATGGCTAGCATGACTGGTGGACAGCAAATGGGTTGA

Translation:

(MGSDKIIHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADEYQGKLT
VAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSG
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SGDDDDK)MFLEIPRWLLALIILYLSIPLVVYYVIPYLFYGNKSTKKRIIFVLGDVGHS
PRICYHAISFSKLGWQVELCGYVEDTLPKIISSDPNITVHHMSNLKRKGGGTSVIFMV
KKVLFQVLSIFKLLWELRGSDYILVQNPPSIPILPIAVLYKLTGCKLIIDWHNLAYSILQ
LKFKGNFYHPLVLISYMVEMIFSKFADYNLTVTEAMRKY LIQSFHLNPKRCAVLYDR
PASQFQPLAGDISRQKALTTKAFIKNYIRDDFDTEKGDKIIVTSTSFTPDEDIGILLGAL
KIYENSYVKFDSSLPKILCFITGKGPLKEKYMKQVEEYDWKRCQIEFVWLSAEDYPK
LLQLCDYGVSLHTSSSGLDLPMKILDMFGSGLPVIAMNYPVLDELVQHNVNGLKFV
DRRELHESLIFAMKDADLY QKLKKNVTQEAENRWQSNWERTMRDLKLIHMASMT
GGQQMG*

Trx was bracketed.
ALGlopt

ATG(TTCCTGGAAATTCCGCGTTGGCTGCTGGCACTGATTATTCTGTATCTGAGCA
TTCCGCTGGTTGTGTATTATGTTATTCCGTACCTGTTCTACGGCAACAAAAGCACC
AAAAAACGCAT)CATTATCTTCGTTCTGGGTGATGTTGGTCATAGTCCGCGTATTT
GTTATCATGCAATCAGCTTTAGCAAACTGGGTTGGCAGGTTGAACTGTGTGGTTA
TGTTGAAGATACCCTGCCGAAAATTATCAGCAGCGATCCGAATATTACCGTGCAT
CACATGAGCAATCTGAAACGTAAAGGTGGTGGCACCAGCGTGATTTTTATGGTTA
AAAAAGTTCTGTTCCAGGTGCTGAGCATCTTTAAACTGCTGTGGGAACTGCGTGG
TAGCGATTATATTCTGGTTCAGAATCCGCCTAGCATTCCGATTCTGCCGATTGCA
GTTCTGTATAAACTGACCGGTTGTAAACTGATCATCGATTGGCATAATCTGGCCT
ATAGCATTCTcCAGCTGAAATTCAAAGGCAACTTTTATCATCCGCTGGTGCTGATT
AGCTATATGGTGGAAATGATCTTCAGCAAATTCGCCGATTATAACCTGACCGTTA
CCGAAGCAATGCGCAAATATCTGATTCAGAGCTTTCATCTGAATCCGAAACGTTG
TGCCGTTCTGTATGATCGTCCGGCAAGCCAGTTTCAGCCGCTGGCAGGCGATATT
AGCCGTCAGAAAGCACTGACCACCAAAGCATTTATCAAAAACTATATCCGCGAC
GATTTCGATACCGAGAAAGGCGATAAAATCATTGTTACCAGCACCAGTTTTACAC
CGGATGAAGATATTGGTATTCTGCTGGGTGCACTGAAAATCTATGAAAACAGCTA
TGTGAAATTCGATAGCAGCCTGCCTAAAATCCTGTGTTTTATTACCGGCAAAGGT
CCGCTGAAAGAAAAATACATGAAACAGGTGGAAGAATATGACTGGAAACGTTGC
CAGATCGAATTTGTTTGGCTGAGCGCAGAAGATTATCCGAAACTGCTcCAGCTGT
GTGATTATGGTGTTAGCCTGCATACCAGCAGCAGCGGTCTGGATCTGCCGATGAA
AATTCTGGATATGTTTGGTAGCGGTCTGCCGGTTATTGCAATGAATTATCCGGTTC
TGGATGAACTGGTTCAGCATAATGTTAACGGTCTGAAATTTGTGGATCGTCGTGA
ACTGCATGAAAGCCTGATTTTTGCCATGAAAGATGCAGATCTGTATCAGAAACTG
AAAAAAAACGTTACCCAAGAAGCCGAAAATCGTTGGCAGAGCAATTGGGAACGT
ACCATGCGTGATCTGAAACTGATTCATATGGCAAGCATGACCGGTGGTCAGCAG
ATGGGTTAA

DNA sequence in bracket was omitted in ALG1dTMopt. Translation was similar to that of
ALG1 and ALG1dTM.

TrxALGlopt

108



(ATGGGATCTGATAAAATTATTCATCTGACTGATGATTCTTTTGATACTGATGTAC
TTAAGGCAGATGGTGCAATCCTGGTTGATTTCTGGGCACACTGGTGCGGTCCGTG
CAAAATGATCGCTCCGATTCTGGATGAAATCGCTGACGAATATCAGGGCAAACT
GACCGTTGCAAAACTGAACATCGATCACAACCCGGGCACTGCGCCGAAATATGG
CATCCGTGGTATCCCGACTCTGCTGCTGTTCAAAAACGGTGAAGTGGCGGCAACC
AAAGTGGGTGCACTGTCTAAAGGTCAGTTGAAAGAGTTCCTCGACGCTAACCTG
GCCGGCTCTGGGTCCGGTGATGACGATGACAAG)ATGTTCCTGGAAATTCCGCGT
TGGCTGCTGGCACTGATTATTCTGTATCTGAGCATTCCGCTGGTTGTGTATTATGT
TATTCCGTACCTGTTCTACGGCAACAAAAGCACCAAAAAACGCATCATTATCTTC
GTTCTGGGTGATGTTGGTCATAGTCCGCGTATTTGTTATCATGCAATCAGCTTTAG
CAAACTGGGTTGGCAGGTTGAACTGTGTGGTTATGTTGAAGATACCCTGCCGAAA
ATTATCAGCAGCGATCCGAATATTACCGTGCATCACATGAGCAATCTGAAACGTA
AAGGTGGTGGCACCAGCGTGATTTTTATGGTTAAAAAAGTTCTGTTCCAGGTGCT
GAGCATCTTTAAACTGCTGTGGGAACTGCGTGGTAGCGATTATATTCTGGTTCAG
AATCCGCCTAGCATTCCGATTCTGCCGATTGCAGTTCTGTATAAACTGACCGGTT
GTAAACTGATCATCGATTGGCATAATCTGGCCTATAGCATTCTcCAGCTGAAATT
CAAAGGCAACTTTTATCATCCGCTGGTGCTGATTAGCTATATGGTGGAAATGATC
TTCAGCAAATTCGCCGATTATAACCTGACCGTTACCGAAGCAATGCGCAAATATC
TGATTCAGAGCTTTCATCTGAATCCGAAACGTTGTGCCGTTCTGTATGATCGTCC
GGCAAGCCAGTTTCAGCCGCTGGCAGGCGATATTAGCCGTCAGAAAGCACTGAC
CACCAAAGCATTTATCAAAAACTATATCCGCGACGATTTCGATACCGAGAAAGG
CGATAAAATCATTGTTACCAGCACCAGTTTTACACCGGATGAAGATATTGGTATT
CTGCTGGGTGCACTGAAAATCTATGAAAACAGCTATGTGAAATTCGATAGCAGC
CTGCCTAAAATCCTGTGTTTTATTACCGGCAAAGGTCCGCTGAAAGAAAAATACA
TGAAACAGGTGGAAGAATATGACTGGAAACGTTGCCAGATCGAATTTGTTTGGC
TGAGCGCAGAAGATTATCCGAAACTGCTcCAGCTGTGTGATTATGGTGTTAGCCT
GCATACCAGCAGCAGCGGTCTGGATCTGCCGATGAAAATTCTGGATATGTTTGGT
AGCGGTCTGCCGGTTATTGCAATGAATTATCCGGTTCTGGATGAACTGGTTCAGC
ATAATGTTAACGGTCTGAAATTTGTGGATCGTCGTGAACTGCATGAAAGCCTGAT
TTTTGCCATGAAAGATGCAGATCTGTATCAGAAACTGAAAAAAAACGTTACCCA
AGAAGCCGAAAATCGTTGGCAGAGCAATTGGGAACGTACCATGCGTGATCTGAA
ACTGATTCATATGGCTAGCATGACTGGTGGACAGCAAATGGGTTGA

Translation was similar to that of TrxALG1. Trx coding portion was bracketed.
TrxALG2

(ATGGGATCTGATAAAATTATTCATCTGACTGATGATTCTTTTGATACTGATGTAC
TTAAGGCAGATGGTGCAATCCTGGTTGATTTCTGGGCACACTGGTGCGGTCCGTG
CAAAATGATCGCTCCGATTCTGGATGAAATCGCTGACGAATATCAGGGCAAACT
GACCGTTGCAAAACTGAACATCGATCACAACCCGGGCACTGCGCCGAAATATGG
CATCCGTGGTATCCCGACTCTGCTGCTGTTCAAAAACGGTGAAGTGGCGGCAACC
AAAGTGGGTGCACTGTCTAAAGGTCAGTTGAAAGAGTTCCTCGACGCTAACCTG
GCCGGCTCTGGATCCGGTGATGACGATGACAAGCTCGCCCTT)ATGATTGAAAAG
GATAAAAGAACGATTGCTTTTATTCATCCAGACCTAGGTATTGGGGGCGCTGAAA
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GGTTAGTCGTCGATGCAGCATTAGGTCTACAGCAACAAGGACATAGTGTAATCA
TCTATACTAGTCACTGTGATAAATCACATTGTTTCGAAGAAGTTAAAAACGGCCA
ATTAAAAGTCGAAGTTTATGGTGATTTTTTACCGACAAACTTTTTGGGTCGTTTTT
TTATTGTTTTCGCAACAATTAGACAGCTTTATTTAGTTATTCAATTGATCCTACAG
AAAAAAGTGAATGCGTACCAATTAATTATCATTGATCAACTGTCTACATGTATTC
CGCTTCTGCATATCTTTAGTTCTGCCACTTTGATGTTTTATTGTCATTTCCCCGACC
AATTATTGGCTCAAAGAGCTGGGCTATTGAAGAAAATATACAGACTACCATTTGA
CTTAATAGAACAGTTTTCCGTGAGTGCTGCCGATACTGTTGTGGTAAATTCAAAT
TTCACTAAGAATACGTTCCACCAAACGTTCAAGTATTTATCCAATGATCCAGACG
TCATTTATCCATGCGTGGATTTATCAACAATCGAAATTGAAGATATTGACAAGAA
ATTTTTCAAAACAGTGTTTAACGAAGGCGATAGATTTTACCTAAGTATAAATCGT
TTTGAGAAAAAAAAGGATGTTGCGCTGGCTATAAAGGCTTTTGCGTTATCTGAAG
ATCAAATCAATGACAACGTTAAGTTAGTTATTTGCGGTGGTTATGACGAGAGGGT
TGCAGAAAATGTGGAGTACTTGAAGGAACTACAGTCTCTGGCCGATGAATACGA
ATTATCCCATACAACCATATACTACCAAGAAATAAAGCGCGTCTCCGATTTAGAG
TCATTCAAAACCAATAATAGTAAAATTATATTTTTAACTTCCATTTCATCATCTCT
GAAAGAATTACTGCTCGAAAGAACCGAAATGTTATTGTATACACCAGCATATGA
GCACTTTGGTATTGTTCCTTTAGAAGCCATGAAATTAGGTAAGCCTGTACTAGCA
GTAAACAATGGAGGTCCTTTGGAGACTATCAAATCTTACGTTGCTGGTGAAAATG
AAAGTTCTGCCACTGGGTGGCTAAAACCTGCCGTCCCTATTCAATGGGCTACTGC
AATTGATGAAAGCAGAAAGATCTTGCAGAACGGTTCTGTGAACTTTGAGAGGAA
TGGCCCGCTAAGAGTCAAGAAATACTTTTCTAGGGAAGCAATGACTCAGTCATTT
GAAGAAAACGTCGAGAAAGTCATATGGAAAGAAAAAAAGTATTATCCTTGGGAA
ATATTCGGTATTTCATTCTCTAATTTTATTTTGCATATGGCATTTATAAAAATTCT
ACCCAATAATCCATGGCCCTTCCTATTTATGGCCACTTTTATGGTATTATATTTTA
AGAACTACTTATGGGGAATTTACTGGGCATTTGTATTCGCTCTCTCCTACCCTTAT
GAAGAAATAAAGGGCGAGCTTGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGT
CTCGATTCTACGCGTACCGGTCATCATCACCATCACCATTGA

Translation:

(MGSDKIIHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADEYQGKLT
VAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSG
SGDDDDKLAL)MIEKDKRTIAFIHPDLGIGGAERLVVDAALGLQQQGHSVIIYTSHCD
KSHCFEEVKNGQLKVEVYGDFLPTNFLGRFFIVFATIRQLYLVIQLILQKKVNAYQLII
IDQLSTCIPLLHIFSSATLMFYCHFPDQLLAQRAGLLKKIYRLPFDLIEQFSVSAADTV
VVNSNFTKNTFHQTFKYLSNDPDVIYPCVDLSTIEIEDIDKKFFKTVFNEGDRFYLSIN
RFEKKKDVALAIKAFALSEDQINDNVKLVICGGYDERVAENVEYLKELQSLADEYEL
SHTTIYYQEIKRVSDLESFKTNNSKIIFLTSISSSLKELLLERTEMLLYTPAYEHFGIVPL
EAMKLGKPVLAVNNGGPLETIKSYVAGENESSATGWLKPAVPIQWATAIDESRKILQ
NGSVNFERNGPLRVKKYFSREAMTQSFEENVEKVIWKEKKYYPWEIFGISFSNFILH
MAFIKILPNNPWPFLFMATFMVLYFKNYLWGIYWAFVFALSYPYEEIKGELEGKPIPN
PLLGLDSTRTGHHHHHH*
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pglB

ATGGCTAGCATGACTGGTGGACAGCAAATGGGTTTGAAAAAAGAGTATTTAAAA
AACCCTTATTTAGTTTTGTTTGCGATGATTGTATTAGCTTATGTTTTTAGTGTATTT
TGCAGGTTTTATTGGGTTTGGTGGGCAAGTGAGTTTAACGAGTATTTTTTCAATA
ATCAATTAATGATCATTTCAAACGATGGCTATGCTTTTGCTGAGGGCGCAAGAGA
TATGATAGCAGGTTTTCATCAGCCTAATGATTTGAGTTACTATGGATCTTCTTTAT
CCGCGCTTACTTATTGGCTTTATAAAGTCACACCTTTTTCTTTTGAAAGTATCATT
TTATATATGAGTACTTTTTTATCTTCTTTGGTGGTGATTCCTATTATTTTACTAGCT
AATGAATACAAACGTCCTTTAATGGGCTTTGTAGCTGCTCTTTTAGCAAGTATAG
CAAACAGTTATTATAATCGCACTATGAGTGGGTATTATGATACGGATATGCTGGT
AATTGTTTTACCTATGTTTATTTTATTTTTTATGGTAAGAATGATTTTAAAAAAAG
ACTTTTTTTCATTGATTGCCTTGCCGTTATTTATAGGAATTTATCTTTGGTGGTATC
CTTCAAGTTATACTTTAAATGTAGCTTTAATTGGACTTTTTTTAATTTATACACTT
ATTTTTCATAGAAAAGAAAAGATTTTTTATATAGCTGTGATTTTGTCTTCTCTTAC
TCTTTCAAATATAGCATGGTTTTATCAAAGTGCCATTATAGTAATACTTTTTGCTT
TATTCGCCTTAGAGCAAAAACGCTTAAATTTTATGATTATAGGAATTTTAGGTAG
TGCAACTTTGATATTTTTGATTTTAAGTGGTGGGGTTGATCCTATACTTTATCAGC
TTAAATTTTATATTTTTAGAAGTGATGAAAGTGCGAATTTAACACAGGGCTTTAT
GTATTTTAATGTTAATCAAACCATACAAGAAGTTGAAAATGTAGATTTTAGCGAA
TTTATGCGAAGAATTAGTGGTAGTGAAATTGTTTTCTTGTTTTCTTTGTTTGGTTTT
GTATGGCTTTTGAGAAAACATAAAAGTATGATTATGGCTTTACCTATATTGGTAC
TTGGGTTTTTAGCCTTAAAAGGGGGGCTTAGATTTACCATTTATTCTGTACCTGTA
ATGGCTTTAGGATTTGGTTTTTTATTGAGCGAGTTTAAGGCTATATTGGTTAAAAA
ATATAGCCAATTAACTTCAAATGTTTGTATTGTTTTTGCAACTATTTTGACTTTAG
CTCCAGTATTTATCCATATTTACAACTATAAAGCGCCAACAGTTTTTTCTCAAAAT
GAAGCATCATTATTAAATCAATTAAAAAATATAGCCAATAGAGAAGATTATGTG
GTAACTTGGTGGGATTATGGTTATCCTGTGCGTTATTATAGCGATGTGAAAACTT
TAGTAGATGGTGGAAAGCATTTAGGTAAGGATAATTTTTTCCCTTCTTTTGCTTTA
AGCAAAGATGAACAAGCTGCGGCTAATATGGCAAGACTTAGTGTAGAATATACA
GAAAAAAGCTTTTATGCTCCGCAAAATGATATTTTAAAATCAGACATTTTACAAG
CCATGATGAAAGATTATAATCAAAGCAATGTGGATTTATTTCTAGCTTCATTATC
AAAACCTGATTTTAAAATCGATACACCAAAAACTCGTGATATTTATCTTTATATG
CCCGCTAGAATGTCTTTGATTTTTTCTACGGTGGCTAGTTTTTCTTTTATTAATTTA
GATACAGGAGTTTTGGATAAACCTTTTACCTTTAGCACAGCTTATCCACTTGATGT
TAAAAATGGAGAAATTTATCTTAGCAACGGAGTGGTTTTAAGCGATGATTTTAGA
AGTTTTAAAATAGGTGATAATGTGGTTTCTGTAAATAGTATCGTAGAGATTAATT
CTATTAAACAAGGTGAATACAAAATCACTCCAATCGATGATAAGGCTCAGTTTTA
TATTTTTTATTTAAAGGATAGTGCTATTCCTTACGCACAATTTATTTTAATGGATA
AAACCATGTTTAATAGTGCTTATGTGCAAATGTTTTTTTTGGGAAATTATGATAA
GAATTTATTTGACTTGGTGATTAATTCTAGAGATGCTAAAGTTTTTAAACTTAAA
ATTTAA

Translation:
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MASMTGGQQMGLKKEYLKNPYLVLFAMIVLAYVFSVFCRFYWVWWASEFNEYFF
NNQLMIISNDGYAFAEGARDMIAGFHQPNDLSYYGSSLSALTYWLYKVTPFSFESIIL
YMSTFLSSLVVIPIILLANEYKRPLMGFVAALLASIANSYYNRTMSGYYDTDMLVIVL
PMFILFFMVRMILKKDFFSLIALPLFIGIYLWWYPSSYTLNVALIGLFLIYTLIFHRKEKI
FYIAVILSSLTLSNIAWFYQSAIIVILFALFALEQKRLNFMIIGILGSATLIFLILSGGVDPI
LYQLKFYIFRSDESANLTQGFMYFNVNQTIQEVENVDFSEFMRRISGSEIVFLFSLFGF
VWLLRKHKSMIMALPILVLGFLALKGGLRFTIYSVPVMALGFGFLLSEFKAILVKKY'S
QLTSNVCIVFATILTLAPVFIHIYNYKAPTVFSQNEASLLNQLKNIANREDYVVTWWD
YGYPVRYYSDVKTLVDGGKHLGKDNFFPSFALSKDEQAAANMARLSVEYTEKSFY
APQNDILKSDILQAMMKDYNQSNVDLFLASLSKPDFKIDTPKTRDIYLYMPARMSLIF
STVASFSFINLDTGVLDKPFTFSTAYPLDVKNGEIYLSNGVVLSDDFRSFKIGDNVVS
VNSIVEINSIKQGEYKITPIDDKAQFYIFYLKDSAIPY AQFILMDKTMFNSAYVQMFFL
GNYDKNLFDLVINSRDAKVFKLKI*

pglBopt

ATGGCAAGCATGACCGGTGGTCAGCAGATGGGTCTGAAAAAAGAATATCTGAAA
AACCCGTATCTGGTGCTGTTTGCAATGATTGTTCTGGCCTATGTTTTTAGCGTGTT
TTGCCGTTTTTATTGGGTTTGGTGGGCAAGCGAATTTAACGAGTATTTTTTCAACA
ACCAGCTGATGATTATCAGCAATGATGGTTATGCATTTGCCGAAGGTGCACGTGA
TATGATTGCAGGTTTTCATCAGCCGAATGATCTGAGCTATTATGGTAGCAGCCTG
AGCGCACTGACCTATTGGCTGTATAAAGTTACCCCGTTTAGCTTTGAAAGCATCA
TCCTGTATATGAGCACCTTTCTGAGCAGCCTGGTTGTTATTCCGATTATTCTGCTG
GCCAACGAATATAAACGTCCGCTGATGGGTTTTGTTGCAGCACTGCTGGCGAGCA
TTGCAAATAGCTACTATAATCGTACCATGAGCGGCTATTATGATACCGATATGCT
GGTTATTGTGCTGCCGATGTTTATCCTGTTTTTTATGGTTCGCATGATCCTGAAAA
AAGATTTCTTTAGCCTGATTGCACTGCCGCTGTTCATTGGTATTTATCTGTGGTGG
TATCCGAGCAGCTATACCCTGAATGTTGCACTGATTGGTCTGTTTCTGATTTACAC
CCTGATTTTTCATCGTAAAGAGAAAATCTTTTATATCGCCGTTATCCTGAGCAGTC
TGACCCTGAGTAATATTGCCTGGTTTTATCAGAGCGCCATTATTGTTATTCTGTTT
GCACTGTTTGCCCTGGAACAGAAACGTCTGAACTTTATGATTATTGGCATTCTGG
GTAGCGCCACACTGATCTTTCTGATTCTGAGCGGTGGTGTTGATCCGATTCTGTAT
CAGCTGAAATTCTATATCTTTCGCAGTGATGAAAGCGCAAATCTGACCCAGGGTT
TTATGTATTTTAACGTGAACCAGACCATCCAAGAGGTGGAAAATGTTGATTTCAG
CGAATTTATGCGTCGTATTAGCGGTAGCGAAATCGTTTTTCTGTTTAGCCTGTTTG
GTTTTGTTTGGCTGCTGCGTAAACATAAAAGCATGATTATGGCACTGCCGATTCT
GGTTCTGGGTTTTCTGGCACTGAAAGGTGGTCTGCGTTTTACCATTTATAGCGTTC
CGGTTATGGCCCTGGGTTTTGGTTTTCTGCTGAGTGAATTTAAAGCCATCCTGGTG
AAAAAATACAGCCAGCTGACCAGCAATGTTTGCATTGTTTTTGCAACCATTCTGA
CCCTGGCACCGGTTTTTATTCACATCTATAACTATAAAGCACCGACCGTGTTTAG
CCAGAATGAAGCAAGCCTGCTGAATCAGCTGAAAAACATTGCCAATCGTGAAGA
TTATGTTGTGACCTGGTGGGATTATGGTTATCCGGTTCGTTATTATTCCGATGTTA
AAACCCTGGTGGATGGTGGTAAACATCTGGGTAAAGATAACTTTTTTCCGAGCTT
TGCACTGAGCAAAGATGAACAGGCAGCAGCAAATATGGCACGTCTGAGCGTTGA
ATATACCGAGAAAAGTTTTTATGCACCGCAGAACGATATTCTGAAAAGCGATATT
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CTCCAGGCCATGATGAAAGATTATAACCAGAGCAATGTTGACCTGTTTCTGGCAA
GCCTGAGCAAACCGGATTTCAAAATTGATACCCCGAAAACCCGTGATATCTATCT
GTATATGCCTGCACGTATGAGCCTGATTTTTAGCACCGTTGCAAGCTTTAGCTTTA
TCAATCTGGATACCGGTGTTCTGGATAAACCGTTTACCTTTAGTACCGCATATCC
GCTGGATGTGAAAAACGGTGAAATTTATCTGAGCAATGGTGTGGTTCTGAGTGAT
GATTTTCGCAGCTTTAAAATCGGTGATAATGTGGTTAGCGTGAACAGCATTGTTG
AAATCAACAGCATTAAACAGGGCGAGTATAAAATCACCCCGATTGATGATAAAG
CCCAGTTCTATATCTTCTATCTGAAAGATAGCGCAATTCCGTATGCCCAGTTTATC
CTGATGGATAAAACCATGTTTAACAGCGCCTATGTGCAGATGTTTTTTCTGGGCA
ACTATGATAAAAACCTGTTCGATCTGGTGATCAATAGCCGTGATGCCAAAGTGTT
TAAACTGAAAATCTAA

Translation was similar to that of pglB.
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