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Glycans and glycosylated biomolecules are directly involved in almost every
biological process as well as the etiology of most major diseases. Hence, glycoscience
knowledge is essential to efforts aimed at addressing fundamental challenges in
understanding and improving human health. While much progress has been made,
there remains an urgent need for new tools that can overexpress structurally uniform
glycans and glycoconjugates in the quantities needed for characterization and that
can be used to mechanistically dissect the enzymatic reactions and multi-enzyme
assembly lines that promote their construction. To address this technology gap, we
develop the cell-free synthetic glycobiology system as a simplified and highly
modular framework to investigate, prototype, and engineer pathways for glycan
biosynthesis and protein glycosylation outside the confines of living cells. First, we
engineered a novel cell-free glycoprotein synthesis (CFGpS) system that seamlessly
integrates protein biosynthesis with asparagine-linked (N-linked) or serine/threonine-
linked (O-linked) protein glycosylation. This technology leveraged a glyco-optimized
Escherichia coli strain to source crude extracts that were selectively enriched with

glycosylation components. The resulting extracts enabled a one-pot reaction scheme



for efficient and site-specific glycosylation of therapeutic proteins including
biologically-active human erythropoietin. Next, we expanded the utility of the cell-
free glycosylation system for an in vitro bioconjugate vaccine expression (iVAX) in
lysates derived from detoxified, nonpathogenic E. coli. We demonstrated that iVAX
synthesized vaccines against Franciscella tularensis subsp. tularensis (type A) strain
Schu 5S4 conferred complete protection in an intranasal mouse model of F. tularensis
infection. Finally, we developed a collection of the cell-free glycan remodeling
modules, enabled by the creation of a glycosyltransferase high-level expression
library. The glycan remodeling modules are facile and highly modular, providing an
efficient platform for rapid biosynthesis of authentic, complex human N-glycans.
Together, our cell-free synthetic glycosylation system effectively broadens the
glycoengineering toolbox and is anticipated to facilitate fundamental understanding
in glycoscience and make possible new applications in on-demand biomanufacturing

of glycoprotein therapeutics and vaccines.
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CHAPTER 1
INTRODUCTION!
1.1 Glycoscience: it is time for a sweet transformation.

Humans love sugar. From the evolutionary perspective, carbohydrate-rich
foods provide an efficient calories source, and contribute significantly to a survival of
our ancestors, Hominidae or great apes, in nature. It is not surprising that we develop
favor toward sugar as well as its natural and man-made products including fruit,
syrup, honey, beer, wine, etc. A systematic study of sugar has dated back to the late 19
century where Emil Fischer attempted to synthesize glycan using esterification
reaction and devised a stereoisomeric diagram for drawing monosaccharides (Fischer,
1890), research that won him a Nobel Prize in Chemistry in 1949. Subsequent
breakthrough in the field was a study by Karl Landsteiner (Nobel Prize in Chemistry
in 1930) who discovered ABO blood group system and its significance in blood
transfusion. The following work by Morgan and Watkins in 1952 revealed
carbohydrate as factor determinant for blood group in human, which in turn has
sparked further interest in carbohydrate research. In 1949, L.F. Leloir (Nobel Prize in
Chemistry in 1970) identified the role of nucleotide sugars in the biosynthesis of glycan

and laid a foundational work in understanding glycan processing enzymes (Figueroa

1 Parts of this chapter have been published in the Journal of Frontiers in Chemistry:

Jaroentomeechai, T., Taw, M.N., Li, M., Aquino, A., Agashe, N., Chung, S., Jewett, M.C., and DeLisa, M.P.
(2020) Cell-free synthetic glycobiology: designing and engineering glycomolecules outside the cell. Front
Chem. 8: 645.



etal., 2021; Leloir LF, 1953). Following these seminal works, many other types of glycan
and its associated biosynthesis pathway have been identified and characterized. The
knowledge in structure and biosynthesis of natural glycan and glycosylated molecule
formed the basis for the development of the glycoscience discipline.

By today’s definition, glycoscience is a study of structure, synthesis, and
function of carbohydrates. Carbohydrates or glycans are ubiquitous in nature and can
be found across all domains of life — from microorganism including prion to animal
and plant (Varki, 2017a). Glycans participate in a myriad of biological processes
including development, immunity, homeostasis, and pathogenicity (Helenius and
Aebi, 2001b; Ohtsubo and Marth, 2006; Peixoto et al., 2019; Shental-Bechor and Levy,
2009; Skropeta, 2009). These processes involve direct glycan recognition or indirect
effect whereby glycans provide specific effect on the recipient biomolecules. Glycan
also features prominently in diseases, for examples, tumor cells express atypical level
of glycan on its surface (Peixoto et al., 2019). Carbohydrates are also the important part
of materials such as cellulose and fiber. Therefore, our knowledge of glycoscience will
expand our understanding in human health and disease, generating new materials,
and discovering more efficient energy source (Walt, 2012).

Modern glycoscience primarily comprised of glycochemistry and glycobiology.
A research in the 19* century laid foundation and established an important knowledge
that: (i) glycans are present prevalently on cell surface, extracellular matrix, and inside

the cell; (ii) the structure, in particular stereoisomer, of glycans are important for their



function and antigenicity. In addition, glycan structures are genetically determined;
and (iii) a change in the glycan structures can result in human and animal diseases.
These knowledges have spawned interests in glycan synthesis, glycoenzyme
characterization, and glycan binding molecule discovery. Such research interest, in
turn, has led to a discovery of new class of glycan structures, glycosylation pathway,
and glycan-associated disease as evidenced by an exponentially increase in scientific

literatures related to glycoscience (Figure 1-1).
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These developments, notwithstanding, the technology for study carbohydrates
is significantly behind their nucleic acids and protein counterparts. In nature,
molecular evolution has relatively conserved approach to the synthesis of
polynucleotides and polypeptides, as evidenced by the fact that they are synthesized
by 5 nucleotides and 20 amino acids?, respectively. Moreover, these molecular building
blocks are generally strung together in a linear fashion with similar covalent linkages.
In stark contrast, glycans can be synthesized from over 100 different monosaccharide
building blocks that can be connected in many ways. Both constitutional and stereo-
isomers commonly exists in the carbohydrate chemistry. This offers both advantages
and challenges in synthesis, characterization, and analysis of glycan. Moreover,
glycans are seldom a sole player in biological processes as they are typically found
linked with other biomolecule complements including small molecule, lipid, protein,
and nucleic acid. Hence the study of carbohydrate does not encompass only the glycan
itself but also the underlying biomolecule that it connects to. Glycan and its entire
complements within an organism are referred to as glycome. A systematic study of
glycome within a given organism is termed glycomics, which is a subject of intensive
study in the past few decades.

The overarching goal in the current glycoscience community is to develop new

tools and methodologies for characterize, synthesize, and engineer complex glycans

2 These numbers refer only to the canonical building blocks. Many organisms synthesize biopolymers
using modified nucleotides and/or amino acids. Such topic is beyond the scope of this dissertation.



and glycomolecules. Akin to the history of DNA and protein studies, the ability to read,
write, and edit glycans seem a daunting task but the potential reward from deciphering
the glycocode in nature are astonishing. It is time for the scientific community to
transform glycoscience into a major discipline in order to realize its fullest potential in

basic and translational science.

1.2 Protein glycosylation in nature.

Glycoprotein is ubiquitous in nature. Indeed, protein modification by
carbohydrate is one of the most common protein post-translational modifications
across kingdom of life. More than 40 different types of carbohydrate-to-protein
linkages have been identified to date (Varki, 2017b). Among these, glycan installation
at the asparagine (N-linked) and serine/threonine (O-linked) residues constitutes the
greatest proportion of glycoproteins (Spiro, 2002). Other notable types include C-
mannosylation at the tryptophan amino acid, glycosaminoglycans, and
glycosylphosphatidylinositol (GPI) anchors to peptide backbones (Gagneux and Varki,
1999; Spiro, 2002). Glycan associated proteins are found ubiquitously in both extra- and
intracellular matrix as well as at the membrane interface. In mammalian, glycans and
glycoconjugates are assembled from 14 basic monosaccharides (Herget et al., 2008) that
give rise to a vast number of possible carbohydrate structures. In prokaryotes, the
diversity of monosaccharide building blocks increases significantly to over 140

structures, hence their glycan structures are even more diverse. Glycan diversity in



both Eukarya and Prokarya are also differ in term of carbohydrate size, branching
index, and glycan charge distributions (Egorova et al., 2015; Herget et al., 2008). While
they share some similarities in the glycan biosynthesis and protein glycosylation
processes, eukaryotic and prokaryotic cells display distinctions in terms of glycan
biosynthesis localization, available modes of protein glycosylation, and amino acid

sequences to which glycan can be attached.

1.2.1 Eukaryote protein glycosylation pathway.

Eukarya comprises of diverse organisms, ranging from single cell organism
such as yeast and most protists to complex animals including human. This vast
diversity also displays in the protein glycosylation within these organisms. For
example,  primitive  eukaryotes (protozoa)  utilize  single  subunit
oligosaccharyltransferase enzyme, called Stt3, for N-glycosylating their proteins. In
contrast, Stt3s in all higher eukaryotes (mammals) are multi-subunit protein complexes
where Stt3 catalysts are accompanied by eight membrane proteins that are necessary
to carry Stt3’s glycosylation functions (Bai et al., 2018). In human, the established
glycoproteome is generated through 16 distinct glycosylation pathways that have been
characterized based on the type of protein-carbohydrate linkage, monosaccharide at
the reducing end of the glycan, as well as glycosyltransferase enzyme that catalyzes
protein-carbohydrate linkage formation (Schjoldager et al., 2020). Collectively, there

are about 700 genes encoding for enzymes, transporters, and chaperones that work in



glycoprotein biosynthesis (Hansen et al., 2020; Moremen et al., 2012). This represents
about 3-4% of the entire human genome. Among these, over 200 genes are encoded for
glycosyltransferases (GTs) which are the key enzymes in complex glycan biosynthesis.
GTs transfer monosaccharide unit from donor molecule to the glycone or aglycone
acceptor. Most GTs exhibit sugar donor, acceptor, and linkage specificity, a unique
feature that can be exploited in the glycoengineering application. Most GTs are type II
transmembrane proteins that reside at the membrane interface within the lumen of the
endoplasmic reticulum (ER) and the lumina of the cis-, medial-, or trans-cisternae of
the Golgi apparatus (Figure 1-2). GTs’ localization within ER/Golgi secretory pathway
is quite specific, and the dislocation of some GTs can lead to human diseases. Many of
these GTs are characterized as Leloir GTs for their ability to utilize nucleotide sugar as
substrate. Some ER-resident GTs are multi pass membrane proteins and they typically
use lipid-linked oligosaccharides (LLOs) substrates, specifically mannose or glucose-
linked dolichol pyrophosphate. Notably, several evidences suggest glycosylation also
play a role in regulating function and localization of GTs, its own synthesis enzyme
(Mikolajczyk et al., 2020). In addition, some complex GTs are also discovered and being
studied for its biological significance (Kellokumpu et al., 2016). The number of new
glycosylation pathway and its associated GT genes are still being discovered (Hirata et

al.,, 2018; Larsen et al., 2017; Yoshida-Moriguchi and Campbell, 2015).
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Figure 1-2. Overview of major protein glycosylation processes in human. N-linked and O-
linked protein glycosylation constitutes a major portion of glycoproteins in human. Both N- and
O-glycoprotein biogenesis happen in the secretory pathway which includes endoplasmic
reticulum (ER) and Golgi body. In the N-linked glycosylation pathway, several GTs contribute
to the assembly of the high-mannose glycan on the dolichol pyrophosphate lipid carrier. In ER,
some GTs are Leloir GT and utilize nucleotide active sugar as substrate while others require
lipid-liked monosaccharide as sugar donor. The preassembled tetradecasaccharides is
transferred onto nascent polypeptide arisen from ribosome complex associated with the ER.
This glycan is then further processed to generate handle for the quality control of the protein
folding through calnexin and calreticulin (CNX/CRT) cycle. N-glycoproteins that pass this
quality control will then trafficked to the cis-Golgi via COPII transport vesicle. In the Golgi
body, hundreds of GTs work in concert to process N-glycans. This process including glycan
trimming and core extension that happen at both cis- and medial-Golgi. Finally, many N-
glycans are modified at their non-reducing end with the sialic acid cap, a process that happens
at the late or trans-Golgi. Together, these N-glycans editing steps generate hybrid and complex-
type N-glycans with almost 100 possible structures. For mucin-type O-glycosylation pathway,
the process begins in the early Golgi by the installation of single GalNAc residue on
polypeptide. Mucin molecules carrying GalNAc are then elaborated, either with Gal or GlcNAc
residue to generate common core O-glycans. These core glycans are then transverse through
medial Golgi where their structures are further extended. Notably, some O-glycans are used as
a primer to generate glycopolymer including poly-LacNAc, an important glycan structure for
host-pathogen interaction. O-glycan on mucin can also be installed with sialic acid cap at the
late Golgi. Fully folded protein carrying mature N- and/or O-linked glycans will exit Golgi body
and enter the next stage of secretory pathway that will deliver glycoprotein to the cell surface.
While not presence in this Figure, glycan on glycoprotein can be further modified with sulfate
and phosphate moieties. Glycan structures appear in this schematic are the representative of
some common structures. Text in section 1.2.1 provides further detail on these protein

glycosylation steps. Symbol nomenclature of glycan can be found in the Figure 1-3.
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Protein glycosylation happens within the secretory pathway, nucleus,
cytoplasm, and mitochondria of all eukaryotic cells. Complex carbohydrates in
eukaryotic cells typically are derived from 10 monosaccharide building blocks?
including glucose (Glc), galactose (Galactose), N-acetylglucosamine (GIcNAc), N-
acetylgalactosamine (GalNAc), fucose (Fuc), mannose (Man), xylose (Xyl), glucuronic
acid (GlcA), neuraminic acid (NeuAc), and ribose (Rib), whose structures, exception
for ribose are shown in Figure 1-3. These monosaccharides are used from dolichol lipid
carrier or nucleotide sugar donor. Glycan can be attached: (i) to the nitrogen amine of
the asparagine amino acid to form N-linked protein glycosylation; (ii) to the oxygen
atom of the hydroxy group within serine or threonine amino acids to form O-linked
protein glycosylation; (iii) to the carbon atom within indole ring of the tryptophan
amino acid to form C-linked protein glycosylation; and (iv) between phospholipid and
protein to form glypidated biomolecules. Many protein glycosylation processes are
initiated within the ER. The initiation of some O-linked glycosylation including mucin-
type O-glycosylation and Xylose-O happens in early Golgi while GIcNAc-O is typically
form in the nucleus and cytoplasm (Reily et al., 2019). After initiation step, many
glycans undergo extensive glycan trimming, elaboration, capping, sulfation, and

phosphorylation. These processes are orchestrated by several glycosyltransferases and

3 Section 1.2 stated that, in mammals, glycoproteins are assembled from 14 basic monosaccharides. These
14 monosaccharides arise from 10 basic units with the additional 4 represents basic units with different

anomers and ring patterns.
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glycan processing enzymes and happen in mid- and late Golgi to yield fully matured

carbohydrate structures (Figure 1-2).
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Figure 1-3. Common nucleotide sugar structures used in producing glycan and

glycoconjugate in mammalian cells. Shorthand notation along with the symbol nomenclature

are provided under the chemical structure. Structures of nucleotide bases and phosphate

groups are omitted for clarity. Note that the structure of ribose which is found prevalently as

part of the nucleotide is not shown as this sugar is typically not part of the glycoproteins and

glycolipids in mammalian cells. Abbreviations: ATP, adenosine triphosphate; ADP, adenosine

diphosphate; NTP, nucleoside triphosphate; PPi, inorganic pyrophosphate; and CTP, cytidine

triphosphate.
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Eukaryotic N-linked protein g¢lycosylation

Asparagine-linked protein glycosylation in higher organism is extremely
complicated. In human, this process begins by the assemble of tetradecasaccharides
(GlesManyGlcNAcz-) onto dolichyl-pyrophosphate carrier in the process called dolichol
pathway (Burda and Aebi, 1999) (Figure 1-2). Dolichols are a-saturated lipid molecules
consisting of 14-17 isoprene units, synthesized in the ER from farnesyl-pyrophosphate
(Schenk et al., 2001). Dolichol phosphate (Dol-P) is a substrate of Alg7, an N-
acetylglucosamine-phosphate transferase that modifies Dol-P to Dol-PP-GIcNAc
(Kukuruzinska and Robbins, 1987). Hence the first step in the N-linked
oligosaccharides biosynthesis. Subsequently, a series of GTs namely Algl3/Algl4,
Algl, Alg2, and Algll sequentially elaborates Dol-PP-GIcNAc to Dol-PP-
GIlcNAc:Mans (Gao et al.,, 2004; Gao et al., 2005). Dolichyl pyrophosphate containing
heptasaccharides is then flipped by Rftlp flippase to the lumen of the ER membrane
(Helenius et al., 2002). In the ER lumen, mannosyltransferases (Alg3, Alg9, and Alg12)
and glucosyltransferases (Alg6, Alg8, and Algl0) then complete Dol-PP-
GlesManyGlcNA ez biosynthesis using both Dol-P-Man and Dol-P-Glc substrates (Burda
and Aebi, 1999).

Pre-assembled Dol-PP-GlcsMansGIcNAc:  is utilized by the
oligosaccharyltransferase (OST) complex containing STT3A and STT3B catalytic
subunits along with several associated subunits and protein adaptor. Recent study

demonstrates distinct role of STT3A and STT3B in catalyzing co-translational and post-
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translational protein N-glycosylation, respectively (Ramirez et al., 2019). OST complex
catalyzes a transfer of GlesManoGIcNAc: “core” glycan onto protein at the consensus
sequon N-X-S/T, where X is any amino acid except proline. A subset of newly
synthesize polypeptide chain contains signal peptide recognized by the signal
recognition particle or SRP (Halic and Beckmann, 2005). The SRP will direct actively-
translated polypeptide to the translocon machinery which will then transports
polypeptide across ER membrane where N-linked glycosylation takes place (Chavan
et al,, 2005). It is worth noting that while the presence of glycosylation sequon or
primary protein structure predominantly determines glycosylation site occupancy
within a given protein, local secondary protein structure which dictate accessibility to
the glycosylation sequon also plays an important role in both glycosylation site
occupancy and downstream glycan processing (Chen et al., 2005; Thaysen-Andersen
and Packer, 2012).

Following OST-catalyzed glycosylation, two terminal Glc residues are cleaved
by glucosidase enzymes. This glucoses trimming is required for protein to enter quality
control cycle facilitated by chaperone-like lectins calnexin and calreticulin. These
lectins work in concert with Erp57 co-chaperone with thiol-oxidoreductase activity to
ensure proper fold of the protein (Helenius and Aebi, 2001a). Eventually, folded
protein that has passed this quality checkpoint will be translocated to the Golgi after
its N-glycan is remodeled to MansGlcNAc: structure. In contrast, misfolded protein

will be recognized by mannosidase-like lectin Mnllp and subjected to the ER-
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associated degradation (ERAD) pathway (Meusser et al., 2005). N-glycan processing
within Golgi involves several glycosidases and glycosyltransferases that trim and
elaborate the glycan. In human, N-glycan processing results in the addition of diverse
monosaccharide units including GIcNAc, Gal, NeubAc, and GalNAc to the
glycoproteins to produce branched and complex glycan structures (Schjoldager et al.,
2020). The N-glycan process is highly dynamic and largely controlled by the
spatiotemporal arrangement of the glycan processing enzyme at the Golgi membrane

as well as the availability of sugar substrates (Reily et al., 2019).

Eukaryotic O-linked protein glycosylation

Eukaryotic O-linked protein glycosylation typically proceeds in a processive
manner, which begins by the attachment of a single monosaccharide to the serine or
threonine of the acceptor proteins. Other monosaccharides are then elaborated from
the first sugar one at a time until the O-glycan reaches mature structure. The first
monosaccharide in this process can be GalNAc, GIcNAc, Man, Glc, Fuc, Ara, Xyl, or
Gal (Corfield, 2017). Several O-linked protein glycosylation occurs within the lumen of
the Golgi with the exceptions including O-linked mannosylation, which initiates in the
ER (Lommel and Strahl, 2009), and O-linked GlcNAcylation, which happens within
cytosol and nucleus (Yang and Qian, 2017). Unlike N-glycosylation, there is no
consensus glycosylation sequon for protein O-glycosylation. It has been hypothesized

that O-glycosite occupancy depends on factors including local concentration of the
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GTs, local protein secondary structures, and the availability of sugar substrates (Van
den Steen et al., 1998). In recent years, computational biology and machine learning
approach have been utilized to better predict O-glycosylation sites in the glycome of
several organism (Cai et al., 2011; Chen et al., 2015; Hassan et al., 2015).

Mucin type O-glycosylation is one of the most common type of protein O-
glycosylation in mammals. Mucins is a family of large glycoproteins found on the
apical surfaces of many epithelia and some hematopoietic cells (Gendler, 2001). Mucins
are heavily decorated with O-glycans attached on serine/threonine (tyrosine) amino
acid residues, and dense patterns of O-glycans form a physical network resembling a
polymeric meshwork on the cell surface. Traditionally, this mucinous layer has been
considered to be a mere physical barrier that protects cells from mechanical
disturbance or against pathogenic invasions (Gendler, 2001). Emerging evidence,
however, demonstrates that mucin and mucin-like proteins through their O-glycans
serve as molecular signals that inform critical cellular and multicellular behaviors, and
dysregulation of glycan biosynthesis on mucins leads to a signal redistribution that is
directly linked to disease promotion (Beatson et al., 2016; Bhatia et al., 2019). O-glycan
on mucin is synthesized by polypeptide N-acetylgalactosaminyltransferase
(ppGalNACT), a family of 20 isoenzymes with distinct and partially overlapping mucin
substrate specificity (Bennett et al., 2012; de las Rivas et al., 2019). ppGalNAcT modifies
mucin with simple GalNAc residue to generate GalNAcal-O-Ser/Thr, a structure

known as the cancer-associated Tn antigen (Bhatia et al., 2019). This first GalNAc
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residue is then elaborated through core extension, branching, and capping steps within
cis-, medial- and trans-Golgi to generate diverse mucin O-glycan structures including
glycopolymer such as polyLacNAc containing fucose and sialic acid caps (Figure 1-2).
In the past decades, O-glycomucins have received considerable attention due to a
discovery that many cancers such as pancreas, breast, lung, and colon carcinoma
overexpress mucin with aberrant, truncated O-glycans including Tn (GalNAc-a-O-
Ser/Thr), STn (NeubAca2-6-Tn), and T (GalPB1-3-Tn) antigens on the cell surface
(Beatson et al., 2016; Bhatia et al., 2019; Kasprzak and Adamek, 2019; Venturi et al.,
2019). In addition, it has been shown that overexpression of mucin with aberrant O-
glycans synergistically confer oncogenic features to the malignant cells including
proliferation, immunosuppression, and metastasis (Kufe, 2009). Importantly, in the
extracellular matrix, Tn-, STn-, and T-mucin are found exclusively on cancerous tissues
(Kufe, 2009; Taylor-Papadimitriou et al., 1999), which lead to the hypothesis that
aberrant O-glycosylated mucin can serve as a safe targets for cancer immunotherapy
(Steentoft et al., 2018). In fact, one particular monoclonal antibody (mAb) named 5E5,
that binds specifically to Tn-MUCI1 epitope with high affinity (Sorensen et al., 2006),
has recently been reformatted into a chimeric antigen receptor T-cells (CAR-Ts), and
the pre-clinal study has demonstrated the ability of the 5E5 CAR-T to potently

eradicate tumor xenografts in mouse model (Posey et al., 2016).
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1.2.2 Prokaryote protein glycosylation pathway.

While progress in study protein glycosylation in eukaryote has been made since
the work of Neuberger in 1930s who studied glycopeptide from ovalbumin
(Neuberger, 1938), it was long thought that protein glycosylation does not exist in
prokaryotes (Abu-Qarn et al., 2008). In 1970s, S-layer surface glycoproteins were first
described in the halophile Halobacterium salinarum (Mescher and Strominger, 1976) and
in the gram-positive clostridia (Sleytr and Thorne, 1976). While these S-layer
glycoproteins represent the first example of prokaryotic glycoproteins, their glycan
structures and linkages are markedly distinct than the eukaryotic counterparts. Not
until 1990s to 2000s when cell-surface O-glycoprotein appendages such as pili and
flagella (Power et al, 2000) and general protein N-glycosylation pathway were
discovered in bacterium (Szymanski and Wren, 2005) that the scientific community
fully accepted the existence of prokaryotic protein glycosylation system. Interestingly,
shortly after the first report of prokaryote protein N-glycosylation system, several other
protein glycosylation types were described. To date, protein glycosylation in
prokaryote covers both N- and O-linked type as well as both en bloc and possessive

mechanisms (Figure 1-4).
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Figure 1.4 Protein glycosylation processes in prokaryotes. For the biosynthesis of N-linked
glycoproteins, (a) Bacteria including Campylobacter, Helicobacter, and Desulfovibrio species utilize
en bloc transfer mechanism where N-glycan is preassembled on lipid-carrier — undecaprenyl
pyrophosphate (Und-PP) in the cytoplasm of the bacteria. This lipid-linked glycan is then
flipped into periplasm. Single subunit OST will then transfer glycan from Und-PP carrier onto
the asparagine residue within the glycosylation sequon, which is generally more stringent than
eukaryotic counterpart. Bacterial OST can perform both co- and post-translational
modifications of target protein given that a glycosylation sequon is presence and accessible by
the OST. (b) Bacteria including H. influenzae and A. pleuropneumoniae possess atypical*
glycosylation mechanism where glycan is sequentially built directly on the acceptor protein
within the cytoplasm. The glycosylation sequon for the cytoplasmic N-glycosylation is similar
to the eukaryotic sequon - Asn-X-Ser/Thr where X is any amino acids but proline. For producing
O-linked glycoproteins, (c) diverse gram-negative bacteria including Neisseria, Burkholderia, and
Acinetobacter species contain one or more putative O-OSTs which follows en bloc glycan transfer
mechanism. Their key enzymes, O-OST, transfer glycan from Und-PP to a variety of protein
including a large family of pillin protein. Interestingly, many O-OSTs have extreme relaxed
glycan donor specificity and can utilize a variety of glycan and lipid structures as substrate. (d)
Sequential O-glycosylation in bacteria is diverse. A family of bacterial autotransporter
heptosyltransferase (BAHT) is a known cytoplasmic O-glycosyltransferase enzyme that are
found in several gram-negative bacteria including E. coli. These O-GTs modify several protein
domains of the type V secretion pathway, and this modification is hypothesized to be important
for the virulence of several pathogens including enterotoxigenic (ETEC) E. coli. Several gram-
positive bacteria such as Streptococci and Staphylococci species express serine-rich repeat proteins
(SRRP) that are heavily glycosylated with O-glycans. This modification contributes significantly
to the adhesion efficiency to host cells. SRRP glycosylation begins with the formation of GtfA-
GtfB complex that initiates a transfer of GlcNAc residue to the SRRP. This GIcNAc moiety
provides a primer for further glycan elaboration by several other GTs. Analogously, the SRRP

glycosylation is similar to the mucin O-glycosylation in mammals. [This figure appeared in

Natarajan, A., Jaroentomeechai, T., Li, M., Glasscock, C.J. and DeLisa, M.P. (2018) Metabolic

engineering of glycoprotein synthesis in bacteria. Emerg Top Life Sci 2: 419-432.]

4 We called this ‘atypical’ since processive N-glycosylation mechanism is not found in higher organism.
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Prokaryotic N-linked protein ¢lycosylation

The first bona fide N-linked protein glycosylation in gram negative bacteria is
discovered in Campylobacter jejuni in 1999 (Szymanski et al., 1999). This gastroenteritis
pathogen is found to contain a genetic locus responsible for the biosynthesis of
glycoproteins including PEB3 and CgpA. These proteins are highly immunogenic and
bind strongly to soybean agglutinin lectin (Linton et al., 2002). Glycan on PEB3 was not
removed by (3-elimination reaction which suggested glycan was attached to PEB3 via
N-glycosylation linkage (Linton et al., 2002). Subsequent studies using mass
spectrometry (MS) and nuclear magnetic resonance (NMR) on glycopeptide elucidated
glycan structures to be heptasaccharides containing GalNAc-al,4-GalNAc-al,4-[Glc-
B-1,3]-GalNAc-al,4-GalNAc-al,4-GalNAc-al,3-diNAcBac where diNAcBac is 2,4-
diacetamido-2,4,6-trideoxy-D-glucopyranose (Linton et al, 2002; Szymanski et al.,
2003; Young et al., 2002) (See Figure 1-5 for the structure of this glycan). Importantly,
this linear poly-GalNAc glycan is conserved among several Campylobacter species
(Nothaft and Szymanski, 2010) and is structurally distinct from eukaryotic N-glycans,
which contain branching structures. Altogether, these breakthrough studies helped
establish the existence of general but unique N-glycosylation pathway in bacteria.

The aforementioned genetic locus in C. jejuni was later named protein
glycosylation locus (pgl). Using bioinformatic analysis, it was hypothesized that the pgl
contains five putative glycosyltransferases which are named pglA, pgIC, pglH, pgll, and

pgl]. pgl also encodes pglD, pglE, and pglF genes that involve in monosaccharide
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biosynthesis. The gne gene encodes a bifunctional UDP-Glc/GIcNAc 4 epimerase that
can convert UDP-Glc/Gal to UDP-GIcNAc/GalNAc (Bernatchez et al., 2005). Another
gene in the pgl named pglK contains sequence of the flippase enzyme, an ATP-binding
cassette (ABC) transporter protein that translocates glycan from the cytoplasmic to
periplasmic space. Finally, pglB gene encodes protein with high homology to the Stt3p
subunit within the yeast OST complex, and hence PgIB is hypothesized to be a single
subunit oligosaccharyltransferase (Linton et al., 2002) (Figure 1-4a).

Shortly after its discovery, the pgl was functionally expressed in E. coli along
with the C. jejuni periplasmic proteins AcrA and PEB3, which are natively N-
glycosylated. The AcrA and PEB3 were successfully produced and glycosylated in the
engineered E. coli system (Wacker et al., 2002). This provides an evidence that pgl itself
is sufficient to carry protein N-glycosylation. More importantly, tandem mass
spectrometry analysis of the glycopeptides revealed C. jejuni glycan was attached to
the asparagine amino acid of the DFNVS and DFNR peptides in the PEB3 and AcrA,
respectively. These peptide sequences are similar to the N-glycosylation consensus
sequon in the eukaryote and lead to an important postulation that the mechanism of
the prokaryotic N-glycosylation is similar to that of eukaryote. Specifically, the first
step in this pathway involves glycan assembly on a lipid carrier by the activity of GTs
(PglA, PglC, PglH, Pgll) and monosaccharide synthases (PglD, PglE, PglF). This glycan
assembly step is analogous to the Dol-PP-GlcsMansGIcNAc: assembly within ER of the

eukaryote. Full-length lipid-linked oligosaccharides (LLOs) is then flipped by PgIK
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into the periplasmic space, similar to how LLOs is flipped from cytoplasmic space to
ER lumen. Finally, the central enzyme in this pathway, PglB, then transfers a
preassembled glycan onto acceptor protein containing glycosylation sequon (Wacker
et al., 2002). In retrospect, this is quite a remarkable assumption as this hypothesis has
proven to be almost entirely correct by a series of study over the next decades.

The glycoengineered E. coli system described by Wacker et al has offered a facile
framework for interrogating the pgl pathway in model organism. Due to the lack in
native protein glycosylation pathway, the viability of E. coli is not affected by the
alteration in the glycosylation system. In stark contrast, protein glycosylation dictates
several biological processes including cell growth and development in the eukaryotes.
Hence manipulation of the native glycosylation pathways can severely compromise
cell viability (Barnard et al., 2004; Jiang et al., 2015). Moreover, the absence of native
glycosylation system renders E. coli a “clean” chassis in which orthogonal
glycosylation pathways can be introduced without interference from endogenous
glycosylation components. These advantages make glycoengineered E. coli an
attractive platform for interrogating glycosylation pathway of interest as well as for
producing a more uniformly glycosylated protein products (Baker et al., 2013a; Keys
and Aebi, 2017; Merritt et al., 2013).

Following seminal works by Szymanski and Aebi groups, detailed
characterizations of various genes within the pgl pathway were reported. As

mentioned earlier, PglD, PglE, and PgIF are monosaccharide synthase and the in vitro
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study had confirmed their coordinate role in the biosynthesis of diNAcBac sugar
(Glover et al, 2005a; Rangarajan et al, 2008). Through mutation studies in
glycoengineered E. coli, specific roles of the PglC, PglA, Pgl], and Pgll GTs in the C.
jejuni heptasaccharides biosynthesis were established (Linton et al., 2005) (Figure 1-5).
Interestingly, the exact mechanism of how PglH adds three GaINAc monosaccharide
to the growing glycan chain was elucidated using recently using biochemical and cryo-
EM studies (Ramirez et al., 2018). Subsequent works using in vitro reconstitution of
these GTs further provided insight how these enzymes work at the membrane interface
to build oligosaccharide on the lipid carrier (Glover et al.,, 2005a; Weerapana et al.,

2005).

Lipid-linked oligosaccharide (LLOs)

N-acetylgalactosamine
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Glucose
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Figure 1-5. N-linked protein glycosylation pathway in Campylobacter jejuni. Within the
cytoplasmic space, PglE and PgIF modify UDP-GIcNAc nucleotide sugar to form UDP-2-
acetamido-4-amino-2,4,6-trideoxy-a-D-glycopyranose (Schoenhofen et al., 2006). PglD which is

identified as acetyltransferase then convert the UDP-4-amino-sugar to UDP-N,N'’-
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diacetylbacillosamine (bacillosamine). PglC transfers bacillosamine phosphate onto
undecaprenol monophosphate to generate an initial lipid-linked oligosaccharide (LLOs)
structure. Successive reactions catalyzed by PglA, Pgl], and PglH extend this initial structure
with a linear chain of 5 GalNAc monosaccharides. Then Pgll adds a branching glucose to
complete the biosynthesis of the C. jejuni heptasaccharide glycan. LLOs is a substrate of flippase,
an ABC transporter, that transport LLOs across inner membrane into the periplasm. PglB, a
single-subunit oligosaccharyltransferase, will form a protein complex comprised of lipid-linked
heptasaccharide and acceptor peptide with D/E-X-1-N-X+1-5/T (where X # Pro) glycosylation
sequon. The spatial arrangement within this complex facilitates a transfer of heptasaccharide
glycan from LLOs to the asparagine of the acceptor peptide. Accumulated evidence has shown
that PglB can modify acceptor proteins both co- and post-translationally, although the
accessibility of the sequon post-protein folding is required. Finally, in the absence of acceptor
peptide, PglB has been shown to spontaneously catalyze glycan release from LLOs to generate

free oligosaccharides (FOS).

Within the pgl pathway, perhaps the existence of pgIB gene and its
corresponding PglB enzyme is the most important finding. PglB shares significant
homology with the 5tt3 enzyme within the OST complex of the yeast (Yan and Lennarz,
2002) and its ability to transfer glycan from polyprenol-phosphate lipid carrier has been
demonstrated both in vivo and in vitro (Kowarik et al., 2006a; Wacker et al., 2002). PglB
also contains WWDYG amino acids, a conserved motif present in all OST enzymes and
is required for the glycan transfer activity (Wacker et al., 2002). Importantly, C. jejuni
PgIB requires a more stringent glycosylation sequon and the presence of the acidic

amino acid such as aspartic or glutamic acid at the second position upstream from the
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asparagineb is necessary for its substrate recognition (Kowarik et al., 2006b; Wacker et
al., 2006). This minus-two rule has been now well-understood, owning to the
availability of several bacterial OST structures in complex with their peptide substrates
(Lizak et al.,, 2011b; Lizak et al., 2014; Napiorkowska et al., 2017). However, a more
relaxed substrate specificity can be observed in the OSTs from other Campylobacter and
bacterial species (Ollis et al., 2015c). Prior to a discovery of its bacterial homologs,
oligosaccharyltransferase enzyme was found only in eukaryote and archaea and there
were several questions concerning the origin and evolution of the N-linked protein
glycosylation pathway (Gagneux and Varki, 1999; Lombard, 2016). With the discovery
of putative bacterial OST, it has now become clear that polyprenol-phosphate
glycosylation pathway exists in all domains of life and the eukaryotic N-glycosylation
pathway may contain enzymes from both bacterial and proteoarchaeal origins
(Lombard, 2016).

The polyprenol-phosphate N-glycosylation pathway is generally called an en
bloc glycosylation as it involves a transfer of fully assembled oligosaccharides onto
target protein (Figure 1-4a). While the en bloc glycosylation is a main subject of study
for this dissertation, it is important to mention that a few gram-negative bacteria
including Haemophilus influenzae and Actinobacillus pleuropneumoniae contain another
unique N-glycosylation pathway where monosaccharide (Glc or Gal) is added

sequentially and directly onto protein (Choi et al., 2010; Gross et al.,, 2008). This

5 Hence minus-two rule.
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sequential glycosylation system occurs in the cytoplasmic space, a distinction from the
OST-mediated glycosylation which happens in the periplasm (Figure 1-4b). The key
catalyst in this pathway, N-glycosyltransferase or NGT, has a similar substrate
specificity as eukaryote N-glycosylation sequon (N-X-S/T), although a recent evidence
suggests that the neighboring amino acid up to +/- 6 position from the asparagine might
play arole in substrate recognition of the NGT (Kightlinger et al., 2018). In recent years,
this sequential N-glycosylation pathway has been functionally characterized and
transferred into E. coli, providing a unique glycoengineered system for producing

novel glycans and glycoconjugates (Keys et al., 2017; Tytgat et al., 2019).

Prokaryotic O-linked protein ¢lycosylation

O-linked glycosylation in bacteria is diverse and encompasses both the en bloc
and processive mechanisms. Periplasmic O-oligosaccharyltransferase (OST)-mediated
protein glycosylation pathway was first described in Neisseria meningitidis and
Pseudomonas aeruginosa (Faridmoayer et al, 2007). The key enzyme O-OST in this
pathway was found to operate in an en bloc transfer mechanism and could transfer
preassembled glycan from the undecaprenyl-PP carrier onto an acceptor protein pillin
(Figure 1-4c). Interestingly, O-OST from N. meningitidis displays an extreme glycan
substrate promiscuity and can recognize a range of structurally-different
oligosaccharides, including mono-, di-, and polysaccharide, as well as diverse lipid

carrier (Faridmoayer et al., 2008), suggesting its potential use in glycoengineering
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applications. Besides N. meningitidis, a similar en bloc O-glycosylation pathway has also
been described in Neisseria gonorrhoeae (Hartley et al., 2011), Burkholderia cepacia K56-2
(Lithgow et al., 2014), Vibrio cholerae, and Burkholderia thailandensis (Gebhart et al., 2012).

Cytoplasmic O-glycosylation pathways are prevalent in both gram positive and
gram negative bacteria (Schaffer and Messner, 2017). Common bacterial components
including flagellins, pilins, fimbriae, and adhesins have been found to contain
carbohydrate moieties. Many studies have elucidated that these glycans are installed
on proteins in the sequential process within the cytoplasm of the bacteria (Figure 1-
4d). For example, a complete biosynthesis pathway for a processive O-glycosylation
in Streptococcus parasanguinis has been characterized and is comprised of GtfA and GtfB
complex that initiates GIcNAc-serine linkage within Fapl, a serine-rich repeat
glycoprotein (SRRPs) (Zhu et al., 2016). Owning to a longer history since its discovery,
excellent reviews on the subject have been published (Schaffer and Messner, 2017; Tan

et al., 2015).

1.3 Synthetic glycobiology.

The term ‘synthetic glycobiology” was first used to describe the redesign of GT
assembly lines for the production of specific glycan structures using protein
engineering and chemical approaches (Czlapinski and Bertozzi, 2006). This initial
definition referred narrowly to the exploitation of Golgi-resident GTs to engineer

protein glycosylation inside and on the surface of eukaryotic cells, as exemplified by a
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number of notable glycoengineering studies in yeast (Choi et al., 2003; Hamilton et al.,
2003) and more recently in mammalian cells (Chang et al., 2019; Meuris et al., 2014).
These successes notwithstanding, simpler, cell-viability independent systems that
permit bottom-up assembly of prescribed glycosylation pathways and controllable
biosynthesis of designer glycomolecules are of great scientific and technological
interest, and have the potential to be transformative. In this vein, Aebi and coworkers
pioneered the first bacterial glycoprotein expression platform by transferring the N-
linked glycosylation machinery from Campylobacter jejuni into laboratory strains of
Escherichia coli, giving the latter the ability to transfer glycans site-specifically onto
acceptor proteins (Wacker et al., 2002). Following this seminal work, numerous
additional heterologous glycosylation systems have been functionally reconstituted in
E. coli (Feldman et al., 2005a; Hug et al., 2011; Ihssen et al., 2010; Keys et al., 2017;
Schwarz et al., 2011a; Shang et al., 2016; Tytgat et al., 2019; Valderrama-Rincon et al.,
2012), giving this simple organism the ability to produce a diverse array of complex
glycomolecules. Hence, a more current definition of synthetic glycobiology is the
purposeful alteration or rational construction of any glycosylation system using
chemical and molecular biological approaches in conjunction with metabolic pathway
engineering tools. Such synthetic systems have been instrumental in increasing our
understanding of glycosylation networks and producing desired glycans and

glycoconjugates.
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1.3.1 Synthetic glycobiology goes cell-free.

While the majority of synthetic glycobiology efforts to date have involved
living organisms, recent years have seen the emergence of cell-free systems as a new
platform for synthetic glycobiologists to investigate and manipulate glycosylation
outside of cells, leading to the birth of an entirely new field that we call cell-free
synthetic glycobiology. Although still in its infancy, cell-free synthetic glycobiology
has already helped to uncover the underlying mechanisms governing a variety of
glycosylation reactions and enabled preparation of structurally-defined
glycomolecules. The origins of this new field can be traced back almost 60 years ago
when cell-free biology was used to decipher the genetic code (Matthaei et al., 1962;
Nirenberg and Matthaei, 1961). Since that time, cell-free biology has matured into a
well-established field in biological research (Carlson et al., 2011; Dudley et al., 2015;
Hammerling et al.,, 2020; Martin et al., 2018; Silverman et al.,, 2020), undergoing a
technological renaissance in the early 21st century (Jewett et al., 2008a; Jewett and
Swartz, 2004c; Shimizu et al., 2001) that has catalyzed significant improvements in
batch reaction yields (Caschera and Noireaux, 2014; Des Soye et al., 2019), operational
volumes (Yin et al., 2012; Zawada et al., 2011), standardization of protocols (Kim et al.,
2019; Kwon and Jewett, 2015a; Silverman et al., 2019), availability of various active
lysate systems (Des Soye et al., 2018; Perez et al., 2016b), and the ability to incorporate
non-standard amino acids (Goerke and Swartz, 2009; Lee et al., 2019; Shimizu et al.,

2005), and post-translational modifications (Jaroentomeechai et al., 2018b; Oza et al.,
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2015b) into biomolecule products. As a result, cell-free systems are now widely used,
sometimes in tandem with cell-based systems, to produce complex biomolecules
(Matthies et al., 2011), to prototype and optimize metabolic pathways (Casini et al.,
2018; Dudley et al., 2019; Karim et al., 2020; Karim and Jewett, 2016; Lim and Kim, 2019;
O'Kane et al., 2019), for molecular sensing (Meyer et al., 2019; Pardee et al., 2014;
Takahashi et al., 2018; Thavarajah et al., 2020), and to build and implement genetic
networks (Swank et al., 2019; Takahashi et al., 2015). Owing to its open nature, cell-free
reactions provide unprecedented flexibility to directly and precisely control
compositions and conditions of a given system. Eliminating the biological membrane
boundary also facilitates the integration of cell-free reactions with high-throughput
screening tools (Su et al, 2016; Zhang et al., 2019), real-time monitoring, and
automation (Georgi et al., 2016), resulting in significant reductions in design-build-test
(DBT) timelines. Furthermore, the ability to harness cellular machineries without any
impediments due to cell viability provides an opportunity to synthesize products and
engineer biochemical pathways that otherwise exceed cellular toxicity tolerance (Kai
etal., 2015; Thoring et al., 2017). Collectively, these versatile features are precisely what
make cell-free platforms especially attractive for both mechanistic discovery and
technological applications in glycoscience.

Currently, the utility of cell-free synthetic biology in glycoscience spans from a
production of nucleotide-activated monosaccharide building blocks to large

glycoproteins carrying complex polysaccharides. Characteristic features of these
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approaches are the synthesis of glycosylation components and the assembly of these
components into functional glycosylation pathways that produce glycosylated
molecules of interest in a well-controlled environment without the use of intact, living
cells (Figure 1-6). In its simplest form, cell-free synthetic biology involves using
purified enzymes to catalyze specific glycosylation reactions in vitro (Natarajan, 2018;
Yu and Chen, 2016). Alternatively, to circumvent the time- and labor-intensive process
of enzyme purification, in situ production of glycosylation enzymes in cell-free lysates
has been used to assemble multi-step glycosylation reactions (Kightlinger et al., 2019;
Yu and Chen, 2016). These biosynthesis-focused methods will be discussed in detail
below, along with the use of cell-free synthetic biology as a tool to characterize and
evolve glycosylation enzymes and pathways for designer functions. Collectively, these
greatly simplified platforms offer exquisite control over reaction fluxes and
compositions, which in turn become powerful tools to wunderstand the

biotransformation of glycomolecules.
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Figure 1-6: Cell-free synthetic glycobiology systems for on-demand biosynthesis of designer
glycomolecules. Specific glycosylation reactions/pathways are assembled in vitro to synthesize
designer glycomolecules including nucleotide sugar building blocks, small molecule
glycosides, glycans, glycolipids, and glycoproteins. Glycoenzymes such as glycosyltransferases
(GTs) and oligosaccharyltransferases (OSTs) can be prepared from living cells in a purified
format or from cell-free protein synthesis (CFPS) expression platforms. Purified enzymes
and/or enzyme-enriched crude lysates can then be combined in sequential reactions or in a
single-pot to catalyze a prescribed glycosylation reaction. The open nature of cell-free systems
allows each of the reaction components and their environment to be precisely controlled and
monitored in real time, which in turn, facilitates the design-build-test cycle for an optimal
output. Such open systems also provide great modularity as well as offer a unique possibility
to integrate with high-throughput screening tools for constructing novel glycosylation

pathways or evolving glycosylation enzymes.

1.3.2 Cell-free technologies for assembling glycans and glycolipids.

Complex carbohydrates or glycans in their unconjugated form are valuable
reagents, finding use in both fundamental research and biomedical applications. An
outstanding example is the use of structurally-defined free glycans to construct
glycoarrays that enable high-throughput screening of molecular interactions between
glycan epitopes and carbohydrate-binding entities including proteins and even whole
organisms (Rillahan and Paulson, 2011). Since their first report (Blixt et al., 2004; Fukui
et al., 2002), glycoarrays have proven to be tremendously useful for the discovery of
antibodies, lectins, and immune receptors against carbohydrate antigens as well as for
determining the substrate-specificity of various GTs (Blixt et al., 2008; Wen et al., 2018).

To date, the Consortium for Functional Glycomics (CFG) and the Glycosciences
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Laboratory at Imperial College have developed two of the largest glycoarray libraries,
respectively consisting of approximately ~609 mammalian glycans (McQuillan et al.,
2019) and ~796 neoglycolipid glycan structures (Li and Feizi, 2018; Palma et al., 2014).
Another important application of free glycans is in the synthesis and development of
conjugate vaccines, which are particularly effective against various bacterial pathogens
(Moeller et al., 2018).

One of the major impediments to using free glycans as described above is
accessibility of pure glycans at sufficient quantities. Initially, glycan libraries were
obtained from natural sources such as microbes, plants, or animal products. In this
process, glycans were separated from their bioconjugates through chemical or
enzymatic hydrolysis followed by tedious, multistep purifications (Rillahan and
Paulson, 2011). However, the high diversity of glycan structures present in natural
samples makes it very difficult to acquire highly pure compounds using this approach.
An alternative to harvesting glycans from natural sources is the use of chemical
synthesis methods to generate free glycans from simple monosaccharide precursors.
Chemical synthesis typically involves performing iterative rounds of glycosylation
reactions utilizing a protecting group scheme that enables functionalization of a single
hydroxyl group for sugar attachment. However, such de novo synthesis requires
lengthy organic chemistry procedures, often necessitating highly specialized
individuals and instrumentation. Some of these limitations have been alleviated by the

introduction of automated solid-phase oligosaccharide synthesizers for the rapid
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synthesis of glycans as described by Seeberger and coworkers (Plante et al., 2001). By
adopting solid-phase synthesis, excess amounts of glycosyl donor can be used to drive
reactions to completion and the removal of unwanted side products or reagents can be
done in a single wash step. Since the time of its inception, the technology has now
matured into a fully commercial system known as Glyconeer 2.1 (Hahm et al., 2017).
These developments notwithstanding, the chemical synthesis of glycans remains a
significant challenge due to the complexity in achieving stereo- and regio-selective
synthesis. Selecting appropriate protective groups to achieve the desired glycosidic
linkage remains one of the main hurdles and becomes more difficult as the complexity
of the glycan architecture increases.

To circumvent the need for protecting group manipulation, the development of
cell-free glycan synthesis systems that leverage enzymes such as GTs, GHs, and other
glycan-processing enzymes is an attractive alternative. Enzymatic glycosylation
permits precise stereo- and regio-controlled synthesis with high conversions using
unprotected monosaccharides as substrates. Reactions generally proceed under mild,
aqueous conditions without the need for toxic and harsh organic reagents. Using bio-
and/or chemoenzymatic synthesis tools, several natural and engineered glycan
libraries have recently been constructed including asymmetric multi-antennary N-
glycans (Wang et al.,, 2013b), glycosphingolipid glycans (Yu et al., 2016), authentic
human type N-glycans (Hamilton et al., 2017; Li et al., 2015), O-mannosyl glycans

(Meng et al., 2018; Wang et al., 2018), human milk oligosaccharides (HMOs) (Prudden
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et al., 2017; Xiao et al., 2016), and tumor-associated antigens ('t Hart et al., 2019; Li et
al., 2019a). Similar strategies have been adopted for cell-free enzymatic synthesis of
glycolipid libraries including those from bacterial (Glover et al., 2005a), animal (Stubs
et al., 2010), and human origins (Li et al., 2019b). Many of these glycan and glycolipid
libraries have been employed to construct glycan microarrays for profiling glycan-
binding molecules such as lectins and antibodies as well as for gaining mechanistic
insights into glycosylation reactions.

Cell-free enzymatic glycan synthesis can also be integrated with automated
systems for more expeditious glycan assembly. To achieve this goal, several
developments that simplify purification processes and increase conversion efficiencies
have recently been reported. For example, the Linhardt group demonstrated the use of
a fluorous tag to capture heparin sulfate products directly from solution (Cai et al.,
2014). Additional advances include a photocleavable linker that enables
chemoenzymatic synthesis of tumor-associated glycan epitopes (Bello et al., 2015) and
an ion-exchange purification technique that aids in cell-free biosynthesis of HMOs
(Zhu et al., 2017). These advances, along with many others, have been instrumental in
realizing the goal of a fully automated enzymatic glycan synthesizer, several of which
have now been reported or are in late stages of development. For example, Nishimura
and coworkers developed an artificial “Golgi apparatus” to prepare sialyl Lewis X
derivatives using a dendrimer-based solid support (Matsushita et al., 2010). Their

process took four days and provided an overall yield of 16%. One of the main
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challenges of the Golgi apparatus was that it required multiple filtration-purification
steps that hindered its efficiency. To address these challenges, Wang and colleagues
recently combined a thermosensitive polymer with a commercially available peptide
synthesizer to mediate automated glycan assembly (Zhang et al., 2018). Their system
was able to prepare several blood group antigens and ganglioside glycans with yields
ranging from 27-38% within 1-2 days. Coincidentally, Boons and coworkers
simultaneously developed a similar automated system using a set of water-soluble
sulfate tags for a catch-and-release synthesis strategy (Li et al., 2019¢). The sulfate tags
were compatible with a range of glycosylation enzymes and, more importantly, were
readily adapted to a custom-designed automated glycosynthesizer. Using this fully
automated platform, quantitative amounts of complex glycans including gangliosides,
HMOs, poly-N-acetyllactosamine (poly-LacNAc) derivatives, and N-glycans could be
prepared in a less labor- and time-intensive process. Despite the small number of
examples, the use of automated enzymatic glycan synthesis platforms shows
significant promise, both as stand-alone systems and in combination with automated
chemical synthesis (Fair et al, 2015). With rapid developments in automation,
instrumentation, solid-support matrices, reliable tags and linkers, as well as a growing
collection of accessible glycosylation enzymes, a fully mature and reliable enzymatic
glycan synthesizer capable of synthesizing virtually any complex carbohydrate

structure appears to be within reach.
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1.3.3 Cellular glycoengineering to control glycoprotein biosynthesis.

More than 40 different types of carbohydrate-to-protein linkages have been
identified to date. Among these, glycan installation at the asparagine (N-linked) and
serine/threonine (O-linked) residues constitutes the greatest proportion of
glycoproteins (Spiro, 2002). Protein glycosylation is highly dynamic and the glycan
profile is controlled both spatially and temporally by the amino acid sequence, the local
structural conformation of the glycosylation site, and the expression level of
glycoenzymes at different stages of cellular development (Colley et al., 2015). Thus,
glycoproteins are generally found in nature as a mixture of glycoforms sharing the
same protein backbone but a variety of glycan structures. This intrinsic heterogeneity
makes it challenging to decipher how specific glycoforms impact the structure and
function of a modified protein. It has also been proven to be a major impediment for
the development of glycoprotein-based therapeutics as the consistent ratio and identity
of glycoforms are essential for reproducible clinical efficacy and safety of the biologic
(Wang and Lomino, 2012). To address these challenges, a variety of glycoengineering
approaches have been reported that involve the design and construction of molecular,
cellular, and whole-organism systems with tunable glycosylation.

There is a long history of cellular glycoengineering in eukaryotes including in
mammalian cells, plants, and yeasts (Bertozzi et al., 2009). Among these, the
glycoengineering of Chinese hamster ovary (CHO) cultures has dominated the field as

it is still the most commonly used host cell line in the biopharmaceutical industry
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(Walsh, 2018). Many groups have explored glycosylation control using genetic
manipulation to overexpress genes encoding glycoenzymes such as Golgi-resident GTs
(Son et al., 2011; Weikert et al., 1999) (Figure 1-7a). Small molecule inhibitors targeting
glycoenzymes such as kifunensine (Elbein et al., 1990) and swainsonine (Elbein et al.,
1981) have also been successfully used to regulate a protein’s glycoform in CHO
culture (Ehret et al.,, 2019). More recently, systems biology and bioinformatics tools
have been used to model glycosylation reaction networks in order to explore and
quantify how perturbations to glycosylation parameters affect the cell (Neelamegham
and Liu, 2011). Coupling this insight with precise genome editing tools will offer
unprecedented freedom to glycoengineer organisms with greater control over
glycoprotein products. In 2015, a landmark achievement in this regard was reported
by the Clausen group whereby quantitative genomics data and precise genome editing
was used to generate a panel of CHO cells with specific glycosyltransferase gene
knock-outs (KO) (Yang et al., 2015). These glycoengineered CHO cells were used to
screen and identify GT genes that play a major role in regulating protein N-
glycosylation within the CHO cell glycome. Such knowledge, in turn, provided a
blueprint for genetic reconstruction of CHO cells to generate variants with desirable
homogeneous glycosylation capacities including those producing human-like a2,6-
linked sialic acid capping glycoforms on therapeutic proteins such as human IgG and
EPO (Caval et al., 2018; Schulz et al., 2018; Yang et al., 2015). Another notable example

from the Weiss group explored the use of CRISPR/Cas9 to implement synthetic gene
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circuits in CHO cells, allowing tunable N-glycan profiles of CHO culture-derived IgGs
in a small molecule concentration-dependent manner (Chang et al.,, 2019). More
recently, Narimatsu and coworkers at the Copenhagen Center for Glycomics further
extended the utility of precise gene editing to create a library of validated CRISPR/Cas9
guide RNA targeting constructs for all human glycosyltransferase genes (Narimatsu et
al., 2018). This gRNA library was subsequently applied to create a cell-based array
displaying the human glycome in HEK293 cells (Narimatsu et al., 2019). A library of
human cells displaying defined glycan structures will be a valuable resource for
dissecting glycan biosynthesis and glycomolecule interaction within native
physiological context (Narimatsu et al., 2019). It should be pointed out that advances
in cell-based glycoengineering has extended beyond mammalian cells, with significant
achievements toward homogeneous glycoforms production being reported in other
eukaryotes including yeast (Hamilton et al, 2003; Wildt and Gerngross, 2005),
microalgae (Barolo et al., 2020), insect cells (Toth et al., 2014), and plant cell cultures
(Hurtado et al, 2020; Montero-Morales and Steinkellner, 2018). Comprehensive
reviews of the glycoengineering approaches developed in these eukaryotic systems

have been published elsewhere (Hamilton and Zha, 2015; Heffner et al., 2018).
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Figure 1-7: Glycoengineering strategies for producing homogeneous glycoproteins. (a) Cell-
based glycoengineering involves redesign of native protein glycosylation pathways in the host
organism to control glycoforms. Precise genome editing strategies such as ZFNs and
CRISPR/Cas9 systems have been employed to knock-out (KO) and knock-in (KI)
glycosyltransferase (GT) genes to alter endogenous glycosylation networks for producing
proteins bearing desirable glycoforms such as MansGlcNAc:, GIcNAcGalNeusAc, GO, and
complex-types with sialic acid capping glycoforms. Alternatively, orthogonal expression of
protein glycosylation pathways in E. coli can be utilized to produce proteins that are site-
specifically modified with bacterial N-glycans, eukaryotic glycans such as MansGIcNAcz, and
bacterial O-polysaccharide (O-PS) antigens. (b) Cell-free glycoengineering using glycoenzymes
including i. endoglycosynthases (ENGases), ii. prokaryotic oligosaccharyltransferases (OSTs),
and iii. glycosyltransferases (GTs). For ENGase-mediated glycosylation, glycoproteins bearing
heterogenous N-glycoforms are deglycosylated using specific glycosyl hydrolases (GHs) to
generate monosaccharide handle such as GIcNAc at the native glycosylation site. Pre-
synthesized glycan structures containing an oxazoline functional group at the reducing end are
then used as glycosyl donor in a reaction catalyzed by ENGase to remodel glycans to
homogeneity. For prokaryotic OST-mediated glycosylation, cell-free extract is generated from
glycoengineered E. coli such that the extract is enriched with all necessary gene transcription,
protein translation, and protein glycosylation machineries. Supplementing extracts with DNA
encoding target protein co-activates protein synthesis and site-specific protein glycosylation.
For GT-mediated protein glycosylation, sequential glycosylation reactions are carried out,
beginning with installation of an initial monosaccharide on the protein using a specific GT such
as ApNGT that installs Glc on asparagine residues and ppGalNAcT that modifies serines or
threonines with GalNAc. The monosaccharide primer can then be extended, directly on
glycoprotein, by a series of specific glycosyltransferase such as GalT and SiaT to generate a final

glycoform.

Not to be outdone, glycoengineering in prokaryotes has emerged as an
attractive strategy for cell-based production of homogenous glycoproteins (Figure 1-

7a). The discovery of a bona fide N-linked protein glycosylation pathway in the mucosal
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bacterium C. jejuni (Gross et al.,, 2008; Szymanski et al., 1999), and its functional
reconstitution in E. coli (Wacker et al., 2002), laid the foundation for the development
of a bacterial glycoengineering system. Owing to its lack of any native protein
glycosylation systems, E. coli offers a blank canvas on which prescribed, orthogonal
glycosylation pathways can be assembled without concern over interference from
endogenous glycoenzymes. Combined with its fast growth, ease of genetic
manipulation, and the ability to express a wide range of recombinant proteins, E. coli
cells equipped with glycosylation machinery are capable of biosynthesizing designer
glycoproteins bearing various therapeutically-important glycan epitopes such as the
eukaryotic core N-glycan MansGIcNAc: (Glasscock et al., 2018; Valderrama-Rincon et
al., 2012), bacterial O-polysaccharide (O-PS) antigen structures (Feldman et al., 2005a),
human blood group antigens (Hug et al., 2011; Shang et al., 2016), authentic human O-
glycans (Du et al.,, 2018; Natarajan et al., 2020b), and polysialic acid-containing glycans
(Keys et al, 2017; Tytgat et al, 2019). Taken together, efforts in cellular
glycoengineering have yielded a variety of expression platforms, both prokaryotic and
eukaryotic, for producing glycoproteins with chemically-defined carbohydrate
structures. Further improvement of the existing methods as well as the invention of
entirely new technologies are anticipated to expand the glycoprotein expression toolkit

available to scientists and engineers.
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1.3.4 Cell-free glycoengineering approach for structurally-defined glycoprotein
biosynthesis.

Recent advents in facile, precised gene editing tools have transformed the field
of cellular glycoengineering and served as essential tools for creating a myriad of
engineered organisms with desirable glycosylation capacities (Steentoft et al., 2014;
Tejwani et al, 2018). Despite these advancements, carrying out cell-based
glycoengineering is non-trivial as it is constrained by a multitude of factors including
cell viability, cellular complexity, and difficulties in precisely tuning the expression of
glycosylation components. On the other hand, cell-free approaches are not restricted
by these cellular limitations and can provide more stringent control over glycan
assembly and installation reactions to obtain highly pure, structurally-defined
glycoproteins. Many of the early efforts in cell-free glycoengineering focused on total
synthesis of glycoproteins using native chemical ligation and/or chemoselective
ligation (Wang and Davis, 2013), and significant progress on this front has been made
as documented in reports describing the assembly of large and complex glycoproteins
including the a- and B-subunits of human hormone (Aussedat et al., 2012; Nagorny et
al., 2012), interferon (Sakamoto et al., 2012), RNase C (Piontek et al., 2009a; Piontek et
al., 2009b), and human erythropoietin (Wang et al, 2013a). In parallel, enzyme-
mediated cell-free glycoprotein synthesis is emerging as a tool to complement chemical
methods for synthesizing homogeneous glycoproteins. As mentioned earlier,

enzymatic glycosylation offers precise control over stereo- and regio-chemistry
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without the need for chemical protecting groups, making it especially attractive for
preparative-scale biosynthesis of complex glycoproteins. In the text that follows, we
present three major cell-free enzymatic approaches for preparing glycan-defined

glycoproteins.

a) Endoglycosynthase-mediated preparation of homogeneous N-glycoproteins.

GHs are a class of glycoenzymes responsible for breaking specific glycosidic
bonds in glycomolecules. They exhibit dual functionalities depending on whether a
water molecule (hydrolysis reaction) or an activated -OH group of another
carbohydrate acceptor (transglycosylation reaction) attacks an enzyme-substrate
complex during catalysis (Li and Wang, 2018). The latter activity has pointed to the
potential use of GHs in preparing glycoproteins by the en bloc transfer of pre-
synthesized glycans from a glycosyl donor onto an acceptor protein (Figure 1-7b,
scheme i). The most commonly used acceptor is a protein containing a single GIcNAc
moiety, which can be generated via chemical synthesis or by enzymatic glycan
trimming of glycoproteins derived from mammalian (Giddens et al., 2016; Goodfellow
et al., 2012), yeast (Liu et al., 2018), or microbial cultures (Schwarz et al., 2010).

Following initial attempts to use transglycosylation to synthesize glycosides
(Kobayashi et al., 1991), two seminal discoveries have significantly propelled progress
in the field: (i) the generation of GH mutants called glycosynthases that favor

transglycosylation over hydrolysis (Mackenzie et al., 1998); and (ii) the use of sugar
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oxazolines as glycosyl donors for glycosynthases, which dramatically improves
transglycosylation yields (Umekawa et al., 2008). To date, more than a dozen GHs
including B-glycosidases (GH 1), a-galactosidases (GH 35, 36), a-fucosidases (GH 29),
and endohexosaminidases (GH 18, 20, 25, 56, 84, and 85) have been cataloged and
transformed into glycosynthases (Danby and Withers, 2016). Among these, endo-B-N-
acetylglucosaminidases (ENGases) such as those isolated from Arthrobacter
protophorminae (EndoA), Mucor hiemalis (EndoM), Streptococcus species (EndoD, S, and
H), and Elizabethkinga meningoseptica (EndoF3) of the GH 18 and 85 families, have
attracted the greatest attention due to their ability to cleave between the chitobiose core
of N-glycans (Barreaud et al, 1995). A series of ENGase-mutants with improved
transglycosylation activity has been isolated and successfully used for convergent
synthesis and glycan remodeling of diverse N-glycoproteins including Saposin C
glycopeptide with a complex-type N-nonasaccharide (Hojo et al., 2012), RNase B
bearing a high mannose-type N-glycan (Amin et al., 2011; Takegawa et al.,, 1995),
glycosylated insulin (Tomabechi et al., 2010), glycosylated HIV peptide antigen (Amin
et al., 2013), fibrinogen (Giddens et al., 2016), and, most notably, IgG-Fc with a
homogenous glycoform (Fan et al., 2012).

Monoclonal antibodies (mAbs) continue to be one of the fastest growing classes
of biotherapeutics (Walsh, 2018). All therapeutic mAbs contain an N-glycan at the
conserved N297 residue within the Fc region. The impact of Fc glycan on the

physicochemical properties and effector functions of mAbs has been well-documented
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(Jefferis, 2009). Thus, the ability to obtain mAbs in a pure glycoform not only
guarantees a reproducible route for producing safe biologics, but also opens the door
for engineering more effective therapeutic mAbs. With this in mind, Lai-Xi Wang and
coworkers isolated two EndoS mutants that could effectively remodel the glycan of an
intact IgG (Huang et al., 2012). The utility of their approach was demonstrated through
the remodeling of glycans on the therapeutic mAb, Rituximab, resulting in well-
defined glycoforms including MansGIcNAcz (M3) azide-containing M3,
GalGIcNAcMansGlcNAc:  (G2), and NeuNAcGal:GleNAc2MansGIcNAc:Fuc
(G2FS2). The glycan remodeling reactions were efficient, yielding sufficient quantities
of each glycoform to be examined for binding affinity with Fcy receptors. Following
this breakthrough, ENGase-mediated chemoenzymatic glycan remodeling has become
widely adopted by many research groups to generate homogeneous glycoforms of
therapeutic mAbs, including Rituximab (Lin et al., 2015) and Herceptin (Kurogochi et
al., 2015; Liu et al., 2018), with a relatively large glycoform library. Recent work from
the Davis group further improved the transglycosylation reaction conditions with
reduced unfavorable side reactions such as chemical glycation. The most optimal
reaction yielded the purest glycoform of Herceptin (~90%) to date (Parsons et al., 2016).
Finally, the utility of chemoenzymatic transglycosylation was recently extended to
install phosphorylated glycans (Priyanka et al., 2016) and to remodel N-linked glycans
in the Fab region (Giddens et al., 2018). Importantly, the ability to generate relatively

homogenous mAb glycoforms is providing insights into how specific carbohydrate
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epitopes modulate conformational changes and effector functions of antibodies,
including antibody-dependent cellular cytotoxicity (ADCC), complement-dependent

cytotoxicity (CDC), and anti-inflammatory activities.

b) Prokaryotic OST-mediated cell-free ¢lycoproteins biosynthesis.

The ability to reconstitute glycoprotein biosynthesis in a well-defined, cell-free
environment has the potential to transform the study of glycoscience. In such a system,
not only can a particular step in glycan assembly, glycan modification, and glycan
installation on the protein be carefully interrogated, but it can also facilitate the
construction of engineered glycosylation pathways for making specific glycoforms of
a protein. Such systems are inspired by and borrow components from natural
glycosylation mechanisms found in eukaryotes, and more recently in prokaryotes.

In eukaryotes, N-glycoprotein biosynthesis involves the transfer of a
preassembled glycan (GlcsManyGIlcNAcz) from a dolichyl-pyrophosphate carrier to an
asparagine residue within the Asn-Xaa-Thr/Ser (where X # Pro) consensus sequon of a
nascent polypeptide chain by an oligosaccharyltransferase (OST) enzyme (Aebi, 2013).
The precursor N-glycan on glycoproteins then undergoes a series of GH-mediated
glycan trimming and GT-mediated glycan elaboration steps in the ER and Golgi to
yield the final glycoform of the protein (Arigoni-Affolter et al., 2019; Berger, 1985). The
OST is a key enzyme of this pathway and consists of a protein complex containing

multiple transmembrane subunit proteins, including the catalytic subunit STT3
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(Kelleher and Gilmore, 2006). Early work from the Coward and Imperiali groups
devised in vitro glycosylation assays to gain mechanistic understanding of the substrate
specificity and activity of the yeast OST (Tai and Imperiali, 2001; Xu and Coward, 1997).
Many of these studies were done using crude extract-containing detergent-solubilized
OSTs from yeast microsomes to catalyze glycan transfer from dolichyl lipid-linked
oligosaccharides (LLOs) onto peptide acceptors containing a glycosylation motif
(Sharma et al., 1981; Srinivasan and Coward, 2002). Due to the inherent structural
complexity, the preparation of membrane-bound OST complexes has proven difficult,
often leading to inactive or unstable enzymes. Recent advances in biochemical
techniques, however, have now made it possible to obtain highly-pure and active OST
complexes, including those from humans, for in vitro functional characterization and
most importantly structural elucidation (Bai et al., 2018; Ramirez et al., 2019; Wild et
al., 2018). Nevertheless, the preparation of glycoproteins by eukaryotic OST-mediated
in vitro glycosylation has yet to be realized. Key impediments include the
inaccessibility of dolichyl LLO libraries (Gibbs and Coward, 1999) and the uncertainty
of whether eukaryotic OSTs, which operate co-translationally, can also post-
translationally modify target proteins. To date, in vitro glycosylation reactions
catalyzed by eukaryotic OSTs have only been performed with short synthetic peptide
acceptors and it remains to be seen whether these enzymes can efficiently glycosylate

fully folded-proteins in vitro (Bai et al., 2018; Ramirez et al., 2019; Wild et al., 2018).
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Similar to eukaryotes, N-linked protein glycosylation in certain Proteobacteria
such as Campylobacter and Helicobacter species involves en bloc transfer of glycans from
undecaprenyl-pyrophosphate (Und-PP) glycolipids onto conserved glycosylation
motifs within the protein chain (Nothaft and Szymanski, 2010; Szymanski and Wren,
2005). Bacterial OSTs share a conserved architecture with eukaryotic STT3s with the
exception that bacterial OSTs are single-subunit enzymes (Dell et al., 2010; Szymanski
et al., 1999). Shortly after the discovery of the first bona fide N-glycosylation system in
C. jejuni, Aebi and colleagues demonstrated the functional transfer of the C. jejuni
protein glycosylation locus (pgl) into E. coli (Wacker et al., 2002), which not only
facilitated mechanistic studies of the pathway but opened the door to bacterial
glycoengineering.

By leveraging glycoengineered strains of E. coli, early work demonstrated that
the C. jejuni OST (hereafter CjOST) has a more stringent substrate specificity than
eukaryotic OSTs, requiring an extended glycosylation sequon, Asp/Glu-Xi-Asn-X-
Ser/Thr (where X4, X+ # Pro) (Kowarik et al., 2006b). The so called ‘minus-two rule’ of
the CjOST, requiring an acidic amino acid residue at the -2 position of the glycosylation
site, did not strictly apply to other bacteria, as several CjOST homologs, such as those
found in Desulfovibrio, Helicobacter, and deep sea vent bacterial species, were observed
to have significantly relaxed substrate specificity (Mills et al., 2016; Ollis et al., 2015a).
Regardless of their specific sequon preferences, these enzymes are capable of installing

glycans onto sequons that have been engineered at the N- and C-termini and in flexible
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regions of heterologous proteins (Fisher et al., 2011; Lizak et al., 2011la) and can
glycosylate such heterologous proteins both in cell-based and cell-free systems
(Kowarik et al., 2006a; Ollis et al., 2015a).

An attractive feature of bacterial N-glycosylation systems is their inherent
simplicity, which makes them readily amenable to reconstitution outside the cell.
Indeed, following the functional expression of the C. jejuni pgl locus in E. coli cells, the
same glycosylation reaction was recapitulated in vitro by Imperiali and coworkers who
showed that purified CjOST was capable of transferring a glycan from a synthetic
donor, Und-PP-disaccharide, onto a synthetic peptide acceptor (Glover et al., 2005c¢).
Along similar lines, Aebi and coworkers described an in vitro glycosylation assay
comprised of purified CjOST, a purified acceptor protein, and LLOs bearing the C.
jejuni heptasaccharide glycan (CjLLOs) that were extracted from glycosylation-
competent E. coli (Kowarik et al., 2006a). Using this greatly simplified and well-
controlled in vitro system, they were able to evaluate the ability of CjOST to glycosylate
distinct folding states of a model acceptor protein, RNase A%2P, leading to important
insights about the preferred conformation (folded versus unfolded) of bacterial
acceptor proteins and the timing (co- versus post-translational) of the bacterial
glycosylation process (Kowarik et al., 2006a). Further, despite being large, integral
membrane proteins with thirteen transmembrane segments (Lizak et al, 2011b),
bacterial OSTs can be readily overexpressed and purified from a recombinant host like

E. coli, and the robust protocols for large-scale purification of CJOST and other bacterial
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OST homologs are documented (Jaffee and Imperiali, 2013; Jaroentomeechai et al.,
2017). Taken together, these developments have established in vitro glycosylation as
one of the standard tools in bacterial glycobiology and glycoengineering.

Building on these advances, Guarino and DeLisa explored coupling bacterial-
based in wvitro glycosylation with E. coli-based cell-free protein synthesis (CFPS)
technology (Guarino and DeLisa, 2012a). Specifically, they demonstrated that by
supplementing either standard cell-free S30 extracts derived from E. coli or the PURE
(protein synthesis using recombinant elements) system (Shimizu et al., 2001) with
purified CjOST and extracted CjLLOs, it was possible to achieve efficient glycosylation
of different model glycoprotein targets including the C. jejuni AcrA protein and a single
chain fragment variable (scFv) antibody engineered with a C-terminal glycosylation
sequon. Chapter 2 in this dissertation will describe a development of a more integrated,
single-pot platform for cell-free glycoprotein synthesis (CFGpS) (Figure 1-7b, scheme
ii) in which S30 extracts were selectively enriched with both CjOST and CjLLOs,
effectively bypassing the need for purification and extraction, respectively, of these
essential glycosylation components (Jaroentomeechai et al., 2018b). When these glyco-
enriched extracts were supplemented with plasmid DNA encoding different acceptor
proteins including human erythropoietin, protein synthesis and N-glycosylation were
co-activated in a manner that resulted in appreciable amounts of site-specifically
modified target proteins that retained biological activity. Importantly, the system was

demonstrated to be highly modular, allowing several different C;OST homologs and
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structurally-distinct glycans including the eukaryotic trimannosyl core glycan,
MansGIcNAc, to be rapidly interchanged into the cell-free reaction. Chapter 3 of this
dissertation will outline utility of the CFGpS platform for cell-free conjugate vaccine
synthesis (Stark et al., 2019), which takes advantage of the fact that CjOST has a relaxed
glycan substrate specificity and is capable of catalyzing transfer of O-PS antigens to
yield conjugate vaccines (Feldman et al., 2005a; Terra et al., 2012). By developing S30
extracts from low-endotoxin E. coli cells expressing CjOST and different O-PS
structures, it was possible to decorate a panel of different FDA-approved protein
carriers such as CRM197 and Haemophilus influenza protein D with pathogen-specific
polysaccharides including the O-PS antigen from the highly virulent pathogen
Franciscella tularensis subsp. tularensis (type A) strain Schu S4. Importantly, conjugates
supplied by this cell-free technology were observed to elicit O-PS-specific antibodies
and provided complete protection against pathogen challenge in immunized mice
(Stark et al., 2019).

It should be pointed out that while the CFGpS systems described above rely on
heterologous expression of OSTs and LLOs in cells prior to extract preparation, it
should be possible to streamline these systems with cell-free biosynthesis of each
glycosylation component. To this end, it has been demonstrated that full-length and
active membrane-bound bacterial OSTs could be directly synthesized in cell-free lysate
that was supplemented with nanodiscs lipid scaffold (Schoborg et al., 2018). It has also

been shown that chemically-defined LLOs bearing the C. jejuni glycan can be generated
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by in vitro assembly of a biosynthetic pathway comprised of purified GTs (Glover et
al., 2005a). By integrating the biogenesis of OSTs and LLOs in vitro with cell-free
glycoprotein synthesis platforms, we anticipate the creation of a simplified yet highly
modular framework for furthering the study and exploitation of the bacterial
glycosylation mechanism.

In addition to N-linked glycosylation, certain bacterial species including
Neisseria and Pseudomonas possess O-linked protein glycosylation pathways that
involve a similar en bloc glycan transfer mechanism (Faridmoayer et al., 2007). Utilizing
cell-free reconstitution, a central enzyme in this pathway, O-OST, was found to have
extremely broad substrate promiscuity, both in terms of the recognizable glycan
structures and their lipid carriers (Faridmoayer et al., 2008; Musumeci et al., 2013b).
These features make this class of OST enzymes especially attractive for
biotechnological and biomedical applications. However, widespread use of O-OSTs for
preparing useful glycoproteins has been hindered by the lack of a consensus
glycosylation motif, which in turn limits our ability to perform O-glycosylation on
heterologous targets. This hurdle was partially resolved recently with the rational
design of a minimum optimal O-linked recognition (MOOR) motif that was recognized
by the O-OST PglL from Neisseria meningitidis (Pan et al., 2016). The MOOR sequence,
which is composed of 8 amino acids flanked by two hydrophilic motifs, was used to
produce an O-linked conjugate vaccine against Shigella flexneri. Since O-OSTs can

transfer a wide range of structurally-diverse O-polysaccharides (Faridmoayer et al.,
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2008), the advent of the MOOR motif is expected to accelerate the use of O-OST-based
glycosylation as a platform to produce and engineer conjugate vaccines against diverse
bacterial pathogens. In an important first step towards cell-free O-glycoprotein
biosynthesis, the DeLisa group has generated S30 extracts enriched with different O-
OSTs and LLOs bearing short-chain human O-glycans (e.g., Tn antigen, T antigen, and
sialylated versions of both) (Natarajan et al., 2020b). The resulting glyco-enriched
extracts were capable of synthesizing antigenically authentic glycoforms of human
mucin 1 (MUCI1), thereby providing a platform for construction of designer O-

glycoproteins and further expanding the cell-free glycoprotein expression toolkit.

¢) GT-mediated protein ¢lycosylation and ¢lycan elaboration.

Processive protein glycosylation is prevalent in nature with the archetype
represented by vertebrate mucin-type O-glycosylation, a mechanism whereby the
glycan is assembled directly on the protein by sequential addition of monosaccharides
by GTs (Hang and Bertozzi, 2005). Mucin-type O-glycosylation is initiated by the
formation of a-glycosidic bonds between GalNAc monosaccharides and Ser/Thr
residues that are catalyzed by a specific enzyme in the polypeptide-N-
acetylgalactosaminyl transferase (ppGalNACT) family. This core structure, named Tn
antigen, can then be extended via sequential addition of other monosaccharides
including Gal, GIcNAc, and Neu5Ac by one or more of the ~30 different Golgi-resident

GTs (Bennett et al., 2012). Since mucin-associated O-glycan structures are associated
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with many types of cancer (Pinho and Reis, 2015), there is great interest in obtaining
structurally-defined O-glycoproteins for the development of carbohydrate-based
cancer vaccine candidates. One promising avenue has been chemoenzymatic synthesis
for preparing large glycopeptides carrying cancer-related O-glycans including Tn and
sialylated Tn antigens. For example, Clausen and coworkers pre-synthesized MUC1
peptides that were subsequently modified by a series of ppGalNAcT enzymes with
differential glycosylation site preferences (Sorensen et al., 2006). The GalNAc moieties
on the MUCI glycopeptides were then elongated to T or sTn antigen using $3-Gal or
ST6GalNAcI transferases, respectively (Figure 1-7b, scheme iii). The resulting O-
glycosylated mucin peptides were subsequently used to immunize mice, leading to the
elicitation of Tn/sTn antigen-specific antibodies that could recognize specific types of
cancer cells. This study highlights the potential of cell-free glycoprotein synthesis
approaches in the design and production of carbohydrate-based vaccine candidates. It
is worth mentioning that while O-GalNAcylation of mucin has been the focus of
intense research, many lesser studied types of O-linked glycosylation have been
reported in recent years including the enzymatic transfer of GIcNAc, Man, Fuc, Glc,
Gal, and Xyl sugars onto specific proteins such as Notch receptors and epidermal
growth factor like (EGF) repeats (Bennett et al., 2012; Haltiwanger et al., 2015; Holdener
and Haltiwanger, 2019; Varki, 2017a). Given our incomplete understanding of these
relatively new types of O-glycosylation, it stands to reason that cell-free approaches

will help to decipher their mechanisms and roles in biology.
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Certain gram-negative y-proteobacteria have been found to contain unique
processive N- and O-linked protein glycosylation pathways (Ohuchi et al., 2000; Zhou
and Wu, 2009). Among them, N-glycosyltransferase (NGT) from Actinobacillus
pleuropneumoniae (ApNGT) is the best characterized enzyme, which is capable of
transferring Glc residues onto the same Asn-X-Ser/Thr motif used in canonical N-
glycosylation that proceeds by the en bloc mechanism (Choi et al., 2010; Kawai et al.,
2011; Naegeli et al., 2014a). The ApNGT has been functionally transferred into E. coli
(Naegeli et al., 2014b), providing a novel mode of bacterial glycoengineering (Keys et
al., 2017). Indeed, several groups have leveraged ApNGT to site-specifically N-
glycosylate target proteins with a Glc moiety that serves as a “glycan primer” for
further extension to defined glycoforms such to a-Gal, lactose, siallylactose, LacNAc,
and Lewis-X structures by prescribed GTs (Kightlinger et al., 2019; Tytgat et al., 2019).
In the work by Aebi, Keys and coworkers, multiple copies of these glycoepitopes could
then be installed on the same target protein to create multivalent glycopolymers or
equipped onto self-assembling polypeptides to produce megadalton glycoprotein
assemblies (Tytgat et al, 2019). Such multivalent glycostructures could find
applications in antibody discovery and the development of novel biomedical materials.
In work done by the Jewett and DeLisa groups, a multi-pot reaction scheme was
devised whereby each pot contained E. coli extract synthesizing a specific GT enzyme
(Kightlinger et al., 2019). These reaction pots containing active GTs could then be

combined in a sequence-specific manner to prototype designer glycosylation pathways
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(Figure 1-7b, scheme iii). This modular technology, called glycosylation pathway
assembly by rapid in vitro mixing and expression (GlycoPRIME), enabled the
generation of 23 unique glycan epitopes whose pathways were successfully transferred
into E. coli to bio-manufacture useful glycoproteins including the HIHA10 protein
vaccine containing an a-Gal epitope. This study showcases the power of cell-free
synthetic glycobiology as a versatile tool to design, build, test, and employ designer
glycosylation pathways for the development and production of putative
glycomedicines. It should be pointed out that while unique bacterial enzymes such as
ApNGT have been harnessed for processive glycan construction, similar strategies
have been developed using CjPglIB. That is, even though CjPglIB is known for its ability
to transfer preassembled glycan structures, it can also be used to install a single GIcNAc
residue onto acceptor protein targets as was shown recently by Davis and colleagues
(Liu et al., 2014). These authors designed a series of short polyisoprenol variants that
were modified with a single GIcNAc monosaccharide and used these unnatural sugar-
unnatural lipid conjugates to demonstrate that purified CjOST could catalyze the
formation of GlcNAc-ylated peptides and proteins. They further showed that these
GlcNAc-ylated species could be extended with ENGases and GTs (e.g., EndoA, [31,4-

GalT) thereby demonstrating a novel in vitro route to tailor-made glycoproteins.
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1.4 Dissertation overview.

Motivated by the continuing needs for new tools and methodologies for further
improving our understanding of the glycosylation process in nature as well as for
enabling novel applications in glycoscience and medicine, this dissertation sought to
leverage recent advances in synthetic biology and glycoscience to create a suite of cell-
free tools capable of design, build, and test natural and synthetic protein glycosylation

pathway (Figure 1-8a).
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Figure 1-8. Nature-inspired cell-free synthetic glycobiology (CFSG) system. (a) To assemble

structurally-defined glycans and glycomolecules, CFSG system is comprised of two stages. In
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the first stage, cell-free protein glycosylation reaction leverages both protein synthesis and
protein glycosylation machineries to biosynthesize target protein and simultaneously install
prescribed glycan at the specific sequon within target protein. Glycoprotein products from the
first stage is then transferred to glycan remodeling cascade where a series of glycosyltransferase
is used to trim, edit, and elaborate glycan to the final structure of interest. This reaction cascade
can be performed in a single or multi-pots reaction, depending on the compatibility of reaction
components. (b) The first step in the CFSG is resembling natural processes of polypeptide
biosynthesis and N-glycosylation initiation at the lumen of the endoplasmic reticulum (ER). The
polypeptide containing N-glycan is then trafficked from ER to the Golgi body. Within the Golgi
lumen, several reactions including O-glycan initiation, N- and O-glycan editing, and
elaboration take place as part of the glycan maturation process. These reaction cascades in Golgi

are similar to the glycan remodeling module of the CFSG.

Inspired by the elegant process of natural protein glycosylation, our Cell-Free
Synthetic Glycobiology (CFSG) system is a two-stages process (Figure 1-8a). Akin to a
natural process within the ER (Figure 1-8b), the first stage in CFSG involves cell-free
biosynthesis and site-specific glycan installation of the target protein. Detailed works
involving the creations and applications of the cell-free glycoprotein synthesis
technology are described in Chapter 2 and Chapter 3, respectively. The second stage
in the CFSG would mimic natural glycan elaboration processes (Figure 1-8a-b). By
leveraging protein engineering strategy and knowledge in system glycobiology, we
generated glycan remodeling reaction cascades, akin to the glycan elaboration
assembly line within the Golgi, that results in a homogenous production of several
important glycans and glycoproteins. This work will be discussed in detail in Chapter

4. Finally, Chapter 5 of this dissertation will summarize successful efforts in generating
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CFSG tools, outline remaining challenges and knowledge gaps that need to be
addressed, as well as provide a perspective on the use of the cell-free synthetic
glycobiology technology to answer fundamental questions in glycoscience and to
enable applications in on-demand biomanufacturing of glycoprotein therapeutics and

vaccines.

1.5 Bibliographic note.

The introduction and body of this dissertation appear in several published
works and presentations. The published venues will be indicated in the footnote at the
beginning of each chapter. Texts and figures are subjected to change to comply with
the dissertation format. All published works are co-authored with Dr. Matthew P.

DelLisa and Dr. Michael C. Jewett.

This dissertation often uses pronoun ‘we/our’ to indicate collaborative work
between the author, Dr. Matthew P. DelLisa, Dr. Michael C. Jewett, and several other

collaborators.
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CHAPTER 2

SINGLE-POT GLYCOPROTEIN BIOSYNTHESIS USING A CELL-FREE
TRANSCRIPTION-TRANSLATION SYSTEM ENRICHED WITH
GLYCOSYLATION MACHINERY¢*

2.1 Abstract.

The emerging bacterial glycoengineering discipline has made it possible to
produce designer glycans and glycoconjugates for use as vaccines and therapeutics.
These developments notwithstanding, cell-based production of homogeneous
glycoproteins remains a significant challenge due to the cell viability constraints and
the inability to control glycosylation components at precise ratios in vivo. To address
these challenges, we describe a novel cell-free glycoprotein synthesis (CFGpS)
technology that seamlessly integrates protein biosynthesis with asparagine-linked
protein glycosylation. This technology leverages a glyco-optimized Escherichia coli to
source cell extracts that are selectively enriched with glycosylation components,
including oligosaccharyltransferases (OSTs) and lipid-linked oligosaccharides (LLOs).
The resulting extracts enable a one-pot reaction scheme for efficient and site-specific
glycosylation of target proteins. CFGpS platform is highly modular, allowing the use

of multiple distinct OSTs and structurally diverse LLOs. As such, we anticipate CFGpS

6 This chapter appears in the Nature Communication journal:
Jaroentomeechai, T.*, Stark, ].C.*, Natarajan, A., Glasscock, C.J., Yates, L.E., Hsu, K.J., Mrksich, M., Jewett,

M.C. and DeLisa, M.P. (2018) Single-pot glycoprotein biosynthesis using a cell-free transcription-
translation system enriched with glycosylation machinery. Nat Commun 9: 2686.
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will facilitate fundamental understanding in glycoscience and make possible

applications in on-demand biomanufacturing of glycoproteins.

2.2 Introduction.

Asparagine-linked (N-linked) protein glycosylation is one of the most common
post-translational modifications in eukaryotes, and profoundly affects many important
protein properties such as folding, in wvivo stability, immunogenicity, and
pharmacokinetics (Hebert et al., 2014; Helenius and Aebi, 2001a; Imperiali and
O'Connor, 1999). The attached N-glycans can directly participate in a wide spectrum
of biological processes such as immune recognition/response (Rudd et al., 2001;
Wolfert and Boons, 2013) and stem cell fate (Lanctot et al.,, 2007). Moreover, the
intentional engineering of protein-associated glycans can be used to manipulate the
therapeutic properties of a protein such as enhancing its in vivo activity and half-life
(Sinclair and Elliott, 2005).

At present, however, the inherent structural complexity of glycans and the
corresponding difficulties producing homogeneously glycosylated proteins have
slowed advances in our understanding of glycoprotein functions and limited
opportunities for biotechnological applications. Indeed, glycan structural diversity and
information density is immense (Werz et al., 2007), far exceeding that of DNA or
proteins. Moreover, because glycan biosynthesis is neither template-driven nor

genetically encoded, glycans cannot be produced from recombinant DNA technology.
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Instead, N-glycans are naturally made by coordinated expression of multiple
glycosyltransferases (GTs) across several subcellular compartments. This mode of
biosynthesis combined with the lack of a strict proofreading system results in inherent
glycan heterogeneity even at a single glycosylation site, and accounts for the large
diversity of structures in the expressed glycan repertoire of a cell or organism (Raman

et al, 2005, Rudd and Dwek, 1997). Further complicating matters is the paucity of

structure-function relationships for GTs, which hinders the a priori prediction of glycan

structure. Altogether, these factors have frustrated production of homogeneous
glycans and glycoconjugates in biological systems and in turn restricted our capacity
to elucidate the biochemical and biophysical effects of glycans on the target proteins to
which they are attached. Thus, there is an unmet need for a simple technology
capable of rapidly producing useful quantities of proteins featuring user-specified
glycosylation for biochemical and structural biology studies.

Recent pioneering efforts in glycoengineering of cellular systems including
mammalian (Meuris et al., 2014), yeast (Hamilton et al., 2003), and bacterial cells
(Valderrama-Rincon et al.,, 2012) have expanded our ability to reliably synthesize
chemically defined glycans and glycoproteins. Yet despite the promise of these
systems, protein expression yields often remain low and design-build-test (DBT)
cycles—iterations of re-engineering organisms to test new sets of enzymes—can be
slow. One promising alternative to cell-based systems is cell-free protein synthesis

(CFPS) in which the synthesis of proteins occurs in vitro without using intact, living
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cells. Recently, a technical renaissance has revitalized CFPS systems to help meet
increasing demands for simple and efficient protein synthesis, with Escherichia coli-
based CFPS systems now exceeding grams of protein per liter reaction volume (Carlson
et al., 2012), with the ability to support co- or post-translational modifications (e.g., non-
standard amino acid incorporation (Kiga et al., 2002; Martin et al., 2018; Oza et al,,
2015a; Stapleton and Swartz, 2010); incorporation of metal centers (Stapleton and
Swartz, 2010)). As a complement to in vivo expression systems, cell-free systems offer
several potential advantages. First, the open nature of the reaction allows the user to
directly influence the biochemical systems of interest. As a result, new components can
be added or synthesized, and these can be maintained at precise concentrations
(Albayrak and Swartz, 2013; Karim and Jewett, 2016). Second, cell-free systems bypass
viability constraints making possible the production of complex proteins at titers that
would otherwise be toxic in living cells (Kaiser et al., 2008). Third, processes that take
days or weeks to design, prepare, and execute in vivo can be done more rapidly in a
cell-free system(Dudley et al., 2016; Moore et al., 2018b), leading to high-throughput
production campaigns on a whole-proteome scale (Goshima et al., 2008) with the
ability to automate (Matsuoka et al., 2010). Indeed, recent efforts have shown the power
of CFPS systems in accelerating DBT cycles (Dudley et al., 2016; Moore et al., 2018a).
Unfortunately, CFPS systems have been limited by their inability to co-activate
efficient protein synthesis and glycosylation. The best characterized and most widely

adopted CFPS systems use crude E. coli lysates to activate in vitro protein synthesis, but
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these systems are incapable of making glycoproteins because E. coli lacks endogenous
glycosylation machinery. Glycosylation is possible in some eukaryotic CFPS systems,
including those prepared from insect cells (Tarui et al., 2000), trypanosomes (Moreno
et al., 1991), hybridomas (Mikami et al., 2006), or mammalian cells (Brodel et al., 2013;
Shibutani et al., 1996). However, these platforms are limited to endogenous machinery
for performing glycosylation, meaning that (i) the possible glycan structures are
restricted to those naturally synthesized by the host cells and (ii) the glycosylation
process is carried out in a “black box” and thus difficult to engineer or control.
Additionally, eukaryotic CFPS systems are technically difficult to prepare, often
requiring supplementation with microsomes (Lingappa et al.,, 1978; Rothblatt and
Meyer, 1986), and suffer from inefficient protein synthesis and glycosylation yields due
to inefficient trafficking of nascent polypeptide chains to microsomes (Moreno et al.,
1991; Rothblatt and Meyer, 1986).

Despite progress in eukaryotic cell-free systems, cell-free extracts from bacteria
like E. coli offer a blank canvas for studying glycosylation pathways, provided they can
be activated in vitro. A recent work from our group highlights the ability of CFPS to
enable glycoprotein synthesis in bacterial cell-free systems by augmenting commercial
E. coli-based cell-free translation systems (e.g., New England Biolabs PURExpress,
Promega E. coli S30 Extract System) with purified components from a bacterial N-
linked glycosylation pathway (Guarino and DeLisa, 2012b). While these results

established the possibility of E. coli lysate-based glycoprotein production, there are
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several drawbacks of using purified glycosylation components that serve to limit
system utility. First, preparation of the key glycosylation components required time-
consuming and cost-prohibitive steps, namely purification of a topologically complex,
multipass transmembrane oligosaccharyltransferase (OST) enzyme and organic
solvent-based extraction of lipid-linked oligosaccharide (LLO) donors from bacterial
membranes. These steps significantly lengthen the process development timeline,
requiring 3-5 days each for isolation of the LLO and OST components, necessitate
skilled operators and specialized equipment, and result in products that must be
refrigerated and are stable for only a few months to a year. Second, glycoproteins were
produced using a sequential translation/glycosylation strategy, which required 20 h for
cell-free synthesis of the glycoprotein target and an additional 12 h for post-
translational protein glycosylation.

Here, we addressed these drawbacks by developing an integrated cell-free
glycoprotein synthesis (CFGpS) technology that bypasses the need for purification of
OSTs and organic solvent-based extraction of LLOs. The creation of this streamlined
CFGpS system was made possible by two important discoveries: (i) crude extract
prepared from the glyco-optimized E. coli strain, CLM24, which lacks two native
enzymes that potentially compete with engineered glycan biosynthesis reactions
(Feldman et al., 2005a), is able to support cell-free protein expression and N-linked
glycosylation; and (ii) OST- and LLO-enriched extracts derived from this CLM24

chassis strain are able to reproducibly co-activate protein synthesis and N-
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glycosylation in a reaction mixture that minimally requires priming with DNA
encoding the target glycoprotein of interest. Importantly, the CFGpS system decouples
production of glycoprotein synthesis components (i.e., OSTs, LLOs, translational
machinery) and the glycoprotein target of interest, providing significantly reduced cell
viability constraints compared to in vivo systems. The net result is a one-pot bacterial
glycoprotein biosynthesis platform whereby different acceptor proteins, OSTs, and/or
oligosaccharide structures can be functionally interchanged and prototyped for

customizable glycosylation.
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Figure 2-1. Schematic of single-pot CFGpS technology. Glyco-engineered E. coli that are
modified with (i) genomic mutations that benefit glycosylation reactions and (ii) plasmid DNA
for producing essential glycosylation components (i.e., OSTs, LLOs) serve as the source strain
for producing crude S30 extracts. Candidate glycosylation components can be derived from all
kingdoms of life, including bacteria, and include single-subunit OSTs like C. jejuni PgIB and

LLOs bearing N-glycans from C. jejuni that are assembled on Und-PP by the Pgl pathway
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enzymes. Following extract preparation by lysis of the source strain, one-pot biosynthesis of N-
glycoproteins is initiated by priming the extract with DNA encoding the acceptor protein target

of interest.

2.3 Results
2.3.1 Efficient CFGpS using extracts from glyco-optimized chassis strain.

To develop a one-pot glycoprotein synthesis system, the bacterial protein
glycosylation locus (pgl) present in the genome of the Gram-negative bacterium
Campylobacter jejuni was chosen as a model glycosylation system (Figure 2-1). This gene
cluster encodes an asparagine-linked (N-linked) glycosylation pathway that is
functionally similar to that of eukaryotes and archaea (Weerapana and Imperiali, 2006),
involving a single-subunit OST, PglB, that catalyzes the en bloc transfer of a
preassembled 1.4 kDa GlcGalNAcsBac heptasaccharide (where Bac is bacillosamine)
from the lipid carrier undecaprenyl pyrophosphate (Und-PP) onto asparagine residues
in a conserved motif (D/E-X1-N-X«1-S/T, where X1 and X+ are any residues except
proline) within acceptor proteins. PglB was selected because we previously showed
that N-glycosylated acceptor proteins were reliably produced when cell-free
translation kits were supplemented with (i) C. jejuni PglB (CjPgIB) purified from E. coli
cells and (ii) LLOs extracted from glycoengineered E. coli cells expressing the enzymes
for producing the C. jejuni N-glycan on Und-PP (CjLLOs) (Guarino and DeLisa, 2012b).

Additionally, PgIB has been used in engineered E. coli for transferring eukaryotic
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trimannosyl chitobiose glycans (mannoses-N-acetylglucosaminez, MansGlcNAcz) to
specific asparagine residues in target proteins (Valderrama-Rincon et al., 2012).
Establishing a CFGpS system first required crude cell extracts suitable for
glycoprotein synthesis; hence, we selected E. coli strain CLM24 that was previously
optimized for in vivo protein glycosylation (Feldman et al., 2005a). CLM24 has two
attributes that we hypothesized would positively affect cell-free protein glycosylation.
First, CLM24 does not synthesize O-polysaccharide antigen due to an inactivating
insertion in wbbL, which encodes a rhamnosyl transferase that transfers the second
sugar of the O16 subunit to UndPP (Liu and Reeves, 1994). Thus, absence of WbbL
should allow uninterrupted assembly of engineered glycans, such as the C. jejuni
heptasaccharide, on UndPP. Second, CLM24 cells lack the waaL gene, which encodes
the ligase that transfers O-polysaccharide antigens from UndPP to lipid A-core.
Because WaalL can also promiscuously transfer engineered glycans that are assembled
on UndPP (Chen et al., 2016c; Valderrama-Rincon et al., 2012), the absence of this

enzyme should favor accumulation of target glycans on UndPP.
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Figure 2-2. Extract from glyco-optimized chassis strain supports CFGpS. (a) (left) Western blot
analysis of scFv13-R4PNAT produced by crude CLM24 extract supplemented with purified
CjPglB and organic solvent-extracted (solv-ext) GjLLOs, and primed with plasmid pJL1-scFv13-
R4PNAT_ (right) Western blot analysis of in vitro glycosylation reaction using purified scFv13-
R4PQNAT acceptor protein that was incubated with purified CjPgIB and organic solvent-extracted
(solv-ext) CjLLOs. Control reactions (lane 1 in each panel) were performed by omitting purified
CjPgIB. (b) (left) Western blot analysis of scFv13-R4PNAT produced by crude CLM24 extract
selectively enriched with CjPgIB from heterologous overexpression from pSF-CjPgIB. (right)
Western blot analysis of scFv13-R4PNAT produced by crude CLM24 extract selectively enriched
with C/LLOs from heterologous overexpression from pMWO07-pglAB. Reactions were primed
with plasmid pJL1-scFv13-R4PNAT and supplemented with purified CjPglB and organic
solvent-extracted (solv-ext) CjLLOs as indicated. Control reactions (lane 1 in each panel) were
performed by omitting solv-ext CjLLOs in (left) or purified CjPglB (right) in (b). Blots were
probed with anti-hexa-histidine antibody (anti-His) to detect the acceptor protein or hR6 serum
(anti-glycan) to detect the N-glycan. Arrows denote aglycosylated (g0) and singly glycosylated
(g1) forms of scFv13-R4PNAT Molecular weight (MW) markers are indicated at left. Results are

representative of at least three biological replicates.

To determine whether CLM24 could be used as a chassis strain to support
integrated cell-free transcription, translation, and glycosylation, we first prepared
crude S30 extract from these cells using a rapid and robust procedure for extract
preparation based on sonication(Kwon and Jewett, 2015b). Then, 15-uL batch-mode,
sequential CFGpS reactions were performed using CLM24 crude extract that was
supplemented with the following: (i) an OST catalyst in the form of purified CjPglB
that was prepared as described previously (Guarino and DeLisa, 2012b); (ii)
oligosaccharide donor in the form of GLLOs that were isolated by organic solvent

extraction from the membrane fraction of glycoengineered E. coli cells as described
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previously (Guarino and DelLisa, 2012b); and (iii) plasmid DNA encoding the model
acceptor protein scFv13-R4PNAT, an anti-B-galactosidase ((3-gal) single-chain variable
fragment (scFv) antibody modified C-terminally with a single DQNAT motif
(Valderrama-Rincon et al., 2012). The glycosylation status of scFv13-R4PNAT was
analyzed by SDS-PAGE and immunoblotting with an anti-polyhistidine (anti-His)
antibody or hR6 serum that is specific for the C. jejuni heptasaccharide glycan (Schwarz
et al., 2011b). Following an overnight reaction at 30°C, highly efficient glycosylation
was achieved as evidenced by the mobility shift of scFv13-R4PNAT entirely to the mono-
glycosylated (g1) form in anti-His immunoblots and the detection of the C. jejuni glycan
attached to scFv13-R4PNAT by hR6 serum (Figure 2-2a). For synthesis of scFv13-
R4PNAT “the reaction mixture was modified to be oxidizing, through the addition of
iodoacetamide and a 3:1 ratio of oxidized and reduced glutathione, demonstrating the
flexibility of CFGpS reaction conditions for producing eukaryotic glycoprotein targets.
The efficiency achieved in this CFGpS system rivaled that of an in vitro glycosylation
reaction in which the scFv13-R4PNAT acceptor protein was expressed and purified from
E. coli, and then incubated overnight with purified CjPgIB and extracted CjLLOs
(Figure 2-2a). As expected, when CjPgIB was omitted from the reaction, the scFv13-
R4PANAT acceptor protein was produced only in the aglycosylated (g0) form. The results
generated here with CLM24 extract are consistent with our earlier studies using an E.

coli S30 extract-based CFPS system or purified translation machinery (Guarino and
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DeLisa, 2012b), and establish that the C. jejuni N-linked protein glycosylation

mechanism can be functionally reconstituted outside the cell.
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Figure 2-3. Expanding cell-free glycosylation with different oligosaccharide structures.
Western blot analysis of in vitro glycosylation reaction products generated with purified scFv13-
R4PQNAT gcceptor protein, purified CjPglB, and organic solvent-extracted (solv-ext) LLOs from
cells carrying: (a) plasmid pACYCpgl4 for making the native C. lari hexasaccharide N-glycan;
(b) plasmid pACYCpgI2 for making the engineered C. lari hexasaccharide N-glycan; (c) plasmid
pO9-PA for making the E. coli O9 ‘primer-adaptor’ MansGIcNAc structure; (d) plasmid
pConYCGmMCB for making the eukaryotic MansGlcNAc: N-glycan structure; and (e) fosmid
pEpiFOS-5pgl5 for making the native W. succinogenes hexasaccharide N-glycan. Reactions were
run at 30°C for 16 h. Blots were probed with anti-His antibody to detect the acceptor protein
and one of the following: hR6 serum that cross-reacts with the native and engineered C. lari
glycans or ConA lectin that binds internal and non-reducing terminal a-mannosyl groups in
the MansGlcNAc and MansGlcNAc: glycans. Because structural determination of the W.

succinogenes N-glycan is currently incomplete, and because there are no available antibodies,
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the protein product bearing this N-glycan was only probed with the anti-His antibody. As an
additional control for this glycan, we included empty LLOs prepared from the same host strain
but lacking the pEpiFOS-5pgl5 fosmid (left hand panel, “+” signs marked with an asterisk).
Arrows denote aglycosylated (g0) and singly glycosylated (gl) forms of the scFv13-R4PQNAT
protein. Molecular weight (MW) markers are indicated at left. Results are representative of at

least three biological replicates.

2.3.2 Expanding the glycan repertoire of cell-free glycosylation.

To date, only the C. jejuni glycosylation pathway has been reconstituted in vitro
(Guarino and DeLisa, 2012), and it remains an open question whether our system can
be reconfigured with different LLOs and OSTs. Therefore, to extend the range of glycan
structures beyond the C. jejuni heptasaccharide, we performed glycosylation reactions
in which the solvent-extracted CjLLOs used above were replaced with oligosaccharide
donors extracted from E. coli cells carrying alternative glycan biosynthesis pathways.
These included LLOs bearing the following glycan structures: (i) native C. lari
hexasaccharide N-glycan (Schwarz et al., 2011); (ii) engineered GalNAcsGlcNAc based
on the Campylobacter lari hexasaccharide N-glycan (Schwarz et al., 2010); (iii) native
Wolinella  succinogenes  hexasaccharide N-glycan containing three 216-Da
monosaccharides and an unusual 232-Da residue at the nonreducing end (Jervis et al.,
2012); (iv) engineered E. coli O9 primer-adaptor glycan, MansGlcNAc, that links the O-
chain and core oligosaccharide in the lipopolysaccharide of several E. coli and Klebsiella
pneumoniae serotypes (Hagelueken et al., 2015); and (v) eukaryotic trimannosyl core N-

glycan, MansGIcNAc: (Valderrama-Rincon et al., 2012). Glycosylation of scFv13-
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R4PNAT with each of these different glycans was observed to occur only in the presence
of CjPglIB (Figure 2-3). It should be noted that 100% glycosylation conversion was
observed for each of these glycans except for the MansGlcNAc: N-glycan, which had a
conversion of ~40% as determined by densitometry analysis. While the reasons for this
lower efficiency remain unclear, conjugation efficiency of the same MansGIlcNAc:
glycan to acceptor proteins in vivo was reported to be even lower (<5%) (Srichaisupakit
et al,, 2015; Valderrama-Rincon et al., 2012). Hence, transfer of MansGIcNAc: to
acceptor proteins in vitro appears to overcome some of the yet-to-be-identified
bottlenecks of in vivo glycosylation. This result is likely due to the opportunity with
CFGpS to control the concentration of reaction components, for example, providing a
higher local concentration of LLO donors. Importantly, scFv13-R4PNAT was uniformly
decorated with a MansGIcNAc: glycan as evidenced by liquid chromatography-mass
spectrometry (LC-MS). Specifically, the only major glycopeptide product to be detected
was a triply-charged ion containing an N-linked pentasaccharide with m/z=1032.4583,
consistent with the Man3GIcNAc2 glycoform (Supplementary Figure 6-1). The
tandem MS spectra for this triply-charged glycopeptide yielded an excellent y-ion
series and a good b-ion series enabling conclusive determination of the tryptic
glycopeptide sequence and attachment of the MansGIcNAc: glycoform at residue N273
of the scFv13-R4PANAT protein (Supplementary Figure 6-2). Taken together, these

results demonstrate that structurally diverse glycans, including those that resemble
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eukaryotic structures, can be modularly interchanged in cell-free glycosylation

reactions.

2.3.3 Extracts enriched with OST enzymes or LLOs co-activate glycosylation.

To circumvent the need for exogenous addition of purified glycosylation
components, we hypothesized that heterologous overexpression of OST or GT
enzymes directly in the chassis strain would yield extracts that are selectively enriched
with the requisite glycosylation components. This strategy was motivated by a recent
metabolic engineering approach whereby multiple cell-free lysates were each
selectively enriched with an overexpressed metabolic enzyme and then
combinatorially mixed to construct an intact pathway (Dudley et al., 2016; Karim and
Jewett, 2016). However, a fundamental difference in our system is the fact that the OST
and LLOs are not soluble components but instead reside natively in the inner
cytoplasmic membrane. This is potentially problematic because of the significant
breakup of the cell membrane during S30 extract preparation. However, it has been
established that fragments of the E. coli inner membrane reform into membrane
vesicles, some of which are inverted but others that are orientated properly (Jewett et
al., 2008b), and thus could supply the OST and LLOs in a functionally accessible
conformation within the extract.

To test this hypothesis, we used a high-pressure homogenization method to

prepare crude S30 extract from CLM24 cells carrying a plasmid-encoded copy of
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CjPglB such that the resulting cell-free lysates were selectively enriched with detectable
quantities of full-length OST enzyme as confirmed by Western blot analysis
(Supplementary Figure 6-3a). Similarly, crude S30 extract from CLM24 cells
overexpressing the C. jejuni glycan biosynthesis enzymes produced lysate that was
selectively enriched with CjLLOs as confirmed by dot blot analysis with hR6 serum
(Supplementary Figure 6-3b). It should be noted that the amount of CjLLOs enriched
in the crude extract rivaled that produced by the significantly more tedious organic
solvent extraction method. Importantly, when 15-puL batch-mode sequential CFGpS
reactions were performed using the OST-enriched crude extract that was
supplemented with solvent extracted CjLLOs and plasmid DNA encoding scFv13-
R4PQNAT clearly detectable glycosylation of the acceptor protein was observed (Figure
2-2b). The conversion of acceptor protein to glycosylated product was ~50%; however,
further supplementation with purified CjPglIB increased the conversion to nearly 100%,
indicating that the amount of OST in the crude extract might have been limiting under
the conditions tested. When similar CFGpS reactions were performed using the
CjLLOs-enriched crude extract supplemented with purified CjPglB and plasmid DNA
encoding scFv13-R4PNAT >8(0% glycosylation of the acceptor protein was observed,

which reached 100% when additional donor glycans were supplemented (Figure 2-2b).
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2.3.4 CFGpS modularity enables glycosylation components to be rapidly
interchanged.

Given the open nature of cell-free biosynthesis, we postulated that it should be
possible to functionally interchange and prototype alternative biochemical reaction
components. One straightforward way that this can be accomplished is by combining
separately prepared extracts, each of which is selectively enriched with a given
enzyme, such that the resulting reaction mixture comprises a functional biological
pathway (Dudley et al., 2016, Karim and Jewett, 2016). As proof of this concept,
separately prepared CJLLO and CjPglB extracts were mixed and subsequently primed
with DNA encoding the scFv13-R4PNAT acceptor. The resulting mixture promoted
efficient glycosylation of scFv13-R4PNAT a5 observed in Western blots probed with
anti-His antibody and hR6 serum (Figure 2-4a). In addition to scFv13-R4PNAT we also
expressed a different model acceptor protein that was created by grafting a 21-amino
acid sequence from the C. jejuni glycoprotein AcrA (Guarino and DeLisa, 2012b), which
was further modified with an optimized DQNAT glycosylation site, into a flexible loop
of superfolder GFP (sfGFP?7PQNAT). The mixed lysate reaction scheme was able to
glycosylate the sfGFP27PQNAT acceptor protein with 100% conversion (Figure 2-4a). It
is noteworthy that the high conversion observed for both acceptor proteins was
achieved in mixed lysates without the need to supplement the reactions with purified

OST or organic solvent-extracted CjLLOs.
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Next, we sought to demonstrate that the mixed lysate approach could be used
to rapidly prototype the activity of four additional bacterial OSTs. Crude extracts were
separately prepared from CLM24 source strains heterologously overexpressing one of
the following bacterial OSTs:  Campylobacter coli PgIB (CcPglIB), Desulfovibrio
desulfuricans PgIB (DdPglB), Desulfovibrio gigas PglB (DgPglB), or Desulfovibrio vulgaris
PglB (DvPglB). The resulting extracts were selectively enriched with full-length OST
proteins at levels that were comparable to CjPglB (Supplementary Figure 6-3a). Each
OST extract was mixed with the CjLLO-enriched extract and then supplemented with
plasmid DNA encoding sfGFP?7PNAT or a modified version of this target protein
where the residue in the -2 position of the acceptor sequon was mutated to alanine.
Upon completion of CFGpS reactions, the expression and glycosylation status of
sfGFP?7-PQNAT and sfGFP?7-AQNAT was followed by Western blot analysis, which
revealed information about the sequon preferences for these homologous enzymes. For
example, the mixed lysate containing CcPglB was observed to efficiently glycosylate
sfGFP7-DQNAT but not sfGFP217-AQNAT (Figure 2-4b). This activity profile for CcPglB was
identical to that observed for CjPglB, which was not surprising based on its high
sequence similarity (~81%) to CjPgIB. In contrast, lysate mixtures containing OST's from
Desulfovibrio sp., which have low sequence identity (~15-20%) to CjPglB, showed more
relaxed sequon preferences (Figure 2-4b). Specifically, DgPglB-enriched extract
mixtures modified both (D/A)QNAT motifs with nearly equal efficiency while mixed

lysates containing DAOST and DvOST preferentially glycosylated the AQNAT sequon.
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Figure 2-4. Mixing of CFGpS extracts enables rapid prototyping of different OST enzymes.
(a) Western blot analysis of CEFGpS reactions performed using lysate mixing strategy whereby
CjLLO lysate derived from CLM24 cells carrying pMWO07-pglAB was mixed with CjPgIB lysate
derived from CLM24 cells carrying pSF-CjPgIB, and the resulting CFGpS mixture was primed
with plasmid DNA encoding either scFv13-R4PONAT or sfGFP217-DQNAT, (b) Western blot analysis
of CFGpS reactions performed using CjLLO lysate mixed with extract derived from CLM24
cells carrying a pSF plasmid encoding one of the following OSTs: CjPglIB, CcPgIB, DdPgIB,
DgPglB, or DvPglIB. Mixed lysates were primed with plasmid DNA encoding either sfGFP217-
DQNAT (D) or sfGFP27-AQNAT (A), Blots were probed with anti-His antibody to detect the acceptor
proteins (top panels) and hR6 serum against the C. jejuni glycan (bottom panels). Arrows denote
aglycosylated (g0) and singly glycosylated (gl) forms of the acceptor proteins. Molecular
weight (MW) markers are indicated at left. Results are representative of at least three biological

replicates.
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2.3.5 One-pot extract promotes efficient biosynthesis of diverse glycoprotein targets.

To create a fully integrated CFGpS platform that permits one-pot synthesis of
N-glycoproteins without the need for supplementation of either purified OSTs or
solvent-extracted LLOs (Figure 1), we produced crude S30 extract from CLM24 cells
heterologously overexpressing CjPgIB and the C. jejuni glycan biosynthesis enzymes.
The resulting extract was selectively enriched with both CjPgIB and CjLLOs donor to
an extent that was indistinguishable from the separately prepared extracts
(Supplementary Figure 6-3a and b). Using this extract, CFGpS reactions were
performed by addition of plasmid DNA encoding either scFv13-R4PNAT or sfGFP?17-
DQNAT In both cases, 100% protein glycosylation was achieved without the need for
exogenous supplementation of separately prepared glycosylation components (Figure
2-5a). Independent extract preparations yielded identical results for both protein
substrates, confirming the reproducibility of the CFGpS system (Supplementary
Figure 6-4a and b). Importantly, the in vitro synthesized scFv13-R4PNAT and sfGFP?1-
DONAT proteins retained biological activity that was unaffected by N-glycan addition
(Supplementary Figs. 6-5 and 6-6). From the activity data, the yield of glycosylated
scFv13-R4PNAT and sfGFP27-PANAT proteins produced by the one-pot CFGpS system
was determined to be ~20 mg L' and ~10 mg L, respectively.

To determine whether human glycoproteins could be similarly produced in our
one-pot system, we constructed plasmids for cell-free expression of human

erythropoietin (hEPO) glycovariants in which the native sequons at residue N24 (22-
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AENIT-26), N38 (36-NENIT-40) or N83 (81-LVNSS-85) were individually mutated to
the optimal bacterial sequon, DQNAT (Figure 2-5b). CFGpS reactions were then
initiated by priming the all-in-one extract with plasmid DNA encoding hEPO?-PQNAT-
26, hEPQPe-DNAT-40 or hEPOSI'DNAT-85 Western blot analysis revealed clearly detectable
glycosylation of each hEPO glycovariant with 100% glycosylated product for the N24
and N38 sites and ~30-40% for the N83 site (Figure 2-5b). As with the model
glycoproteins scFv13-R4PNAT and sfGFP?7-PANAT above, all three glycosylated hEPO
variants retained biological activity that was indistinguishable from the activity
measured for the corresponding aglycosylated counterparts, with yields in the ~10 mg
L range (Supplementary Figure 6-7). Collectively, these findings establish that one-
pot CFGpS extracts are capable of co-activating protein synthesis and N-glycosylation
in a manner that yields efficiently glycosylated proteins including those of human

origin.
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Figure 2-5. One-pot CFGpS using extracts selectively enriched with OSTs and LLOs. (a)
Western blot analysis of scFv13-R4PQNAT or sfGFP27-DQNAT produced by crude CLM24 extract
selectively enriched with (i) CjPglB from heterologous overexpression from pSF-CjPgIB and (ii)
CjLLOs from heterologous overexpression from pMWO07-pglAB. Reactions were primed with
plasmid pJL1-scFv13-R4PNAT or pJL1-sfGFP27-DONAT, (b) Ribbon representation of human
erythropoietin (PDB code 1BUY) with a-helixes and flexible loops colored in red and green,
respectively. Glycosylation sites modeled by mutating the native sequons at N24 (22-AENIT-
26), N38 (36-NENIT-40) or N83 (81-LVNSS-85) to DQNAT, with asparagine residues in each
sequon colored blue. Image prepared using UCSF Chimera package.(Pettersen et al., 2004)
Glycoengineered hEPO variants in which the native sequons at N24 (22-AENIT-26), N38 (36-
NENIT-40) or N83 (81-LVNSS-85) were individually mutated to an optimal bacterial sequon,

DQNAT (shown in blue). Western blot analysis of hEPO glycovariants produced by crude
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CLM24 extract selectively enriched with (i) CjPgIB from heterologous overexpression from pSE-
CjPglB and (ii) CJLLOs from heterologous overexpression from pMWO07-pglAB. Reactions were
primed with plasmid pJL1-hEPO2banNAT26 (N24), pJL1-hEPO36bQNAT40 (N38), or pJL1-hEPOS!
DQNAT85 (N83) as indicated. All control reactions (lane 1 in each panel) were performed using
C/LLO-enriched extracts that lacked CjPglB. Blots were probed with anti-hexa-histidine
antibody (anti-His) to detect the acceptor proteins or hR6 serum (anti-glycan) to detect the N-
glycan. Arrows denote aglycosylated (g0) and singly glycosylated (g1) forms of the protein
targets. Asterisks denote bands corresponding to non-specific serum antibody binding.
Molecular weight (MW) markers are indicated at left. Results are representative of at least three

biological replicates (see Supplementary Fig. 6-2 for replicate data).

2.4 Discussion.

In this work, we successfully created a technology for one-pot biosynthesis of
N-linked glycoproteins in the absence of living cells. This was accomplished by uniting
cell-free transcription and translation with the necessary reaction components for N-
linked protein glycosylation through a process of crude extract enrichment. By
preparing OST- and LLO-enriched crude S30 extracts from a glyco-optimized chassis
strain, glycosylation-competent lysates were capable of supplying efficiently
glycosylated target proteins, with conversion levels at or near 100% in most instances.
The glycoprotein yields obtained for three structurally diverse proteins were in the 10-
20 mg L range, which compare favorably to some of the yields reported previously
for these proteins in different CFPS kits or in-house generated extracts. For example,
Jackson et al. produced 3.6 mg L' of GFP using the PURExpress system (Jackson et al.,

2014), Stech et al. produced ~12 mg L' of an anti-SMAD2 scFv using a CHO cell-derived
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lysate (Stech et al., 2017), Ahn et al. produced 55 mg L of hEPO using an E. coli-derived
S30 lysate (Ahn et al., 2007), and Gurramkonda, et al. produced ~120 mg L of hREPO
using a CHO cell-derived lysate supplemented with CHO microsomes (Gurramkonda
et al., 2018).

Furthermore, this work represents the first demonstration of extract enrichment
with catalytically active multipass transmembrane enzymes (and their corresponding
lipid-linked substrates) without the need for domain truncation or supplementation of
extra scaffold molecules (Schoborg et al., 2018), and provides a blueprint for other
CFPS-based applications beyond glycosylation that involve this important class of
proteins. Moreover, the ability of OST- or LLO-enriched crude extracts to co-activate
glycosylation partially bypassed the need for costly, labor-intensive preparation of
glycosylation components and paved the way for a modular single-pot CFGpS
platform in which protein synthesis and N-linked glycosylation were integrated.

A major advantage of the CFGpS system developed here is the level of control
it affords over each of the glycosylation components (i.e.,, catalysts, substrates, and
cofactors) in terms of important process variables such as relative concentration, timing
of addition, overall reaction time, etc. Likewise, genome engineering of the chassis
strain used to supply the extract, such as our recent report enhancing cell-free synthesis
containing multiple, identical non canonical amino acids (Martin et al., 2018), makes it
possible to eliminate inhibitory substances such as glycosidases that catalyze the

undesired hydrolysis of glycosidic linkages. This user-level control provides an
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opportunity to overcome system bottlenecks that effectively limit glycosylation
efficiency as we showed with both the C. jejuni heptasaccharide and the eukaryotic
MansGIcNAc: glycan. Moreover, the open nature of the CFGpS system could be further
exploited in the future to introduce components that may otherwise be incompatible
with chassis strain expression such as unusual and/or non-natural LLOs that cannot be
assembled or flipped in vivo.

An additional advantage of the CFGpS system is that it does not rely on
commercial cell-free kits to support protein synthesis. For comparison, the
glycoproteins yields obtained here were ~10-20 mg L' in reactions costing ~$0.01-0.03
per uL (Supplementary Table 6-1 and also (Sun et al., 2013)) versus previous kit-based
(e.g., Promega L110; NEB® E6800S) glycoprotein yields of ~100 mg L (Guarino and
DelLisa, 2012b) in reactions costing ~$1 per pL (Hayes, 2012). As a result, our system
can synthesize ~1 ug glycoprotein/$ reagents compared to the previously published
approach that can synthesize ~0.1 ug glycoprotein/$ reagents, representing an order of
magnitude improvement in relative protein synthesis yields. It is also worth noting
that this cost analysis does not take into account the cost of purifying OSTs or extracting
LLOs that were used to supplement the commercial kits in our previous work (Guarino
and DeLisa, 2012b). We anticipate this reduction in cost will encourage adoption of the
CFGpS platform.

Perhaps the most important feature of the CFGpS platform is its modularity,

which was evidenced by the interchangeability of: (i) OST enzymes from different
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bacterial species; (ii) engineered LLOs with glycan moieties derived from bacteria and
eukaryotes; and (iii) diverse acceptor protein targets including naturally occurring
human N-glycoproteins with terminal or internal acceptor sequons. Importantly,
enriched extracts could be readily mixed in a manner that enabled screening of an OST
panel whose activities in CFGpS were in line with previously reported activities in vivo
(Ollis et al., 2015¢), thereby validating this lysate mixing strategy as a useful tool for
rapid characterization of glycosylation enzyme function and for prototyping
glycosylation reactions. In light of this modularity, we envision that lysate enrichment
could be further expanded beyond the glycosylation components/substrates tested
here. For example, extracts could be heterologously enriched with alternative
membrane-bound or soluble OSTs that catalyze N-linked or O-linked glycosyl transfer
reactions. Such biocatalyst swapping is expected to be relatively straightforward in
light of the growing number of prokaryotic and eukaryotic OST enzymes that have
been recombinantly expressed in functional conformations and used to promote in
vitro glycosylation reactions (Glover et al., 2005b; Kightlinger et al., 2018; Lizak et al.,
2011b; Musumeci et al., 2013a; Ollis et al., 2015¢; Ramirez et al., 2017; Schoborg et al.,
2018). Likewise, as newly engineered glycan biosynthesis pathways emerge (Merritt et
al., 2013), these could be readily integrated into the CFGpS platform through
heterologous expression of GTs in the chassis strain. The ability to modularly
reconfigure and quickly interrogate glycosylation systems in vitro should make the

CFGpS technology a useful new addition to the glycoengineering toolkit for increasing
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our understanding of glycosylation and, in the future, advancing applications of on

demand biOHlOlecular manufacturing (Pardee et al., 2014; Salehi et al., 2016),(Pardee et al., 2016a; Sullivan et al., 2016) .

2.5 Materials and methods.
Bacterial strains and plasmids.

The following E. coli strains were used in this study: DH5«a, BL21(DE3)
(Novagen), CLM24, and Origami2(DE3) gmd::kan AwaaL. DH5a was used for plasmid
cloning and purification. BL21(DE3) was used for expression and purification of the
scFv13-R4PANAT acceptor protein that was used in all in vitro glycosylation reactions.
CLM24 is a glyco-optimized derivative of W3110 that carries a deletion in the gene
encoding the WaalL ligase, thus facilitating the accumulation of preassembled glycans
on Und-PP (Feldman et al,, 2005a). CLM24 was used for purification of the CjOST
enzyme, organic solvent-based extraction of all LLOs bearing bacterial glycans, and the
source strain for preparing extracts with and without selectively enriched
glycosylation components. Origami2(DE3) gmd::kan Awaal. was used for producing
MansGlcNAc-bearing LLOs and was generated by sequential mutation with Ploir
phage transduction using the respective strains from the Keio collection (Baba et al.,
2006) as donors, which were obtained from the Coli Genetic Stock Center (CGSC). In
brief, donor lysate was generated from strain JW3597-1 (Arfal734:kan) and the
resulting phage was used to infect Origami2(DE3) target cells. After plating

transformants on LB plates containing kanamycin (Kan), successful transductants were
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selected and their Kan resistance cassettes were removed by transforming with
temperature-sensitive plasmid pCP20 (Datsenko and Wanner, 2000a). The resulting
strain, Origami2(DE3) AwaaL, was then used for subsequent deletion of the gmd gene
according to an identical strategy but using donor strain JW2038-1 (Agmd751::kan).
All plasmids used in the study are listed in Supplementary Table 6-2. Plasmids
constructed in this study were made using standard cloning protocols and confirmed
by DNA sequencing. These included the following. Plasmid pJL1-scFv13-R4PNAT was
generated by first PCR amplifying the gene encoding scFv13-R4PNAT from pET28a-
scFv13-R4(N34L, N77L)PNAT where the N34L and N77L mutations were introduced
to eliminate putative internal glycosylation sites in scFv13-R4 (Ollis et al., 2015c). The
resulting PCR product was then ligated between Ncol and Sall restriction sites in
plasmid pJL1, a pET-based vector used for CFPS (Schoborg et al., 2018). Plasmid pJL1-
sfGFP217DQNAT was generated by ligating a commercially-synthesized DNA fragment
encoding sfGFP27-DANAT (Integrated DNA Technologies) into pJL1. This version of
sfGFP contains an additional GT insertion after K214, which extends this flexible loop
before the final beta sheet (Bundy and Swartz, 2010). Into this flexible loop,
immediately after T216, we grafted a 21 amino acid sequence containing the C. jejuni
AcrA N123 glycosylation site (Guarino and DeLisa, 2012b), but with an optimal
DQNAT sequon in place of the native AcrA sequon. Similar procedures were used to
generate plasmids pJL1-sfGFP?7-AQNAT pJ[ 1-hEPO?2PNAT-26 b 1-hEPOSe-DNAT-40, and

pJL1-hEPOSI'PNATSS T the case of pJL1-hEPOZ2PANAT20 the gene for mature human
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EPO was designed such that the native sequon at N24 was changed from 22-AENIT-
26 to an optimal bacterial sequon, DQNAT. Identical cloning strategies were carried
out to separately introduce optimal DQNAT motifs in place of the native hEPO
sequons 36-NENIT-40 and 81-LVNSS-85. Recombinant expression of the E. coli O9
primer-adaptor glycan (MansGlcNAc) on Und-PP was achieved by cloning the genes
encoding the WbdB and WbdC mannosyltransferase enzymes derived from E. coli
ATCC31616 for assembling the glycan, and RfbK and RfbM, also derived from E. coli
ATCC31616 for increasing the pool of available GDP-mannose, in E. coli MG1655.
Plasmid pConYCGmMCB was constructed by isothermal Gibson assembly and encodes
an artificial operon comprised of: (i) the yeast glycosyltransferases Alg13, Alg14, Algl,
and Alg?2 for MansGlcNAc: glycan biosynthesis (Valderrama-Rincon et al., 2012) and
(ii) the E. coli enzymes phosphomannomutase (ManB) and mannose-1-phosphate
guanylyltransferase (ManC), which together increase availability of GDP-mannose

substrates for the Algl and Alg2 enzymes.

Protein expression and purification.

Purification of CjPgIB was performed according to a previously described
protocol (Guarino and DeLisa, 2012b). Briefly, a single colony of E. coli CLM24 carrying
plasmid pSN18 (Kowarik et al., 2006a) was grown overnight at 37°C in 50 mL of Luria-
Bertani (LB; 10 g L tryptone, 5 g L yeast extract, 5 g L' NaCl, pH 7.2) supplemented

with ampicillin (Amp) and 0.2% (w/v %) D-glucose. Overnight cells were subcultured
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into 1 L of fresh terrific broth (TB; 12 g L tryptone, 24 g L yeast extract, 0.4% (v/v %)
glycerol, 10% (v/v %) 0.17 M KH2PO4/0.72 M KaHPOs phosphate buffer), supplemented
with Amp and grown until the absorbance at 600 nm (Absew) reached a value of ~0.7.
The incubation temperature was adjusted to 16°C, after which protein expression was
induced by the addition of L-arabinose to a final concentration of 0.02% (w/v %).
Protein expression was allowed to proceed for 20 h at 16°C. Cells were harvested by
centrifugation and then disrupted using a homogenizer (Avestin C5 EmulsiFlex). The
lysate was centrifuged to remove cell debris and the supernatant was ultracentrifuged
(100,000xg) for 2 h at 4°C. The resulting pellet containing the membrane fraction was
fully resuspended with a Potter-Elvehjem tissue homogenizer in buffer containing 50
mM HEPES, 250 mM NaCl, 10% (v/v %) glycerol, and 1% (w/v %) n-dodecyl-f-D-
maltoside (DDM) at pH 7.5. The suspension was incubated at room temperature for 1
h to facilitate detergent solubilization of CjPgIB from native E. coli lipids, which were
removed by subsequent ultracentrifugation (100,000xg) for 1 h at 4°C. The supernatant
containing DDM-solubilized CjPglB was purified using Ni-NTA resin (Thermo)
according to manufacturer’s specification with the exception that all buffers were
supplemented with 1% (w/v %) DDM. The elution fraction from Ni-NTA purification
was then subjected to size exclusion chromatography (SEC) using an AKTA Explorer
FPLC system (GE Healthcare) with Superdex 200 10/300 GL column. Purified protein

was stored at a final concentration of 1-2 mg mL-! in OST storage buffer (50 mM HEPES,
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100 mM NaCl, 5% (v/v %) glycerol, 0.01% (w/v %) DDM, pH 7.5) at 4°C. Glycerol
concentration in the sample was adjusted to 20% (v/v %) for long-term storage at -80°C.

Purification of acceptor protein scFv13-R4PNAT was carried out as described
previously (Ollis et al., 2015c). Briefly, E. coli strain BL21(DE3) carrying plasmid
pET28a-scFv13-R4(N34L, N77L)PNAT was grown in 1.0 L of TB supplied with
kanamyecin. The culture was incubated at 37°C until Absew reached ~0.7, at which point
protein expression was induced by addition of isopropyl p-D-1-thiogalactopyranoside
(IPTG) to a final concentration of 0.1 mM. Protein expression was allowed to proceed
for 20 h at 25°C. Cells were harvested and disrupted identically as described above.
The scFv13-R4PNAT protein was purified using Ni-NTA resin followed by SEC
according to manufacturer’s protocols. Protein was stored at a final concentration of 1-
2 mg mL in storage buffer (50 mM HEPES, 250 mM NaCl, 1 mM EDTA, pH 7.5) at

4oC.

Extraction of LLOs.

The protocol for organic solvent extraction of LLOs from E. coli membranes was
adapted from a previously described protocol (Guarino and DeLisa, 2012b;
Jaroentomeechai et al., 2017). In most cases, a single colony of strain CLM24 carrying a
plasmid for target glycan biosynthesis (Supplementary Table 6-2) was grown
overnight in LB media. The notable exceptions were LLOs bearing the W. succinogenes

N-glycan (WsLLOs), which were produced using DH5a cells carrying the pEpiFOS-
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5pgl5 fosmid (kindly provided by Dr. Markus Aebi), and LLOs bearing MansGlcNAcz,
which were produced using Origami2(DE3) gmd::kan AwaaL cells carrying plasmid
pConYCGmCB. Overnight cells were subcultured into 1.0 L of TB supplemented with
an appropriate antibiotic and grown until the Absewo reached ~0.7. The incubation
temperature was adjusted to 30°C for biosynthesis of all glycans except for
MansGIcNAc2, which was adjusted to 16°C. For plasmid pMWO07-pglAB, protein
expression was induced with L-arabinose at a final concentration of 0.2% (w/v %) while
for fosmid pEpiFOS-5pgl5 induction was with isopropyl B-D-1-thiogalactopyranoside
(IPTG) at a final concentration of 1.0 mM. All other plasmids involved constitutive
promoters and thus did not require chemical inducers. After 16 h, cells were harvested
by centrifugation and cell pellets were lyophilized to complete dryness at -70°C. For
extraction of CjLLOs, native and engineered CILLOs, E. coli O9 primer-adaptor LLOs,
and WsLLOs, the lyophilisates were suspended in 10:20:3 volumetric ratio of
CHCl5:CHsOH:H20 solution and incubated at room temperature for 15 min to facilitate
extraction of LLOs. For extraction of LLOs bearing MansGlcNAc: glycan, lyophilisate
was successively suspended in 10:20 (v/v %) CHCls:CHsOH solution, water, and
10:20:3 CHCl3:CHsOH:H20 solution with 15 min of incubation at room temperature
between each step. In each case, the final suspension was centrifuged (4000xg) for 15
min, after which the organic layer (bottom layer) was collected and dried with a

vacuum concentrator followed by lyophilization. Lyophilisates containing active LLOs
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were resuspended in cell-free glycosylation buffer (10 mM HEPES, pH 7.5, 10 mM

MnClL, and 0.1% (w/v %) DDM) and stored at 4°C.

Preparation of crude S30 extracts.

CLM24 source strains were grown in 2xYTPG (10 g L yeast extract, 16 g L
tryptone, 5 g L' NaCl, 7 g L' KoHPOs, 3 g L KH2POs, 18 g L glucose, pH 7.2) until the
Absen reached ~3. To generate OST-enriched extract, CLM24 carrying plasmid pSF-
CjPglB, pSE-CcPglB, pSF-DdPglB, pSF-DgPglB, or pSF-DvPglB (Ollis et al., 2015c) was
used as the source strain. To generate LLO-enriched extract, CLM24 carrying plasmid
PMWO07-pglAB was used as the source strain. To generate one-pot extract containing
both OST and LLOs, CLM24 carrying pMWO07-pglAB and pSF-CjOST was used as the
source strain. As needed, the expression of glycosylation components was induced
with L-arabinose at final concentration of 0.02% (w/v %). After induction, protein
expression was allowed to proceed at 30°C to a density of ODsw ~3, at which point cells
were harvested by centrifugation (5,000xg) at 4°C for 15 min. All subsequent steps were
carried out at 4°C unless otherwise stated. Pelleted cells were washed three times in
S30 buffer (10 mM tris acetate, 14 mM magnesium acetate, 60 mM potassium acetate,
pH 8.2). After the last wash, cells were pelleted at 7000xg for 10 min and flash frozen
on liquid nitrogen. To make lysate, cells were thawed and resuspended to homogeneity
in 1 mL of S30 buffer per 1 g of wet cell mass. Cells were disrupted using an Avestin

EmulsiFlex-B15 high-pressure homogenizer at 20,000-25,000 psi with a single passage.
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The lysate was then centrifuged twice at 30,000xg for 30 min to remove cell debris.
Supernatant was transferred to a new vessel and incubated with 250 rpm shaking at
37°C for 60 min to degrade endogenous mRNA transcripts and disrupt existing
polysome complexes in the lysate. Following centrifugation (15,000xg) for 15 min at
4°C, supernatant was collected, aliquoted, flash-frozen in liquid nitrogen, and stored
at -80°C. S30 extract was active for about 3 freeze-thaw cycles and contained ~40 g L

total protein as measured by Bradford assay.

Cell-free glycoprotein synthesis.

For in vitro glycosylation of purified acceptor protein, reactions were carried
out in a 50 uL volume containing 3 pg of scFv13-R4PNAT 2 e of purified CjPglB, and
5 ug extracted LLOs (in the case of MansGlcNAc: LLOs, 20 pug was used) in in vitro
glycosylation buffer (10 mM HEPES, pH 7.5, 10 mM MnCl, and 0.1% (w/v %) DDM).
The reaction mixture was incubated at 30°C for 16h. For crude extract-based
expression of glycoproteins, a two-phase scheme was implemented. In the first phase,
protein synthesis was carried out with a modified PANOx-SP system (Jewett and
Swartz, 2004b). Specifically, 1.5 mL microcentrifuge tubes were charged with 15-uL
reactions containing 200 ng plasmid DNA, 30% (v/v %) S30 extract and the following;:
12 mM magnesium glutamate, 10 mM ammonium glutamate, 130 mM potassium
glutamate, 1.2 mM adenosine triphosphate (ATP), 0.85 mM guanosine triphosphate

(GTP), 0.85 mM uridine triphosphate (UTP), 0.85 mM cytidine triphosphate (CTP),
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0.034 mg mL™! folinic acid, 0.171 mg mL? E. coli tRNA (Roche), 2 mM each of 20 amino
acids, 30 mM phosphoenolpyruvate (PEP, Roche), 0.33 mM nicotinamide adenine
dinucleotide (NAD), 0.27 mM coenzyme-A (CoA), 4 mM oxalic acid, 1 mM putrescine,
1.5 mM spermidine, and 57 mM HEPES. For scFv13-R4PNAT and hEPO?DRNAT-26 this
phase was carried out at 30°C for 4 h under oxidizing conditions while for sfGFP?'"-
DONAT and sfGFP217-AQNAT this phase was carried out at 30°C for 5 min under reducing
conditions. For oxidizing conditions, extract was pre-conditioned with 750 uM
iodoacetamide in the dark at room temperature for 30 min and the reaction mix was
supplied with 200 mM glutathione at a 3:1 ratio between oxidized and reduced forms.
The active sfGFP yields from cell-free reactions were quantified by measuring
fluorescence in-lysate and converting into concentration using a standard curve as
previously described (Kwon and Jewett, 2015b). In the second phase, protein
glycosylation was initiated by the addition of MnCl2 and DDM at a final concentration
of 10 mM and 0.1% (w/v %), respectively, and allowed to proceed at 30°C for 16 h. As
needed, reactions were supplemented with 2 ug of purified CjPgIB (i.e., for CFGpS with
LLO-enriched extracts) or 5 ug solvent-extracted CjLLOs (i.e.,, for CFGpS with OST-
enriched extracts). All reactions were stopped by adding Laemmli sample buffer
containing 5% BME, after which samples were boiled at 100° C for 15 min and analyzed

by SDS-PAGE and Western blotting.
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Western blot analysis.

Samples containing 0.5 pg of acceptor protein were loaded into SDS-PAGE gels.
Following electrophoretic separation, proteins were transferred from gels onto
Immobilon-P polyvinylidene difluoride (PVDF) membranes (0.45 um) according to
manufacturer’s protocol. Membranes were washed twice with TBS buffer (80 g L
NaCl, 20 g L' KC], and 30 g L Tris-base) followed by incubation for 1 h in blocking
solution (50 g L' non-fat milk in TBST (TBS supplied with 0.05 % (v/v %) Tween-20)).
After blocking, membranes were washed 4 times with TBST with 10 min incubation
between each wash. A first membrane was probed with 6xHis-polyclonal antibody
(Abcam, ab137839, 1:7500) that specifically recognizes hexahistidine epitope tags while
a second replicate membrane was probed with one of the following: hR6 (1:10000)
serum from rabbit that recognizes the native C. jejuni and C. lari glycan as well as
engineered C. lari glycan or ConA-HRP (Sigma, L6397, 1:2500) that recognizes
MansGlcNac and MansGlcNAcz. Probing of membranes was performed for at least 1
hour with shaking at room temperature, after which membranes were washed with
TBST in the same manner as described above. For development, membranes were
incubated briefly at room temperature with Western ECL substrate (BioRad) and
imaged using a ChemiDocTM XRS+ System. OST enzymes enriched in extracts were
detected by an identical SDS-PAGE procedure followed by Western blot analysis with

a polyclonal antibody specific to the FLAG epitope tag (Abcam, ab49763, 1:7500). The
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glycan component of LLOs enriched in extracts was detected by directly spotting 10
uL of extracts onto nitrocellulose membranes followed by detection with hR6 serum.
GFP fluorescence activity. The activity of cell-free-derived sfGFP was determined
using an in-lysate fluorescence analysis as described previously (Kwon and Jewett,
2015b). Briefly, 2 uL of cell-free synthesized glycosylated sfGFP reaction was diluted
into 48 pL of nanopure water. The solution was then placed in a Costar 96-well black
assay plate (Corning). Excitation and emission wavelength for sfGFP fluorescence

were at 485 and 528 nm, respectively.

Enzyme-linked immunosorbent analysis (ELISA).

Costar 96-well ELISA plates (Corning) were coated overnight at 4°C with 50 ul
of 1 mg mL" E. coli B-gal (Sigma-Aldrich) in 0.05M sodium carbonate buffer (pH 9.6).
After blocking with 5% (w/v %) bovine serum albumin (BSA) in PBS for 3 h at room
temperature, the plates were washed four times with PBST buffer (PBS, 0.05% (v/v %)
Tween-20, 0.3% (w/v %) BSA) and incubated with serially diluted purified scFv13 R4
samples or soluble fractions of CFGpS lysates for 1h at room temperature. Samples
were quantified by the Bradford assay and an equivalent amount of total protein was
applied to the plate. After washing four times with the same buffer, anti-6X-His-HRP
conjugated rabbit polyclonal antibody (Abcam) in 3% PBST was added to each well for

1 h. Plates were washed and developed using standard protocols.



139

In vitro cell proliferation assay.

Human erythroleukemia TF-1 cells (Sigma) that require granulocyte—
macrophage colony-stimulating factor (GM-CSF), interleukin 3 (IL-3), or hEPO for
growth and survival were used. Cells were maintained in RPMI-1640 media
supplemented with 10% FBS, 50 U mL" penicillin, 50 mg mL* streptomycin, 2 mM
glutamine, and 2 ng mL-* GM-CSF at 37°C in a humidified atmosphere containing 5%
CO:z. After 16 h incubation in RPMI-1640 media without GM-CSF, cells were counted,
harvested, and resuspended in fresh media. 5x10° TF-1 cells/well were seeded in a 96-
well assay plate, and EPO standards or samples were added to final desired
concentrations to each well. Cells were incubated with for 6 h in humid incubator
before adding alamarBlue®. After 12 h, fluorescence signal was measured at 560 nm/590

nm excitation/emission wavelength.
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2.8 Retrospective.

At the similar time that we published this work, Kubick group also reported
cell-free glycosylation system based on Spodoptera frugiperda (S£21)7 that yielded N-
glycosylated human EPO. As several cell-free protein synthesis platforms have become
available, we anticipate these cell-free platforms will soon be integrated with various
glycosylation system. Indeed, following the publication of this Chapter, we have
further expanded the capability of the CFGpS system to biosynthesis O-linked
glycoprotein with authentic human O-glycans®. Our collaborator has also recently
reported the improvement of the quality of CFGpS lysate by optimizing lysate
generation protocol which leads to an increasing accumulation of membrane vesicle
enriched with OST enzyme®. In parallel to the OST-based cell-free glycosylation,
sequential N-glycosylation system has also been reconstituted shortly after this work!.
Together, these works in developing cell-free glycosylation systems represent an
important stepping stone for glycosylation pathway reconstitution and are anticipated
to increase an interest in using cell-free system for a study and application in

glycobiology.

7 Zemella, A., Thoring, L., Hoffmeister, C. ef al. Cell-free protein synthesis as a novel tool for directed
glycoengineering of active erythropoietin. Sci Rep 8, 8514 (2018).

8 Natarajan, A., Jaroentomeechai, T., Cabrera-Sanchez, M. et al. Engineering orthogonal human O-linked
glycoprotein biosynthesis in bacteria. Nat Chem Biol 16, 1062-1070 (2020).

9 Hershewe, ]. M., Warfel, K.F., Iyer, S.M. et al. Improving cell-free glycoprotein synthesis by
characterizing and enriching native membrane vesicles. Nat Commun 12, 2363 (2021).

10 Kightlinger, W., Duncker, K.E., Ramesh, A. et al. A cell-free biosynthesis platform for modular
construction of protein glycosylation pathways. Nat Commun 10, 5404 (2019).



CHAPTER 3

ON-DEMAND, CELL-FREE BIOMANUFACTURING OF PROTECTIVE
CONJUGATE VACCINES AT THE POINT-OF-CARE"

3.1 Abstract.

Conjugate vaccines are among the most effective methods for preventing
bacterial infections. However, existing manufacturing approaches limit access to
conjugate vaccines due to centralized production and cold chain distribution
requirements. To address these limitations, we developed a modular technology for in
vitro conjugate vaccine expression (iVAX) in portable, freeze-dried lysates from
detoxified, nonpathogenic Escherichia coli. Upon rehydration, iVAX reactions
synthesize clinically relevant doses of conjugate vaccines against diverse bacterial
pathogens in one hour. We show that iVAX-synthesized vaccines against Franciscella
tularensis subsp. tularensis (type A) strain Schu 54 protected mice from lethal intranasal
F. tularensis challenge. The iVAX platform promises to accelerate development of new
conjugate vaccines with increased access through refrigeration-independent

distribution and portable production.

11 This chapter appears in the Science Advances journal:
Stark, J.C.*, Jaroentomeechai, T.*, Moeller, T.D., Dubner, R.S., Hsu, K.J., Stevenson, T.C., DeLisa, M.P.,

and Jewett, M.C. (2021) On-demand, cell-free biomanufacturing of conjugate vaccines at the point-of-
care. Sci Adv. 7: 1-15.
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3.2 Introduction.

Drug-resistant bacteria are predicted to threaten up to 10 million lives per year
by 2050 (The Review on Antimicrobial Resistance, 2014), necessitating new strategies
to develop and distribute antibiotics and vaccines. Conjugate vaccines, typically
composed of a pathogen-specific capsular (CPS) or O-antigen polysaccharide (O-PS)
linked to an immunostimulatory protein carrier, are among the safest and most
effective methods for preventing life-threatening bacterial infections (Jin et al., 2017;
Trotter et al., 2008; Weintraub, 2003). In particular, implementation of meningococcal
and pneumococcal conjugate vaccines have significantly reduced the occurrence of
bacterial meningitis and pneumonia worldwide (Novak et al.,, 2012; Poehling et al.,
2006), in addition to reducing the frequency of antibiotic resistance in targeted strains
(Roush et al., 2008). However, despite their proven safety and efficacy, global
childhood vaccination rates for conjugate vaccines remain as low as ~30%, with lack of
access or low immunization coverage accounting for the vast majority of remaining
disease burden (Wahl et al., 2018). In addition, the 2018 WHO prequalification of
Typhbar-TCV®to prevent typhoid fever represents the first conjugate vaccine approval
in nearly a decade. In order to address emerging drug-resistant pathogens, new
platform technologies to accelerate the development and global distribution of
conjugate vaccines are urgently needed.

Contributing to the slow pace of conjugate vaccine development and

distribution is the fact that these molecules are particularly challenging and costly to
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manufacture. The conventional process to produce conjugate vaccines involves
chemical conjugation of carrier proteins with polysaccharide antigens purified from
large-scale cultures of pathogenic bacteria. Large-scale fermentation of pathogens
results in high manufacturing costs due to associated biosafety hazards and process
development challenges. In addition, chemical conjugation can alter the structure of
the polysaccharide, resulting in loss of the protective epitope (Bhushan et al., 1998). To
address these challenges, it was recently demonstrated that polysaccharide-protein
conjugates can be made in Escherichia coli using protein-glycan coupling technology
(PGCT) (Feldman et al., 2005a). In this approach, engineered E. coli cells covalently
attach heterologously expressed CPS or O-PS antigens to carrier proteins via an
asparagine-linked glycosylation reaction catalyzed by the Campylobacter jejuni
oligosaccharyltransferase enzyme PgIB (CjPglB) (Cuccui et al, 2013a; Garcia-
Quintanilla et al., 2014; Ihssen et al., 2010; Ma et al., 2014; Marshall et al., 2018b; Wacker
et al., 2014; Wetter et al., 2013). Despite this advance, both chemical conjugation and
PGCT approaches rely on living bacterial cells, requiring centralized production
facilities from which vaccines are distributed via a refrigerated supply chain.
Refrigeration of conjugate vaccines is critical to avoid spoilage due to aggregate
formation and significant loss of the pathogen-specific polysaccharide upon heating
and freezing (Beresford et al., 2017; Frasch, 2009; Gao et al., 2014; Ho et al., 2000; Ho et
al., 2002; WHO, 2014). Due to complexities and costs associated with cold chain

refrigeration, vaccines with even short-term thermostability offer significant
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advantages. The availability of effective and thermostable freeze-dried vaccines is cited
as a key technological innovation that enabled the global eradication of smallpox, the
only infectious disease to be eradicated to date (Hopkins, 1988). Development of
MenAfriVac™, a meningococcal conjugate vaccine shown to remain active outside of
the cold chain for up to 4 days, enabled increased vaccine coverage and an estimated
50% reduction in costs during vaccination in the meningitis belt of sub-Saharan Africa
(Lydon et al., 2014). However, this required significant ($70M) investment in the
development and validation of a thermostable vaccine. Further, conjugate vaccine
thermostability varies for different O-PS antigens both across pathogens and between
serotypes of the same pathogen, even in lyophilized formulations (Beresford et al.,
2017; Gao et al., 2014; Ho et al., 2000; Ho et al., 2002). Thus, generalizable strategies to
achieve thermostability in the context of current manufacturing and distribution
strategies may well prove elusive. Broadly, the need for cold chain refrigeration creates
economic and logistical challenges that limit the reach of vaccination campaigns and
present barriers to the eradication of disease, especially in low and middle income
countries (Ashok et al., 2017; Wahl et al., 2018).

Cell-free protein synthesis (CFPS) offers opportunities to both accelerate
vaccine development and enable decentralized, cold chain-independent
biomanufacturing by using cell lysates, rather than living cells, to synthesize proteins
in vitro (Silverman et al., 2020). Importantly, CFPS platforms (i) enable point-of-care

protein production, as relevant amounts of protein can be synthesized in vitro in just a
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few hours, (ii) can be freeze-dried for distribution at ambient temperature and
reconstituted by just adding water (Pardee et al., 2016b), and (iii) circumvent biosafety
concerns associated with the use of living cells outside of a controlled laboratory
setting. CFPS has recently been used to enable on-demand and portable production of
aglycosylated protein subunit vaccines (Adiga et al, 2018; Pardee et al., 2016b).
However, the production of efficacious glycoprotein products, which represent 70% of
approved therapeutics (Sethuraman and Stadheim, 2006), from decentralized
biomanufacturing platforms has not yet been demonstrated. As a result, there remains
aneed for additional technologies that enable decentralized production of glycosylated
protein products, including conjugate vaccines.

To address this technological gap, here we describe the iVAX (in vitro conjugate
vaccine expression) platform that enables rapid development and cold chain-
independent biosynthesis of conjugate vaccines in cell-free reactions (Figure 3-1). iVAX
was designed to have the following features. First, iVAX is fast, with the ability to
produce multiple individual doses of conjugates in one hour. Second, iVAX is robust,
yielding equivalent amounts of conjugate over a range of operating temperatures.
Third, iVAX is modular, offering the ability to rapidly interchange carrier proteins,
including those used in licensed conjugate vaccines, as well as conjugated
polysaccharide antigens. We leverage this modularity to create an array of vaccine
candidates targeted against diverse bacterial pathogens, including the highly virulent

Franciscella tularensis subsp. tularensis (type A) strain Schu 54, enterotoxigenic (ETEC)
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E. coli O78, and uropathogenic (UPEC) E. coli O7. Fourth, iVAX is shelf-stable, derived
from freeze-dried cell-free reactions that operate in a just-add-water strategy. Fifth,
iVAX is safe, leveraging lipid A engineering that effectively avoids the high levels of
endotoxin present in wild-type E. coli. Our results demonstrate that a F. tularensis O-PS
conjugate derived from freeze-dried, low-endotoxin iVAX reactions outperformed a
conjugate produced using the established cell-based PGCT approach in its ability to
elicit pathogen-specific antibodies. Moreover, the iVAX-derived conjugate afforded
complete protection in a mouse model of intranasal F. tularensis infection. Overall, the
iVAX platform offers a new way to deliver the protective benefits of an important class

of antibacterial vaccines to both the developed and developing world.

Detoxified cell- On-demand vaccine synthesis
free lysate at the pomt-of—care

cell growth .
cell lysis 1 hour
00 — ] —
.| Freeze- Transport and
\ ) dry store without
CJ refrlgeratlon L IN
CJ OST T
pathogen-specific plasmid O In vitro Bioconjugate Vaccine
oligosaccharide Expression (iVAX)
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carrier protein
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vaccine

Figure 3-1. The iVAX platform enables on-demand and portable production of antibacterial
vaccines. The in vitro vaccine expression (iVAX) platform provides a rapid means to develop
and distribute conjugate vaccines against bacterial pathogens. Expression of pathogen-specific

polysaccharides (e.g., CPS, O-PS) and a bacterial oligosaccharyltransferase enzyme in
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engineered nonpathogenic E. coli with detoxified lipid A yields low-endotoxin lysates
containing all of the machinery required for synthesis of bioconjugate vaccines. Reactions
catalyzed by iVAX lysates can be used to produce bioconjugates containing licensed carrier
proteins and can be freeze-dried without loss of activity for refrigeration-free transportation
and storage. Freeze-dried reactions can be activated at the point-of-care via simple rehydration

and used to reproducibly synthesize immunologically active bioconjugates in ~1 h.

3.3 Results.
3.3.1 In vitro synthesis of licensed vaccine carrier proteins.

To demonstrate proof-of-principle for cell-free bioconjugate vaccine
production, we first set out to express a set of carrier proteins that are currently used
in approved conjugate vaccines. Producing these carrier proteins in soluble
conformations in vitro represented an important benchmark because their expression
in living E. coli has proven challenging, often requiring multi-step purification and
refolding of insoluble product from inclusion bodies (Haghi et al., 2011b; Stefan et al.,
2011b), fusion of expression partners such as maltose-binding protein (MBP) to
increase soluble expression (Figueiredo et al., 1995a; Stefan et al., 2011b), or expression
of truncated protein variants in favor of the full-length proteins (Figueiredo et al.,
1995a). In contrast, cell-free protein synthesis approaches have recently shown promise
for difficult-to-express proteins (Perez et al., 2016a). The carrier proteins that we
focused on here included nonacylated H. influenzae protein D (PD), the N. meningitidis
porin protein (PorA), and genetically detoxified variants of the Corynebacterium

diphtherige toxin (CRM197) and the Clostridium tetani toxin (TT). We also tested
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expression of the fragment C (TTc) and light chain (TTlight) domains of TT as well as
E. coli MBP. While MBP is not a licensed -carrier, it has demonstrated
immunostimulatory properties (Fernandez et al., 2007) and when linked to O-PS was
found to elicit polysaccharide-specific humoral and cellular immune responses in mice
(Ma et al.,, 2014). Similarly, the TT domains, TTlight and TTc, have not been used in
licensed vaccines, but are immunostimulatory and individually sufficient for
protection against C. tetani challenge in mice (Figueiredo et al., 1995a). To enable
glycosylation, all carriers were modified at their C-termini with 4 tandem repeats of an
optimal bacterial glycosylation motif, DONAT (Chen et al., 2007). A C-terminal 6xHis
tag was also included to enable purification and detection via Western blot analysis. A
variant of superfolder green fluorescent protein that contained an internal DQNAT
glycosylation site (sfGFP?7-PQNAT) (Jaroentomeechai et al., 2018a) was used as a model
protein to facilitate system development.

All eight carriers were synthesized in vitro with soluble yields of ~50.0-650 ug
mL?! as determined by C-leucine incorporation (Figure 3-2a). In particular, the
MBPHPNAT and PD#PRNAT yariants were nearly 100% soluble, with yields of ~500 pg
mL? and 200 ug mL", respectively, and expressed as exclusively full-length products
according to Western blot and autoradiogram analysis (Figure 3-2b, Supplementary
Figure 7-1a). Notably, similar soluble yields were observed for all carriers at 25°C,
30°C, and 37°C, with the exception of CRM197#PNAT (Supplementary Figure 7-1b),

which is known to be heat sensitive (WHO, 2014). These results suggest that our
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method of cell-free carrier biosynthesis is robust over a 13°C range in temperature and
could be used in settings where precise temperature control is not feasible.

The open reaction environment of our cell-free reactions enabled facile
manipulation of the chemical and reaction environment to improve production of more
complex carriers. For example, in the case of the membrane protein PorA*PNAT [ipid
nanodiscs were added to increase soluble expression (Supplementary Figure 7-1c).
Nanodiscs provide a cellular membrane mimic to co-translationally stabilize
hydrophobic regions of membrane proteins (Bayburt and Sligar, 2010). For expression
of TT, which contains an intermolecular disulfide bond, expression was carried out for
2 hours in oxidizing conditions (Knapp et al., 2007), which improved assembly of the
heavy and light chains into full-length product and minimized protease degradation
of full-length TT (Supplementary Figure 7-1d). In vitro synthesized CRM197+#PNAT and
TT#PQNAT were comparable in size to commercially available purified diphtheria toxin
(DT) and TT protein standards and were reactive with a-DT and a-TT antibodies,
respectively (Supplementary Figure 7-1e, f), indicating that both were produced in
immunologically relevant conformations. This is notable as CRM197 and TT are FDA-
approved vaccine antigens for diphtheria and tetanus, respectively, when they are
administered without conjugated polysaccharides. Together, our results highlight the
ability of CFPS to express licensed conjugate vaccine carrier proteins in soluble

conformations over a range of temperatures.
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Figure 3-2. In vitro synthesis of licensed conjugate vaccine carrier proteins. (a) All four carrier
proteins used in FDA-approved conjugate vaccines were synthesized solubly in vitro, as
measured via “C-leucine incorporation. These include H. influenzae protein D (PD), the N.
meningitidis porin protein (PorA), and genetically detoxified variants of the C. diphtheriae toxin
(CRM197) and the C. tetani toxin (TT). Additional immunostimulatory carriers were also
synthesized solubly, including E. coli maltose binding protein (MBP) and the fragment C (TTc)
and light chain (TTlight) domains of TT. Values represent means and error bars represent
standard deviations of biological replicates (1 = 3). (b) Full length product was observed for all
proteins tested via Western blot. Different exposures are indicated with solid lines. Molecular

weight ladder is shown at left.

3.3.2 On-demand synthesis of bioconjugate vaccines.

We next sought to synthesize polysaccharide-conjugated versions of these carrier
proteins by merging their in vitro expression with single-pot, cell-free glycosylation. As
a model vaccine target, we focused on the highly virulent Francisella tularensis subsp.
tularensis (type A) strain Schu S4, a gram-negative, facultative coccobacillus and the
causative agent of tularemia. This bacterium is categorized as a class A bioterrorism
agent due to its high fatality rate, low dose of infection, and ability to be aerosolized
(Oyston et al., 2004). Vaccines targeting F. tularensis will likely need to be deployed
rapidly using ring vaccination strategies in response to an outbreak, similar to those
planned in the event of a smallpox attack (CDC, 2019b) and used to eradicate smallpox
in the 1960s and 70s (Hopkins, 1988). We thus sought to develop rapidly deployable,
thermostable conjugate vaccines against F. tularensis as an initial demonstration of the

iVAX technology.
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Although there are currently no licensed vaccines against F. tularensis, several
studies have independently confirmed the important role of antibodies directed
against F. tularensis LPS, specifically the O-PS repeat unit, in providing protection
against the Schu S4 strain (Fulop et al., 2001; Lu et al., 2012). More recently, a
bioconjugate vaccine comprising the F. tularensis Schu S4 O-PS (FtO-PS) conjugated to
the Pseudomonas aeruginosa exotoxin A (EP APNNNS-DQNRT) carrier protein produced using
PGCT (Cuccui et al., 2013b; Marshall et al., 2018a) was shown to be protective against
challenge with the Schu S4 strain in a rat inhalation model of tularemia (Marshall et al.,
2018a). In light of these earlier findings, we investigated the ability of the iVAX
platform to produce anti-F. tularensis bioconjugate vaccine candidates on-demand by
conjugating the FtO-PS structure to diverse carrier proteins in vitro.

The FtO-PS is composed of the 826-Da repeating tetrasaccharide unit
Qui4NFm-(GalNAcAN)-QuiNAc (Qui4NFm: 4,6-dideoxy-4-formamido-D-glucose;
GalNACAN: 2-acetamido-2-deoxy-D-galacturonamide; QuiNAc: 2-acetamido-2,6-
dideoxy-D-glucose) (Prior et al., 2003b). We and other groups have previously shown
that the authentic FtO-PS structure can be synthesized in K-12 strains of E. coli via
recombinant expression of the FtO-PS biosynthetic pathway (Chen et al., 2016b; Cuccui
et al.,, 2013a; Prior et al., 2003a). To glycosylate proteins with FtO-PS, we produced an
iVAX lysate from glycoengineered E. coli cells expressing the FtO-PS biosynthetic
pathway and the oligosaccharyltransferase enzyme CjPgIB (Figure 3-3a). This lysate,

which contained lipid-linked FtO-PS and active CjPgIB, was used to catalyze iVAX
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reactions primed with plasmid DNA encoding sfGFP27PNAT Control reactions in
which attachment of the FtO-PS was not expected were performed with lysates from
cells that lacked either the FtO-PS pathway or the CjPglB enzyme. We also tested
reactions that lacked plasmid encoding the target protein stGFP?7-PQNAT or were primed
with plasmid encoding sfGFP?'7-AQNAT which contained a mutated glycosylation site
(AQNAT) that is not modified by CjPglB (Kowarik et al., 2006c¢). In reactions containing
the iVAX lysate and primed with plasmid encoding sfGFP?7-PQNAT immunoblotting
with anti-His antibody or a commercial monoclonal antibody specific to FtO-PS
revealed a ladder-like banding pattern (Figure 3-3b). This ladder is characteristic of
FtO-PS attachment, resulting from O-PS chain length variability through the action of
the Wzy polymerase (Cuccui et al., 2013b; Feldman et al., 2005b; Prior et al., 2003b).
Glycosylation of sfGFP27-PQNAT was observed only in reactions containing a complete
glycosylation pathway and the preferred DQNAT glycosylation sequence (Figure 3-
3b). This glycosylation profile was further reproducible across biological replicates
from the same lot of lysate (Figure 3-3c, left) and using different lots of lysate (Figure
3-3¢, right), with an average efficiency of conjugation with FtO-PS of 69 + 5% by
densitometry analysis. In vitro protein synthesis and glycosylation was observed after
1 hour, with the amount of conjugated polysaccharide reaching a maximum between
0.75 and 1.25 hours (Supplementary Figure 7-2). Similar glycosylation reaction kinetics
were observed at 37°C, 30°C, 25°C, and room temperature (~21°C), indicating that

iVAX reactions are robust over a range of temperatures (Supplementary Figure 7-2).
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of iVAX reactions producing sfGFP217-DQNAT ysing the same lot (left) or different lots (right) of



163

iVAX lysates demonstrated reproducibility of reactions and lysate preparation. Top panels
show signal from probing with anti-hexa-histidine antibody (alHis) to detect the carrier
protein, middle panels show signal from probing with commercial anti-FtO-PS antibody
(aFtO-PS), and bottom panels show aHis and aFtO-PS signals merged. Unless replicates are
explicitly shown, images are representative of at least three biological replicates. Dashed lines
indicate samples are from the same blot with the same exposure. Molecular weight ladders are

shown at the left of each image.

Next, we investigated whether immunologically relevant carriers could be
similarly conjugated with FtO-PS in iVAX reactions. Following addition of plasmid
DNA encoding MBP#PQNAT =~ PD#DQNAT = Por ABDANAT - TTcHDONAT - TTlightHPANAT)
CRM1974PNAT or the most common PGCT carrier protein, EP APNNNSDONRT (Cyccui et
al., 2013a; Ihssen et al., 2010; Marshall et al., 2018b; Wacker et al., 2014; Wetter et al.,
2013), glycosylation of each with FtO-PS was observed for iVAX reactions enriched
with lipid-linked FtO-PS and CjPgIB but not control reactions lacking CjPglIB (Figure
3-4). Notably, our attempts to synthesize the same panel of conjugates using the
established PGCT approach in living E. coli yielded less promising results. Specifically,
only limited expression of conjugates composed of PorA and CRM197, two of the
carriers used in licensed conjugate vaccines, were achieved in vivo (Supplementary
Figure 7-3). Collectively, these data indicate that iVAX may provide advantages over
the established PGCT approach for production of conjugate vaccine candidates

composed of diverse and potentially membrane-bound carrier proteins.
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Figure 3-4. On-demand production of bioconjugates against F. tularensis using iVAX. (a)
iVAX reactions were prepared from lysates containing CjPglB and FtO-PS and primed with
plasmid encoding immunostimulatory carriers, including those used in licensed vaccines. (b)
We observed on-demand synthesis of anti-F. tularensis bioconjugate vaccines for all carrier
proteins tested. Bioconjugates were purified using Ni-NTA agarose from 1 mL iVAX reactions

lasting ~1 h. Top panels show signal from probing with anti-hexa-histidine antibody («aHis)
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to detect the carrier protein, middle panels show signal from probing with commercial anti-
FtO-PS antibody (aFtO-PS), and bottom panels show aHis and aFtO-PS signals merged.
Images are representative of at least three biological replicates. Dashed lines indicate samples
are from the same blot with the same exposure. Molecular weight ladders are shown at the left

of each image.

We next asked whether the yields of conjugates produced using iVAX were
sufficient to enable production of relevant vaccine doses. To assess expression titers,
we focused on MBP#PNAT and PD#DPQNAT because these carriers expressed in vitro
with high soluble titers and as exclusively full-length protein (Figure 3-2,
Supplementary Figure 7-1a). In addition, PD has been shown to be a safe and effective
conjugate vaccine carrier protein (Palmu et al.,, 2013; Silfverdal et al., 2009) and may
have advantages over DT and TT in generating robust immune responses to
polysaccharide antigens (Burrage et al., 2002; Dagan et al., 1998; Dagan et al., 2004;
Knuf et al., 2009). Recent clinical data show 1-10 pg doses of conjugate vaccine
candidates are well-tolerated and effective in stimulating the production of
antibacterial IgGs (Hatz et al., 2015; Huttner et al., 2017; Riddle et al., 2016). We
found that reactions lasting ~1 hour produced ~20 ug mL™, or two 10-ug doses mL™,
of FtO-PS-conjugated MBP®PNAT and PD#DPNAT a5 determined by MC-leucine
incorporation and densitometry analysis (Supplementary Figure 7-4a). It should be
noted that vaccines are currently distributed in vials containing 1-20 doses of vaccine
to minimize wastage (Humphreys, 2011). Our yields indicate that multiple doses per

mL can be synthesized in 1 hour using the iVAX platform.
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To demonstrate the modularity of the iVAX approach for bioconjugate
production, we sought to produce bioconjugates bearing O-PS antigens from
additional pathogens including ETEC E. coli strain O78 and UPEC E. coli strain O7. E.
coli O78 is a major cause of diarrheal disease in developing countries, especially among
children, and a leading cause of traveler’s diarrhea (Qadri et al., 2005), while the O7
strain is a common cause of urinary tract infections (Johnson, 1991). Like the FtO-PS,
the biosynthetic pathways for EcO78-PS and EcO7-PS have been described previously
and confirmed to produce O-PS antigens with the repeating units GIcNAc2Man:
(Jansson et al., 1987) and Qui4NAcMan(Rha)GalGIcNAc (L'vov et al., 1984) (GIcNAc:
N-acetylglucosamine; Man: mannose; Qui4NAc: 4-acetamido-4,6-dideoxy-D-
glucopyranose; Rha: rhamnose; Gal: galactose), respectively. Using iVAX lysates from
cells expressing CjPgIB and either the EcO78-PS and EcO7-PS pathways in reactions
that were primed with PD*PNAT or sfGFP27-PNAT plasmids, we observed carrier
glycosylation only when both lipid-linked O-PS and CjPgIB were present in the
reactions (Supplementary Figure 7-4b, c). These results demonstrate modular
production of bioconjugates against multiple bacterial pathogens in our iVAX
platform, enabled by compatibility of multiple heterologous O-PS pathways with in

vitro carrier protein synthesis and glycosylation.
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3.3.3 Endotoxin editing and freeze-drying yield iVAX reactions that are safe and
portable.

A key challenge inherent in using any E. coli-based system for
biopharmaceutical production is the presence of lipid A, or endotoxin, which is known
to contaminate protein products and can cause lethal septic shock at high levels
(Russell, 2006). As a result, the amount of endotoxin in formulated biopharmaceuticals
is regulated by the United States Pharmacopeia (USP), US Food and Drug
Administration (FDA), and the European Medicines Agency (EMEA) (Brito and Singh,
2011b). Because our iVAX reactions rely on lipid-associated components, such as
CjPglIB and FtO-PS, standard detoxification approaches involving the removal of lipid
A (Petsch and Anspach, 2000) could compromise the activity or concentration of our
glycosylation components in addition to increasing cost and processing complexities.

To address this issue, we adapted a previously reported strategy to detoxify the
lipid A molecule through strain engineering (Chen et al., 2016a; Needham et al., 2013).
In particular, the deletion of the acyltransferase gene IpxM and the overexpression of
the F. tularensis phosphatase LpxE in E. coli has been shown to result in the production
of nearly homogenous pentaacylated, monophosphorylated lipid A with significantly
reduced toxicity but retained activity as an adjuvant (Chen et al, 2016a). This
pentaacylated, monophosphorylated lipid A was structurally identical to the primary
component of monophosphoryl lipid A (MPL) from Salmonella minnesota R595, an

approved adjuvant composed of a mixture of monophosphorylated lipids (Casella and
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Mitchell, 2008). To generate detoxified lipid A structures in the context of iVAX, we
produced lysates from a AlpxM derivative of CLM24 that co-expressed FtLpxE and the
FtO-PS glycosylation pathway (Figure 3-5a). Lysates derived from this chassis
synthesize a detoxified pentaacylated, monophosphorylated lipid A molecule and
exhibited significantly decreased levels of toxicity compared to strains expressing both
unmodified (WT) or diphosphorylated pentaacylated lipid A (AlpxM) structures
(Figure 3-5b) as measured by human TLR4 activation in HEK-Blue hTLR4 reporter
cells (Needham et al.,, 2013). Importantly, the structural remodeling of lipid A did not
affect the activity of the membrane-bound CjPgIB and FtO-PS components in iVAX
reactions (Supplementary Figure 7-5a). By engineering the chassis strain for lysate
production, we produced iVAX lysates with endotoxin levels <1,000 EU mL", within
the range of reported values for commercial protein-based vaccine products (0.288-
180,000 EU mL™) (Brito and Singh, 2011b). Further, FtO-PS conjugates synthesized and
affinity purified from detoxified iVAX lysates contained 0.21 + 0.3 EU per 10-ug dose,
which is well below endotoxin levels reported in commercial conjugate vaccines (<12
EU/dose) (Bolgiano et al., 2007; Brito and Singh, 2011a) (Figure 3-5c).

A major limitation of traditional conjugate vaccines is that they must be
refrigerated (WHO, 2014), making it difficult to distribute these vaccines to remote or
resource-limited settings. The ability to freeze-dry iVAX reactions for ambient
temperature storage and distribution could alleviate the logistical challenges

associated with refrigerated supply chains that are required for existing vaccines. To
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investigate this possibility, detoxified iVAX lysates were used to produce FtO-PS
bioconjugates in two different ways: either by running the reaction immediately after
priming with plasmid encoding the sfGFP?7-DQNAT target protein or by running after
the same reaction mixture was lyophilized and rehydrated (Figure 3-5d). In both cases,
conjugation of FtO-PS to sfGFP?7-PQNAT was observed when CjPglB was present, with
modification levels that were nearly identical (average glycosylation efficiency of
sfGFP?17-DQNAT in reactions with and without lyophilization were 66 + 7% and 69 + 5%
by densitometry, respectively) (Figure 3-3¢, 3-5e, and Supplementary Figure 7-6). We
also showed that detoxified, freeze-dried iVAX reactions can be scaled to 5 mL for
production of FtO-PS-conjugated MBP#PONAT and PD#PQNAT jn a manner that was
reproducible from lot to lot and indistinguishable from production without freeze-
drying (average glycosylation efficiencies of MBP#PQNAT and PD#PANAT were 66 + 10%
and 70 * 1% by densitometry, respectively) (Supplementary Figure 7-5b, c). In
addition, freeze-dried reactions are stable under ambient temperature storage for at
least 3 months, with no observable differences in protein synthesis or glycosylation
activity (Supplementary Figure 7-6). The ability to lyophilize iVAX reactions, store
reactions at ambient temperature, and manufacture bioconjugates without specialized

equipment highlights the potential for portable, on-demand vaccine production.
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Figure 3-5. Detoxified, lyophilized iVAX reactions produce conjugate vaccines. (a) iVAX
lysates were detoxified via deletion of IpxM and expression of F. tularensis LpxE in the source
strain for lysate production. (b) The resulting lysates exhibited significantly reduced endotoxin
activity, as measured by activation of human TLR4 in HEK-Blue hTLR4 reporter cells. **p =
0.003, as determined by two-tailed t-test. (c) FfO-PS conjugate vaccines produced and purified

from detoxified iVAX reactions contained 0.21 + 0.3 EU/10 ug dose, as measured by human
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TLR4 activation. Dashed line represents endotoxin levels reported in commercial conjugate
vaccines (<12 EU/dose). (d) iVAX reactions producing sfGFP27DQNAT yere run immediately or
following lyophilization and rehydration. (e) Glycosylation activity was preserved following
lyophilization, demonstrating the potential of iVAX reactions for portable biosynthesis of
conjugate vaccines. Top panel shows signal from probing with anti-hexa-histidine antibody
(aHis) to detect the carrier protein, middle panel shows signal from probing with
commercial anti-FtO-PS antibody (aFtO-PS), and bottom panel shows aHis and aFtO-PS
signals merged. Images are representative of at least three biological replicates. Molecular

weight ladder is shown at the left of each image.

3.3.4 In vitro synthesized bioconjugates elicit pathogen-specific antibodies in mice.

We next evaluated the ability of iVAX-derived conjugates to elicit anti-FtLPS
antibodies in mice (Figure 3-6a). Importantly, we found that BALB/c mice receiving
iVAX-derived FtO-PS-conjugated MBP#PQNAT or PD#PQNAT produced high titers of
FtLPS-specific IgG antibodies, which were significantly elevated compared to the titers
measured in the sera of control mice receiving PBS or unmodified versions of each
carrier protein (Figure 3-6b, Supplementary Figure 7-7). Interestingly, the IgG titers
measured in sera from mice receiving PGCT-derived MBP*PQNAT conjugates were
similar to the titers observed in the control groups (Figure 3-6b, Supplementary Figure
7-7). Notably, both MBP#PQNAT gnd PD*PNAT conjugates produced using iVAX elicited
similar levels of IgG production and neither resulted in any observable adverse events
in mice, confirming the modularity and safety of the technology for production of

conjugate vaccine candidates.
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We further characterized IgG titers by analysis of IgG1 and IgG2a subtypes and
found that both iVAX-derived FtO-PS-conjugated MBP#PQNAT and PD#DPQNAT boosted
production of IgG1 antibodies by >2 orders of magnitude relative to all control groups
as well as to PGCT-derived MBP#*PNAT conjugates (Figure 3-6¢). Observed IgG
subclass titers elicited by iVAX-derived conjugates (IgGl >> IgG2a) are further
consistent with a Th2-biased response, which is characteristic of most conjugate
vaccines (Bogaert et al.,, 2004), though additional studies are needed to confirm this
immunological phenotype. Taken together, these results provide evidence that the
iVAX platform supplies vaccine candidates that are capable of eliciting strong,

pathogen- and polysaccharide-specific humoral immune responses.

3.3.5iVAX-derived vaccines protect mice from intranasal F. tularensis challenge.
Finally, we tested the ability of iVAX-derived vaccines to protect mice in an
intranasal model of F. tularensis infection (Figure 3-6d). We used an intranasal infection
model because it represents the most challenging and relevant route of infection in
potential bioterrorism attacks (Conlan et al.,, 2002; Sebastian et al., 2009). Mice were
immunized with either iVAX- or PGCT-derived MBP#DPQNAT P4DQNAT - g E]P ADNNNS-
DONRT conjugates, as well as unmodified controls. Notably, across all three carrier
proteins, only iVAX-derived vaccines elicited FtO-PS-specific antibody titers that were
significantly higher than those measured in the PBS immunized control group (Figure

3-6e). All immunized mice were challenged intranasally with 6000 cfu (60 times the
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intranasal LDso) of the virulent F. tularensis subsp. holarctica live vaccine strain (LVS)
Rocky Mountain Laboratories. Importantly, all iVAX-derived vaccine candidates
provided complete protection against intranasal challenge, which was
indistinguishable from the protection conferred by PGCT-derived versions of the same
vaccines (Figure 3-6f-h). These results demonstrate that the iVAX platform produces
protective vaccine candidates that are at least as effective as those produced using a

state-of-the-art biomanufacturing approach.
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Figure 3-6. iVAX-derived conjugates elicit FELPS-specific antibodies and protect mice from
lethal pathogen challenge. (a) Freeze-dried iVAX reactions assembled using detoxified lysates

were used to synthesize anti-F. tularensis conjugate vaccines for immunization studies. (b)
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Groups of BALB/c mice were immunized subcutaneously with PBS or 7.5 ug of purified, cell-
free synthesized unmodified or FtO-PS-conjugated carrier proteins. FtO-PS-conjugated
MBP#PQNAT prepared in living E. coli cells using PCGT was used as a positive control. Each
group was composed of six mice except for the PBS control group, which was composed of five
mice. Mice were boosted on days 21 and 42 with identical doses of antigen. FtLPS-specific IgG
titers were measured by ELISA in endpoint (day 70) serum of individual mice (black dots) with
F. tularensis LPS immobilized as antigen. Mean titers of each group are also shown (red lines).
iVAX-derived conjugates elicited significantly higher levels of FtLPS-specific IgG compared to
all other groups (**p < 0.01, Tukey-Kramer HSD). (c) IgG1 and IgG2a subtype titers measured
by ELISA from endpoint serum revealed that iVAX-derived conjugates boosted production of
FtO-PS-specific IgG1 compared to all other groups tested (**p < 0.01, Tukey-Kramer HSD).
These results indicate that iVAX conjugates elicited a Th2-biased immune response typical of
most conjugate vaccines. Values represent means and error bars represent standard errors of
FtLPS-specific IgGs detected by ELISA. (d) Groups of five BALB/c mice were immunized
intraperitoneally with PBS or 10 ug of purified, cell-free synthesized unmodified or FtO-PS-
conjugated carrier proteins. FtO-PS-conjugated carriers prepared in living E. coli cells using
PCGT were used as positive controls. Mice were boosted on days 21 and 42 with identical doses
of antigen. (e) On day 56, FtLPS-specific IgG titers were measured by ELISA in serum of
individual mice immunized with PBS or anti-F. tularensis conjugate vaccines (FtO-PS-CV) (black
dots) with F. tularensis LPS immobilized as antigen. Mean titers of each group are also shown
(red lines). Only iVAX-derived conjugates elicited significantly higher levels of FtLPS-specific
IgG compared to PBS immunized controls across all carrier proteins tested (**p < 0.01, Tukey-
Kramer HSD; CV: conjugate vaccine; ns: not significant). On day 66 mice were challenged
intranasally with 6000 cfu (60 times the intranasal LDso) F. tularensis subsp. holarctica LVS Rocky
Mountain Laboratories and monitored for survival for an additional 25 days. Kaplan-Meier
curves for immunizations with (f) MBP#DQNAT (g) PD#DQNAT and (h) EPAPNNNSDONRT ag the
carrier protein are shown. iVAX-derived vaccines protected mice from lethal pathogen
challenge as effectively as vaccines synthesized using the state-of-the-art PGCT approach. (*p <

0.05; **p < 0.01, Fisher’s exact test; ns: not significant).
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3.4 Discussion.

In this work we have established iVAX, a cell-free platform for portable, on-
demand, and scalable production of protective conjugate vaccines. We show thatiVAX
reactions can be detoxified to ensure the safety of conjugate vaccine products, freeze-
dried for cold chain-independent distribution, and re-activated for high-yielding
conjugate production by simply adding water. As a model vaccine candidate, we show
that anti-F. tularensis conjugates produced in iVAX elicited pathogen-specific IgG
antibodies and protected mice from lethal intranasal challenge with F. tularensis. Given
the proven impact of thermostable meningococcal and smallpox vaccines in reducing
or eradicating disease (Hopkins, 1988; Lydon et al., 2014), iVAX has the potential to
significantly enhance vaccination efforts by reducing reliance on refrigerated supply
chains.

The iVAX platform has several important features. First, iVAX is modular,
which we have demonstrated through the interchangeability of (i) carrier proteins,
including those used in licensed conjugate vaccines, and (ii) bacterial O-PS antigens
from F. tularensis subsp. tularensis (type A) Schu S4, ETEC E. coli O78, and UPEC E. coli
O7. The modularity of iVAX has the potential to enable rapid development of
conjugate vaccines against diverse bacteria as well as multiple serotypes of a single
bacterial pathogen that can be co-formulated to yield multivalent conjugate vaccines.
Importantly, iVAX is the first example of enrichment of large and polymeric O-antigen

carbohydrates as substrates for cell-free protein glycosylation. Moreover, to our
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knowledge, this work represents the first demonstration of oligosaccharyltransferase-
mediated O-PS conjugation to the carrier proteins used in licensed conjugate vaccine
formulations, likely due to historical challenges associated with the expression of
approved carriers in living E. coli (Figueiredo et al., 1995b; Haghi et al., 2011a; Stefan et
al., 2011a).

Second, iVAX reactions are inexpensive, costing ~$12 mL?! (Supplementary
Table 7-1) with the ability to synthesize ~20 pg conjugate mL? in one hour
(Supplementary Figure 7-4a). Assuming a dose size of 10 pug, our iVAX reactions can
produce a vaccine dose for ~$6. For comparison, the CDC cost per dose for conjugate
vaccines ranges from ~$9.50 for the H. influenzae vaccine ActHIB® to ~$75 and ~$118 for
the meningococcal vaccine Menactra® and pneumococcal vaccine Prevnar 13°,
respectively (CDC, 2019a).

Third, while conjugates derived from both living E. coli cells and iVAX PGCT
protected mice from lethal challenge with F. tularensis LVS, iVAX-derived conjugates
were significantly more effective at eliciting FtLPS-specific IgGs than those derived
from living E. coli cells using PGCT in the context of multiple carrier proteins (Figure
3-6b, e). Achieving high titers of polysaccharide-specific antibodies is broadly
recognized as a correlate of conjugate vaccine efficacy (Beresford et al., 2017; Burrage
et al., 2002; Dagan et al., 1998; Dagan et al., 2004; Gao et al., 2014; Hatz et al., 2015; Ho
et al., 2000; Ho et al., 2002; Huttner et al., 2017; Knuf et al., 2009; Riddle et al., 2016).

Given the importance of antibodies in protection against infection with the highly
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virulent Schu S4 strain (Fulop et al., 2001; Lu et al., 2012), and the fact that antibody
titers wane over time, achieving higher initial titers of FtLPS-specific IgGs could
provide protection against higher doses of pathogen and/or extend the duration of
protection afforded by vaccination. Future comparative studies of iVAX- and PGCT-
derived vaccines could provide a deeper understanding of immunogen features
responsible for the enhanced FtLPS-specific IgGs elicited by iVAX-derived vaccines,
revealing design rules for the production of more effective conjugate vaccines.
Fourth, iVAX addresses a key gap in both cell-free and decentralized
biomanufacturing technologies. Production of glycosylated products has not yet been
demonstrated in cell-based decentralized biomanufacturing platforms (Crowell et al.,
2018; Perez-Pinera et al., 2016) and existing cell-free platforms using E. coli lysates lack
the ability to synthesize glycoproteins (Boles et al., 2017; Murphy et al., 2019; Pardee et
al., 2016b; Salehi et al., 2016). While glycosylated human erythropoietin has been
produced in a cell-free biomanufacturing platform based on freeze-dried Chinese
hamster ovary cell lysates, its in vivo efficacy was not evaluated and challenges
achieving efficient glycosylation were noted (Adiga et al., 2018). Further, this and the
vast majority of other eukaryotic cell-free and cell-based systems rely on endogenous
protein glycosylation machinery, and so are not compatible with conjugation of
bacterial O-PS antigens. In contrast, the iVAX platform is enabled by our previous
work to activate glycosylation in E. coli lysates that lack endogenous protein

glycosylation pathways, which allows for bottom-up engineering of desired
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glycosylation activities (Jaroentomeechai et al., 2018b). Here, we show that further
development of this approach allows for rapid and portable production of protective
conjugate vaccines. This required: (i) demonstration of modular cell-free synthesis and
glycosylation of approved carrier proteins with O-PS antigens over a range of
temperatures; (ii) rigorous assessment of reproducibility, scalability, and
thermostability of reactions; (iii) detoxification of cell-free lysates; and (iv) evaluation
of in vivo conjugate vaccine efficacy.

In summary, iVAX represents a platform technology for rapid development
and on-demand, cold chain-independent biomanufacturing of conjugate vaccines.
Conjugate vaccines are one of the safest and most effective methods for preventing
bacterial infections (Jin et al., 2017; Trotter et al., 2008; Weintraub, 2003), but their
development and distribution is limited by current manufacturing approaches. The
iVAX platform addresses these limitations and further provides the first example, to
our knowledge, of efficacious glycoprotein product synthesis in a decentralized
manufacturing platform. iVAXjoins an emerging set of technologies (Adiga et al., 2018;
Boles et al., 2017; Crowell et al., 2018; Murphy et al., 2019; Pardee et al., 2016b; Perez-
Pinera et al., 2016; Salehi et al., 2016) that have the potential to promote increased access

to complex, life-saving drugs through decentralized production.
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3.5 Materials and Methods.
Bacterial strains and plasmids.

E. coli NEB 5-alpha (NEB) was used for plasmid cloning and purification. E. coli
CLM24 or CLM24 AlpxM strains were used for preparing cell-free lysates. E. coli
CLM24 was used as the chassis for expressing bioconjugates in vivo using PGCT.
CLM24 is a glyco-optimized derivative of W3110 that carries a deletion in the gene
encoding the WaalL ligase, facilitating the accumulation of preassembled glycans on
undecaprenyl diphosphate (Feldman et al., 2005b). CLM24 AlpxM has an endogenous
acyltransferase deletion and serves as the chassis strain for production of detoxified
cell-free lysates.

All plasmids used in the study are listed in Supplementary Table 7-2. Plasmids
pJL1-MBP#PQNAT  pI] ]-PD#PQNAT,  pI[ ]-PorA®PONAT  pJ]-TTcHPANAT  pJL]-
TTlight®PNAT - pJL.1-CRM1974PNAT - and  pJL1-TT#PANAT were generated via PCR
amplification and subsequent Gibson Assembly of a codon optimized gene construct
purchased from IDT with a C-terminal 4xDQNAT-6xHis tag (Fisher et al., 2011)
between the Ndel and Sall restriction sites in the pJL1 vector. Plasmid pJL1-EP APNNNS-
DONRT was constructed using the same approach, but without the addition of a C-
terminal 4xDQNAT-6xHis tag. Plasmids pTrc99s-ssDsbA-MBP*PNAT — pTrc99s-
ssDsbA-PD#PNAT pTrc99s-ssDsbA-PorA®PNAT pTrc99s-ssDsb A-TTcHPMNAT, pTrc99s-
ssDsbA-TTlight*PNAT - and pTrc99s-ssDsbA-EPAPNNNSDONRT yyere created via PCR

amplification of each carrier protein gene and insertion into the pTrc99s vector between
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the Ncol and HindllI restriction sites via Gibson Assembly. Plasmid pSF-CjPgIB-LpxE
was constructed using a similar approach, but via insertion of the IpxE gene from pE
(Needham et al.,, 2013) between the Ndel and Nsil restriction sites in the pSF vector.
Inserts were amplified via PCR using Phusion® High-Fidelity DNA polymerase (NEB)
with forward and reverse primers designed using the NEBuilder® Assembly Tool
(nebuilder.neb.com) and purchased from IDT. The pJL1 vector (Addgene 69496) was
digested using restriction enzymes Ndel and Sall-HF® (NEB). The pSF vector was
digested using restriction enzymes Ndel and Notl (NEB). PCR products were gel
extracted using an EZNA Gel Extraction Kit (Omega Bio-Tek), mixed with Gibson
assembly reagents and incubated at 50°C for 1 hour. Plasmid DNA from the Gibson
assembly reactions were transformed into E. coli NEB 5-alpha cells and circularized
constructs were selected using kanamycin at 50 ug ml! (Sigma). Sequence-verified
clones were purified using an EZNA Plasmid Midi Kit (Omega Bio-Tek) for use in

CFPS and iVAX reactions.

Construction of CLM24 AlpxM strain.

E. coli CLM24 AlpxM was generated using the Datsenko-Wanner gene knockout
method (Datsenko and Wanner, 2000b). Briefly, CLM24 cells were transformed with
the pKD46 plasmid encoding the A red system. Transformants were grown to an ODewo
of 0.5-0.7 in 25 mL LB-Lennox media (10 g L tryptone, 5 g L yeast extract and 5 g L!

NaCl) with 50 ug mL! carbenicillin at 30°C, harvested and washed three times with
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25 mL ice-cold 10% glycerol to make them electrocompetent, and resuspended in a
final volume of 100 uL 10% glycerol. In parallel, a IpxM knockout cassette was
generated by PCR amplifying the kanamycin resistance cassette from pKD4 with
forward and reverse primers with homology to IpxM. Electrocompetent cells were
transformed with 400 ng of the [pxM knockout cassette and plated on LB agar with 30
ug mL* kanamycin for selection of resistant colonies. Plates were grown at 37°C to
cure cells of the pKD46 plasmid. Colonies that grew on kanamycin were confirmed to
have acquired the knockout cassette via colony PCR and DNA sequencing. These
confirmed colonies were then transformed with pCP20 to remove the kanamycin
resistance gene via Flp-FRT recombination. Transformants were plated on LB agar
with 50 pug mL" carbenicillin. Following selection, colonies were grown in liquid
culture at 42°C to cure cells of the pCP20 plasmid. Colonies were confirmed to have
lost both IpxM and the knockout cassette via colony PCR and DNA sequencing and
confirmed to have lost both kanamycin and carbenicillin resistance via replica plating
on LB agar plates with 50 ug mL" carbenicillin or kanamycin. All primers used for

construction and validation of this strain are listed in Supplementary Table 7-3.

Cell-free lysate preparation.
E. coli CLM24 source strains were grown in 2xYTP media (10 g/L yeast extract,
16 g/L tryptone, 5 g/L NaCl, 7 g/L KoHPOs, 3 g/L KH2POs, pH 7.2) in shake flasks (1 L

scale) or a Sartorius Stedim BIOSTAT Cplus bioreactor (10 L scale) at 37°C. Protein
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synthesis yields and glycosylation activity were reproducible across different batches
of lysate at both small and large scale. To generate CjPglB-enriched lysate, CLM24 cells
carrying plasmid pSF-CjPgIB (Ollis et al.,, 2015b) was used as the source strain. To
generate FtO-PS-enriched lysates, CLM24 carrying plasmid pGAB2 (Cuccui et al,,
2013b) was used as the source strain. To generate one-pot lysates containing both
CjPglIB and FtO-PS, EcO78-PS, or EcO7-PS, CLM24 carrying pSF-CjPglB and one of the
following bacterial O-PS biosynthetic pathway plasmids was used as the source strain:
pGAB2 (FtO-PS), pMWO07-O78 (EcO78-PS), and pJHCV32 (EcO7-PS). CjPglB
expression was induced at an ODew of 0.8-1.0 with 0.02% (w/v) L-arabinose and
cultures were moved to 30°C. Cells were grown to a final ODewo of ~3.0, at which point
cells were pelleted by centrifugation at 5,000xg for 15 min at 4°C. Cell pellets were then
washed three times with cold S30 buffer (10 mM Tris-acetate pH 8.2, 14 mM
magnesium acetate, 60 mM potassium acetate) and pelleted at 5000xg for 10 min at 4°C.
After the final wash, cells were pelleted at 7000xg for 10 min at 4°C, weighed, flash
frozen in liquid nitrogen, and stored at -80°C. To make cell lysate, cell pellets were
resuspended to homogeneity in 1 mL of S30 buffer per 1 g of wet cell mass. Cells were
disrupted via a single passage through an Avestin EmulsiFlex-B15 (1 L scale) or
EmulsiFlex-C3 (10 L scale) high-pressure homogenizer at 20,000-25,000 psi. The lysate
was then centrifuged twice at 30,000xg for 30 min to remove cell debris. Supernatant
was transferred to clean microcentrifuge tubes and incubated at 37°C with shaking at

250 rpm for 60 min. Following centrifugation (15,000xg) for 15 min at 4°C, supernatant
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was collected, aliquoted, flash-frozen in liquid nitrogen, and stored at -80°C. S30 lysate
was active for about 3 freeze-thaw cycles and contained ~40 g/L total protein as

measured by Bradford assay.

Cell-free protein synthesis.

CFPS reactions were carried out in 1.5 mL microcentrifuge tubes (15 uL
scale), 15 mL conical tubes (1 mL scale), or 50 mL conical tubes (5 mL scale) with a
modified PANOx-SP system (Jewett and Swartz, 2004a). The CFPS reaction mixture
consists of the following components: 1.2 mM ATP; 0.85 mM each of GTP, UTP, and
CTP; 34.0 ug mL* L-5-formyl-5, 6, 7, 8-tetrahydrofolic acid (folinic acid); 170.0 pg
mL™" of E. coli tRNA mixture; 130 mM potassium glutamate; 10 mM ammonium
glutamate; 12 mM magnesium glutamate; 2 mM each of 20 amino acids; 0.4 mM
nicotinamide adenine dinucleotide (NAD); 0.27 mM coenzyme-A (CoA); 1.5 mM
spermidine; 1 mM putrescine; 4 mM sodium oxalate; 33 mM phosphoenolpyruvate
(PEP); 57 mM HEPES; 13.3 ug mL™ plasmid; and 27% v/v of cell lysate. For reaction
volumes >1 mL, plasmid was added at 6.67 ug mL™!, as this lower plasmid
concentration conserved reagents with no effect on protein synthesis yields or
kinetics. For expression of PorA, reactions were supplemented with nanodiscs at 1
ug mL™!, which were prepared as previously described (Schoborg et al., 2017) or

purchased (Cube Biotech). For expression of CRM1974PQNAT CEPS was carried out
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at 25°C for 20 hours, unless otherwise noted. For all other carrier proteins, CFPS was
run at 30°C for 20 hours, unless otherwise noted.

For expression of TT#PNAT which contains intermolecular disulfide bonds,
CFPS was carried out under oxidizing conditions. For oxidizing conditions, lysate was
pre-conditioned with 750 uM iodoacetamide at room temperature for 30 min to
covalently bind free sulfhydryls (-SH) and the reaction mix was supplemented with
200 mM glutathione at a 4:1 ratio of oxidized and reduced forms and 10 pM

recombinant E. coli DsbC (Knapp et al., 2007).

In vitro bioconjugate vaccine expression (iVAX).

For in vitro expression and glycosylation of carrier proteins in crude lysates, a
two-phase scheme was implemented. In the first phase, CFPS was carried out for 15
min at 25-30°C as described above. In the second phase, protein glycosylation was
initiated by the addition of MnCl: and DDM at a final concentration of 25 mM and 0.1%
(w/v), respectively, and allowed to proceed at 30°C for a total reaction time of 1 hour.
Protein synthesis yields and glycosylation activity were reproducible across biological
replicates of iVAX reactions at both small and large scale. Reactions were then
centrifuged at 20,000xg for 10 min to remove insoluble or aggregated protein products
and the supernatant was analyzed by SDS-PAGE and Western blotting.

Purification of aglycosylated and glycosylated carriers from iVAX reactions

was carried out using Ni-NTA agarose (Qiagen) according to manufacturer’s
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protocols. Briefly, 0.5 mL Ni-NTA agarose per 1 mL cell-free reaction mixture was
equilibrated in Buffer 1 (300 mM NaCl 50 mM NaH:POs) with 10 mM imidazole.
Soluble fractions from iVAX reactions were loaded on Ni-NTA agarose and incubated
at 4°C for 2-4 hours to bind 6xHis-tagged protein. Following incubation, the cell-free
reaction/agarose mixture was loaded onto a polypropylene column (BioRad) and
washed twice with 6 column volumes of Buffer 1 with 20 mM imidazole. Protein was
eluted in 4 fractions, each with 0.3 mL Buffer 1 with 300 mM imidazole per mL of cell-
free reaction mixture. All buffers were used and stored at 4°C. Protein was stored at a
final concentration of 1-2 mg mL™ in sterile 1xPBS (137 mM NaCl, 2.7 mM KCl, 10 mM

Na:HPOs, 1.8 mM KH2POs, pH 7.4) at 4°C.

Expression of bioconjugates in vivo using protein glycan coupling technology
(PGCT).

Plasmids encoding bioconjugate carrier protein genes preceded by the DsbA
leader sequence for translocation to the periplasm were transformed into CLM24 cells
carrying pGAB2 and pSF-CjPglB. CLM24 carrying only pGAB2 was used as a negative
control. Transformed cells were grown in 5 mL LB media (10 g L yeast extract, 5 g L
tryptone, 5 g L1 NaCl) overnight at 37°C. The next day, cells were subcultured into 100
mL LB and allowed to grow at 37°C for 6 hours after which the culture was
supplemented with 0.2% arabinose and 0.5 mM IPTG to induce expression of CjPglB

and the bioconjugate carrier protein, respectively. Protein expression was then carried
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out for 16 hours at 30°C, at which point cells were harvested. Cell pellets were
resuspended in 1 mL sterile PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na:HPOs, 1.8 mM
KH2POs, pH 7.4) and lysed using a Q125 Sonicator (Qsonica, Newtown, CT) at 40%
amplitude in cycles of 10 sec on/10 sec off for a total of 5 min. Soluble fractions were
isolated following centrifugation at 15,000 rpm for 30 min at 4°C. Protein was purified
from soluble fractions using Ni-NTA spin columns (Qiagen), following the

manufacturer’s protocol.

Western blot analysis.

Samples were run on 4-12% Bis-Tris SDS-PAGE gels (Invitrogen). Following
electrophoretic separation, proteins were transferred from gels onto Immobilon-P
polyvinylidene difluoride (PVDF) membranes (0.45 um) according to the
manufacturer’s protocol. Membranes were washed with PBS (80 g L' NaCl, 0.2 g L
KCl, 1.44 g L Na2HPOs, 0.24 g L' KH2POs, pH 7.4) followed by incubation for 1 hour
in Odyssey® Blocking Buffer (LI-COR). After blocking, membranes were washed 6
times with PBST (80 g L NaCl, 0.2 g L KCl, 1.44 g L* Na2HPO:, 0.24 g L KH2POs, 1
mL L1 Tween-20, pH 7.4) with a 5 min incubation between each wash. For iVAX
samples, membranes were probed with both an anti-6xHis tag antibody and an anti-
O-PS antibody or antisera specific to the O antigen of interest, if commercially
available. Probing of membranes was performed for at least 1 hour with shaking at

room temperature, after which membranes were washed with PBST in the same
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manner as described above and probed with fluorescently labeled secondary
antibodies. Membranes were imaged using an Odyssey® Fc imaging system (LI-COR).
CRM197 and TT production were compared to commercial DT and TT standards
(Sigma) and orthogonally detected by an identical SDS-PAGE procedure followed by
Western blot analysis with a polyclonal antibody that recognizes diphtheria or tetanus
toxin, respectively. All antibodies and dilutions used are listed in Supplementary

Table 7-4.

TLR4 activation assay.

HEK-Blue hTLR4 cells (Invivogen) were cultured in DMEM media, high
glucose/L-glutamine supplement with 10% fetal bovine serum, 50 U mL penicillin, 50
mg mL" streptomycin, and 100 pg mL"' Normacin™ at 37°C in a humidified incubator
containing 5% CO. After reaching ~50-80% confluency, cells were plated into 96-well
plates at a density of 1.4 x 10° cells per mL in HEK-Blue detection media (Invivogen).
Antigens were added at the following concentrations: 100 ng uL"! purified protein; and
100 ng uL?! total protein in lysate. Purified E. coli O55:B5 LPS (Sigma-Aldrich) and
detoxified E. coli O55:B5 (Sigma-Aldrich) were added at 1.0 ng mL?! and served as
positive and negative controls, respectively. Plates were incubated at 37°C, 5% CO: for
10-16 h before measuring absorbance at 620 nm. Statistical significance was

determined using paired t-tests.
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Mouse immunization and F. tularensis challenge.

Groups of 5-6 six-week old female BALB/c mice (Harlan Sprague Dawley) were
immunized with 100 uL PBS (pH 7.4) alone or containing purified aglycosylated MBP,
FtO-PS-conjugated MBP, aglycosylated PD, FtO-PS-conjugated PD, aglycosylated
EPA, or FtO-PS-conjugated EPA, as previously described (Chen et al, 2010). The
amount of antigen in each preparation was normalized to 7.5 ug to ensure that an
equivalent amount of aglycosylated protein or bioconjugate was administered in each
case. Purified protein groups formulated in PBS were mixed with an equal volume of
incomplete Freund’s Adjuvant (Sigma-Aldrich) before injection. Prior to
immunization, material for each group (5 uL) was streaked on LB agar plates and
grown overnight at 37°C to confirm sterility and endotoxin activity was measured by
TLR4 activation assay. Each group of mice was boosted with an identical dosage of
antigen 21 days and 42 days after the initial immunization. Mice were observed 24 and
48 hours after each injection for changes in behavior and physical health and no
abnormal responses were reported.

For antibody titering studies, mice were immunized subcutaneously with
vaccine or controls according to the protocol described above. Blood was obtained on
day -1, 21, 35, 49, and 63 via submandibular collection and at study termination on day
70 via cardiac puncture.

For pathogen challenge studies, mice were immunized intraperitoneally with

vaccine or controls according to the protocol described above. Mice were challenged
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intranasally on day 66 with 6000 cfu (60 times the intranasal LD=o) F. tularensis subsp.
holarctica LVS Rocky Mountain Laboratories. Survival was monitored for an additional
25 days following pathogen challenge, during which mice were examined daily for
signs of disease and sacrificed according to the approved protocol when moribund.
Statistical significance was determined via endpoint comparison using Fisher’s exact
test.

All procedures were carried out in accordance with Protocol 2012-0132
approved by the Cornell University Institutional Animal Care and Use Committee
and/or Protocol 1305086 approved by the University of lowa Animal Care and Use

Committee.

Enzyme-linked immunosorbent assay.

F. tularensis LPS-specific antibodies elicited by immunized mice were measured
via indirect ELISA using a modification of a previously described protocol (Chen et al.,
2010). Briefly, sera were isolated from the collected blood draws after centrifugation at
5000xg for 10 min and stored at 20 °C; 96-well plates (Maxisorp; Nunc Nalgene) were
coated with F. tularensis LPS (BEI resources) at a concentration of 5 pg mL" in PBS and
incubated overnight at 4°C. The next day, plates were washed three times with PBST
(PBS, 0.05% Tween-20, 0.3% BSA) and blocked overnight at 4°C with 5% nonfat dry
milk (Carnation) in PBS. Samples were serially diluted by a factor of two in triplicate

between 1:100 and 1:12,800,000 in blocking buffer and added to the plate for 2 hours at
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37°C. Plates were washed three times with PBST and incubated for 1 hour at 37°C in
the presence of one of the following HRP-conjugated antibodies (all from Abcam and
used at 1:25,000 dilution): goat anti-mouse IgG, anti-mouse IgGl, and anti-mouse
IgG2a. After three additional washes with PBST, 3,3'-5,5'-tetramethylbenzidine
substrate (1-Step Ultra TMB-ELISA; Thermo-Fisher) was added, and the plate was
incubated at room temperature in the dark for 30 min. The reaction was halted with 2
M H2S0s, and absorbance was quantified via microplate spectrophotometer (Tecan) at
a wavelength of 450 nm. Serum antibody titers were determined by measuring the
lowest dilution that resulted in signal 3 SDs above no serum background controls.
Statistical significance was determined in RStudio 1.1.463 using one-way ANOVA and

the Tukey—Kramer post hoc honest significant difference test.

Quantification and Statistical Analysis.
Quantification of cell-free protein synthesis yields

To quantify the amount of protein synthesized in iVAX reactions, two
approaches were used. Fluorescence units of sftGFP were converted to concentrations
using a previously reported standard curve (Hong et al., 2014). Yields of all other
proteins were assessed via the addition of 10 uM L-*“*C-leucine (11.1 GBq mmol,
PerkinElmer) to the CFPS mixture to yield trichloroacetic acid-precipitable
radioactivity that was measured using a liquid scintillation counter as described

previously (Kim and Swartz, 2001).
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Statistical analysis

Statistical parameters including the definitions and values of n, p-values,
standard deviations, and standard errors are reported in the figures and corresponding
figure legends. Analytical techniques are described in the corresponding Materials and

Methods section.

Data and Software Availability
All plasmid constructs used in this study including complete DNA sequences

are deposited on Addgene (constructs 128389-128404).
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CHAPTER 4

A UNIVERSAL GLYCOENZYME BIOSYNTHESIS PIPELINE THAT
ENABLES CELL-FREE CONSTRUCTION AND REMODELING
OF GLYCANS™

4.1 Abstract.

Cell-free synthetic glycobiology has emerged as a simplified and highly
modular framework to investigate, prototype, and engineer pathways for glycan
biosynthesis and biomolecule glycosylation outside the confines of living cells. These
developments notwithstanding, constructing de novo glycan biosynthesis pathways
remains a significant challenge due to limited accessibility to functionally
characterized glycoenzymes. To address these challenges, we describe a novel
glycoenzyme biosynthesis pipeline that facilitates high-level, soluble production of
functional glycosyltransferases (GTs) across multiple expression platforms. This
technology leverages a protein engineering strategy to remodel GTs with an N-
terminal decoy protein that prevents membrane insertion and a C-terminal
amphipathic protein that effectively shields hydrophobic surfaces from the aqueous
environment. We demonstrate the modularity and universality of the approach
through the facile production of more than 100 difficult-to-express GTs across several

diverse expression platforms including mammalian, yeast, and bacterial cells, as well

12 This chapter is in preparation for journal submission.
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as cell-free protein synthesis. The utility of this pipeline was further revealed by using
engineered GTs to construct cell-free biosynthesis pathways that furnished several
human N-glycans including sialylated complex-type biantennary structures on the
trastuzumab biologics. Overall, the platform described here provides a simplified yet
highly effective strategy for producing large quantities of diverse, enzymatically active
GTs that are expected to find use in structure-function studies as well as applications

in biomanufacturing of complex glycans and glycomolecules.

4.2 Introduction.

An increasing appreciation of the biological roles and the therapeutic potentials
of glycans has led to an interest in the synthesis of structurally-defined carbohydrate-
containing molecules. Glycosyltransferases (GTs) are key enzymes in nature for
producing diverse glycans and glycoconjugates. GTs represent a subclass of
glycoenzyme that catalyzes a formation of glycosidic linkages by transfer sugar
molecules from a donor substrate to an acceptor.(Lairson et al., 2008) These acceptors
include simple and complex carbohydrates, lipid, protein, nucleic acid, and a large
group of small molecules.(Lairson et al., 2008) A majority of GTs utilize nucleotide-
activated sugar as donor substrate (Leloir GTs) but there exists several GTs that
recognize phosphate- and lipid-phosphate sugar donor (non-Leloir GTs).(Ardevol and
Rovira, 2015) GTs constitute a large number of enzyme, with each GT displaying

distinct sugar donor, acceptor, and linkage specificity; hence GTs are a powerful
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catalyst for accessing complex carbohydrates including oligosaccharides,
polysaccharides, glycoproteins, and glycoconjugates.

An emerging discipline of bacterial glycoengineering has made it possible to
characterize natural glycosylation pathway, and to engineer novel enzymes and
pathways that catalyze prescribed glycosylation reactions. Simple bacteria including
the laboratory strain of Escherichia coli do not possess natural protein glycosylation
pathway. As a result, they offer an opportunity to investigate de novo protein
glycosylation pathway without interference from the endogenous glycosylation
components.(Baker et al, 2013b; Naegeli and Aebi, 2015) Owning to this unique
feature, diverse natural and synthetic system including en bloc N-linked(Wacker et al.,
2002), successive N-linked(Naegeli et al., 2014b), en bloc O-linked(Faridmoayer et al.,
2007), and successive O-linked(Du et al., 2018) protein glycosylation pathways have
been successfully constructed in E. coli. These glycoengineered E. coli have been
instrumentally useful to elucidate how the glycan is assembled, and how glycan-to-
protein transfer reaction occurs within each glycosylation pathway. Glycoengineered
E. coli cells also offer a cost-effective, renewable sources for producing
biotechnologically useful glycoproteins including: i) human-derived therapeutic
glycoproteins carrying authentic eukaryotic N- and O-glycan structures(Glasscock et
al., 2018; Natarajan et al., 2020a; Valderrama-Rincon et al., 2012); ii) glycoconjugate
vaccines against various pathogenic bacteria(Faridmoayer et al., 2007; Lithgow et al.,

2014; Vozza and Feldman, 2015); and iii) recombinant glycoprotein particles(Tytgat et
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al., 2019). Furthermore, these same E. coli cells have been used as a source strain to
generate crude cell extracts capable of catalyzing protein synthesis and protein
glycosylation in a single-vessel cell-free reaction(Jaroentomeechai et al.,, 2018b).
Notably, a well-controllable environment and high flexibility of the cell-free reaction
renders such system a suitable platform for rapid-prototyping novel glycosylation
pathways(Kightlinger et al., 2019) as well as for an on-demand biomanufacturing of
useful glycoproteins and vaccines (Stark et al., 2021).

These developments notwithstanding, construction of protein glycosylation
pathway in E. coli cells and E. coli-derived cell-free platform relies heavily on the
successful expression of every glycosyltransferase gene that constitutes such pathway.
Many GTs are difficult to recombinantly express. Natural protein glycosylation often
takes place at the membrane interface, either between cytoplasm and periplasm in the
gram-negative bacteria or between cytosol and ER/Golgi organelles within higher
organisms. Therefore, many GTs are either peripheral or integral membrane proteins.
They also exhibit a marked diversity in term of the membrane associated topologies
including single transmembrane domains (TMDs) at the N- or C-terminal or within the
internal domain, multipass TMDs, enzymes with the N-terminal signal sequences, and
enzymes with the C-terminal ER retention sequences. These membrane elements
render GTs water-insoluble, resulting in a poor recombinant expression yield, and
necessitate membrane protein purification technique. The challenge in preparing GTs

at yield is pronounced when analyzing the statistics from the Carbohydrate-Active
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enZYmes Database (CAZy). This database currently classified GT genes into 114
families according to their amino acid sequence similarities. As of November 2018,
CAZy comprises of ~459,666 entries, about 10-fold increase from the previous decade
(Supplementary Figure 8-1a). This rapid increase has highlighted the advance in
sequence identification of new GT genes. In stark contrast, less than 1% of the total GT
proteins have been characterized, and only ~232 structures are available
(Supplementary Figure 8-1b). A vast number of GTs with useful functionality has yet
to be explored but new tools and methodologies for a facile preparation of these GT
biocatalysts are needed to realize this goal.

To date, only a few universal strategies for recombinant GTs expression have
been described. In one instance, ~50 human GTs were fused with proteins with internal
repeats (PIR) to express as immobilized enzyme on the cell surface of Saccharomyces
cerevisiae.(Shimma et al., 2006) More than 75% of surface-displayed GTs were active
and were used to construct several defined glycans including Lewis x/y, H/A/B
antigens, GM1b/GD1a, and core-fucosylated biantennary N-glycans.(Shimma et al.,
2006) More recently, an impressive effort by Moremen et al. combined bioinformatics,
glycoenzyme design, and protein engineering strategy to generate mammalian
expression library of over 300 genes comprising of all known human glycosyl
hydrolases  (GHs), glycosyltransferases (GTs), and glycan modifying
enzymes.(Moremen et al.,, 2018) More than 65% of the library members were

successfully expressed and secreted from mammalian cells and the baculovirus-insect
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cell system. The secreted yield was sufficient for functional characterization and
resulted in the structure elucidation of the STOGALNAC2.(Moremen et al., 2018) While
the aforementioned platforms provide an access to a number of GTs, a universal
platform for a high yield expression of GTs in a simple organism such as E. coli will
greatly enhance our ability to characterize and utilize natural GTs as well as to develop
engineered GTs for the glycan-related therapeutic applications.

Here we report an expression library for a production of diverse GTs in
standard E. coli expression strains. We leveraged protein engineering strategy called
Solubilization of the Integral Membrane Protein with high Level of Expression or
SIMPLEx to render GTs water-soluble and suitable for an expression within E. coli
cytoplasm. The SIMPLEx strategy is universal, resulting in a successful soluble
expression of more than 95% of GT candidates, many of which are of human origin.
This same strategy is also compatible with several expression formats including
mammalian, yeast, and E. coli-based cell-free protein synthesis platforms. We also
demonstrate the utility of our expression library by purifying a subset of GTs for
functional characterization, for remodeling glycan on glycoproteins, and for
constructing cell-free biosynthesis cascades that results in the homogenous production
of authentic human biantennary N-glycans on therapeutic antibody. Together, we
anticipate our expression library will be an important resource to accelerate our
fundamental understanding of the glycoenzymes and to enable the development of

novel glycosylation pathways and glycoconjugated molecules.
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4.3 Results.
4.3.1 SIMPLEx promotes soluble overexpression of human ST6Gall.

To generate a versatile and universal expression platform that provides access
to unexplored regions of glycoenzyme space, we hypothesized that our SIMPLEx
technology could be leveraged as a protein engineering tool for relieving bottlenecks
associated with GT expression. As proof-of-concept, we chose human p-galactoside-
a2,6-sialyltransferase 1 (HsST6Gall), a sialytransferase belonging to the GT29 family.
HsST6Gall consists of a short N-terminal cytoplasmic tail (CT), a transmembrane
domain (TMD), a stem region that serves as a linker, and a large C-terminal catalytic
domain that adopts a GT-A fold containing a seven-stranded central 3-sheet flanked
by a-helices (Kuhn et al., 2013). Overexpression of HsST6Gall has been documented in
several cancer cell types (Garnham et al, 2019); hence, the ability to produce
preparative amounts of HsST6Gall could help to understand its role in cancer biology
and therapy.

To express this enzyme in the SIMPLEx architecture, we designed a tripartite
HsST6Gall chimera in which its N-terminus was genetically fused to a water-soluble
“decoy” protein, namely the E. coli maltose-binding protein lacking its N-terminal
signal peptide (AspMBP), while its C-terminus was fused to an amphipathic “shield”
protein, namely truncated human apolipoprotein A1l lacking its 43-residue globular N-
terminal domain (ApoAl*), yielding AspMBP-HsST6Gall-ApoAl* (hereafter SIMPLEX-

HsST6Gall) (Figure 4-1a). As removal of the transmembrane anchor segment is a
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common practice to improve expression and solubility of mammalian GTs, we also
generated the SIMPLEx-A26HsST6Gall variant in which 26 amino acids from the N-
terminus of HsST6Gall, comprising its CT and TMD, were genetically removed (Figure
4-1a). The HsST6Gall enzyme contains 3 disulfide bonds in its native structure (Kuhn
et al., 2013). Therefore, an engineered E. coli strain named SHuffle T7 Express (Lobstein
et al., 2012), which possesses a more oxidizing cytoplasmic environment and expresses
a cytoplasmic version of the disulfide bond isomerase DsbC, was selected as an
expression host to facilitate cytoplasmic disulfide bond formation. Following
expression of the two engineered chimeras in SHuffle T7 Express cells, we observed
stable products corresponding to SIMPLEx-HsST6Gall and SIMPLEx-A26HsST6Gall
that accumulated almost exclusively in the soluble cytoplasmic fraction (Figure 4-1b).

In stark contrast, no detectable expression of unfused HsST6Gall or
A26HsST6Gall was seen in the soluble fraction and only minimal amounts were
observed in the insoluble and detergent-solubilized fractions (Figure 4-1b), in
agreement with previous findings that human sialyltransferases are poorly expressed
in bacteria (Ortiz-Soto and Seibel, 2016a; Skretas et al., 2009). To demonstrate the
importance of the decoy and shield domains, we also expressed chimeras lacking each
of these elements. When the decoy protein was omitted, A26HsST6Gall-ApoAI*
partitioned almost entirely in the insoluble fraction, whereas omission of the shield

protein resulted in accumulation AspMBP-A26HsST6Gall primarily in the soluble
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Figure 4-1. SIMPLEx promotes soluble expression of biologically-active HsST6Gall. (a)
Molecular design of the SIMPLEx constructs used in this study. Each construct consisted of an
N-terminal AspMBP (green) and C-terminal ApoAI* (purple) that flanked HsST6Gall (yellow).
The intervening flexible linkers (L, gray) were placed to connect AspMBP and ApoAlI* to the
HsST6Gall domain, and the hexahistidine tag (6xHis, gray) was placed at the C-terminus to
facilitate detection and purification. The HsST6Gall variants studied here were wild-type (wt)
HsST6Gall (top) and A26HsST6Gall (bottom), in which the cytoplasmic tail (CT, orange) and
transmembrane domain (TMD, orange) were removed. (b) Western blot analysis of the soluble
(S), detergent-solubilized (D), and insoluble (I) fractions prepared from E. coli SHuffle T7
Express lysY cells carrying plasmid pET28a(+) encoding SIMPLEx-HsST6gall, HsST6Gall,
SIMPLEx-A26HsST6Gall, AspMBP-A26HsST6Gall, A26HsST6Gall-ApoAl*, or A26HsST6Gall,
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as indicated. Blots were probed with anti-6xHis antibody. Results are representative of at least
three biological replicates. Molecular weight (Mw) markers are shown on the left. (c)
Fluorescence (501/523 nm Ex/Em) corresponding to in vitro sialytransferase activity of the
clarified lysates prepared from E. coli cells expressing one of the following constructs: SIMPLEx-
A26HsST6Gall, AspMBP-A26HsST6Gall, A26HsST6Gall-ApoAl, or A26HsST6Gall, as
indicated. Clarified lysate generated from E. coli cells carrying empty pET28a(+) plasmid was
used as a negative control. (d) Fluorescence corresponding to in vitro sialytransferase activity of
the purified SIMPLEx-A26HsST6Gall and commercial A26HsST6Gall standard as a function of
enzyme concentration. Activity data are the mean of three biological replicates (starting from
freshly transformed cells for each condition) and error bars represent standard error of the

mean.

fraction, but with significant amounts also detected in the detergent-solubilized and
insoluble fractions (Figure 4-1b). Our results confirm the importance of the decoy and
shield in directing folding away from the membrane and promoting water solubility.
Moreover, SIMPLEx-based expression in a redox-engineered bacterial host
sidestepped the need for chaperones that occur uniquely in the mammalian secretory
pathway and for N-glycosylation of the GT that is not required for activity but required
for folding, stability and solubility of the enzyme (Chen and Colley, 2000; Meng et al.,

2013).

4.3.2 Human ST6Gall in the SIMPLEx framework retains biological activity.
We next sought to determine whether the HsST6Gall enzyme in the SIMPLEXx
format was biologically active. Native ST6Gall catalyzes transfer of N-acetylneuramic

acid (Neu5Ac) from CMP-Neub5Ac to the C6 hydroxyl group of terminal galactose-
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containing acceptors. To evaluate this activity, we developed a bioorthogonal click
chemistry-based assay for quantifying sialytransferase activity in vitro. Specifically,
purified or clarified E. coli lysate containing SIMPLEx-A26HsST6Gall was used to
transfer azido-Neu5Ac from CMP-activated glycosyl donor onto terminal galactoses
within N-linked glycans of the alpha-1 antitrypsin (A1AT) serpin protein, which was
first treated with neuraminidase to remove native sialic acids (Supplementary Figure
8-3a). The modified A1AT was then fluorescently labeled through a strain-promoted
azide-alkyne cycloaddition (SPAAC) reaction using carboxyrhodamine 110 DBCO
(Supplementary Fig. 8-3a). Following separation from the mixture using standard
protein electrophoresis, fluorescent intensity of the labeled A1AT proteins, which
corresponded to the degree of sialytransferase activity of the enzyme, could then be
directly visualized and quantified by SDS-PAGE gel analysis (Supplementary Figure
8-3b) with commercial A26HsST6Gall serving as the standard for assay calibration
(Supplementary Figure 8-3c).

Using clarified lysate generated from E. coli cells expressing SIMPLEXx-
A26HsST6Gall as a catalyst source, we detected strong fluorescence from the labeled
A1AT, indicating high sialyltransferase activity in this lysate (Figure 1c; estimated to
be 0.66 units per liter shake flask culture). As anticipated, clarified lysates containing
either A26HsST6Gall or A26HsST6Gall-ApoAl* yielded only a weak fluorescent signal
(Figure 1c), which was consistent with the extremely poor soluble expression observed

for these constructs that both lacked the AspMBP decoy. Interestingly, while the
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presence of AspMBP led to soluble expression of AspMBP-A26HsST6Gall, the clarified
lysate activity corresponding to this construct was more than 50% lower than that
measured for the SIMPLEx-A26HsST6Gall enzyme (Figure 1b and 1c). These results
suggest that a significant portion of the soluble AspMBP-A26HsST6Gall protein
lacking ApoAl* is aggregates of misfolded enzyme, consistent with previous findings
(Mizrachi et al.,, 2015) and indicative of the essential nature of both AspMBP and
ApoAI* domains for producing soluble, active GT in the E. coli cytoplasm. More
importantly, the in vitro activity of the purified SIMPLEx-A26HsST6Gall enzyme was
indistinguishable from that of commercial A26HsST6Gall that was prepared using
mouse myeloma cells (Figure 1d). The fact that ApoAI* does not measurably interfere
with important C-terminal catalytic regions in A26HsST6Gall including sialyl motifs
III (Tyr354-GIn357), S (Pro321-Phe343), and VS (His370-Glu375) suggests that its
helical bundle structure provides sufficient flexibility to promote solubility while still
allowing proper protein-glycan interactions that are necessary for native-like function

of the enzyme.

4.3.3 SIMPLEXx is a universal strategy for high-yield expression of diverse GTs.
Encouraged by the ability of SIMPLEx to promote human ST6Gall solubility in

E. coli while preserving its biological activity, we next investigated whether the strategy

could be extended to a larger collection of structurally diverse GTs. To this end, we

compiled a set of 100 GT genes from diverse prokaryotic and eukaryotic organisms,



213

with an emphasis placed on those of human origin (Supplementary Dataset 8-1).
These were organized according to their species of origin and activity, and included
human sialytransferases (HsSiaTs), human fucosyltransferases (HsFUTs), human
galactosyltransferases (HsGals), human glucosyltransferases (HsGlcTs), human
mannosyltransferases (HsManTs), human N-acetylgalactosyltransferases
(HsGalNAcTs), human N-acetylglucosaminyltransferases (HsGlcNACcTs), other human
and eukaryotic GTs, and prokaryotic GTs. Using the Uniprot database, we annotated
these GTs based on the following characteristics: (i) N-terminal type II TMD; (ii) C-
terminal type II TMD; (iii) multipass TMD; (iv) N-terminal signal sequence with C-
terminal ER retention sequence; (v) multipass and internal TMDs; and (vi) cytosolic. It
is known that N-/C-terminal TMDs as well as C-terminal ER retention domains in the
mammalian GTs are used as membrane anchors, and are dispensable for catalytic
activity, as was seen above for HsST6Gall. We also observed that SIMPLEx-mediated
solubility enhancement was independent of whether the TMD was present or absent.
Therefore, we generally removed these TMD anchors from our design constructs. N-
terminal signal sequences that natively route GTs to the proper secretory pathway,
which was not necessary in the context of our E. coli cytoplasmic expression system,
were also removed. GTs containing multipass and internal TMDs as well as predicted
cytosolic GTs were designed as full-length genes. All designed constructs (see
Supplementary Dataset 8-1 for amino acid sequences) were cloned in T7 promoter-

based expression vectors either as an unfused GT (full-length or truncated) with C-
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terminal 6xHis tag (hereafter, GT®"¥) or its tripartite SIMPLEx fusion counterpart
(hereafter, SIMPLEx-GT).

The expression of all SIMPLEx-GTs was tested in small-scale, batch-mode
microbial cultures. SHuffle T7 Express cells were used to produce enzymes containing
previously observed or predicted disulfide bonds while BL21(DE3) cells were used to
express enzymes without such bonds (Supplementary Dataset 8-1). Soluble,
cytoplasmic expression of the SIMPLEx-GTs was profiled by immunoblot analysis of
clarified lysate derived from E. coli cells expressing the respective constructs.
Importantly, we detected strong expression for the vast majority of SIMPLEx-GT
constructs with ~95% showing appreciable levels of soluble expression in the E. coli
cytoplasm (Figure 4-2). It should be noted that this success rate was achieved under
standard bacterial expression conditions (induction with 0.1 mM (3-D-1-
thiogalactopyranoside (IPTG) at 16 °C for 16-20 h in LB medium) that were identical
for each construct and did not require any of the lengthy optimization trials that are
commonly associated with expression campaigns employing bacteria. In stark contrast,
only ~45% of the unfused GT®H constructs could be detected in the soluble fraction
under these same conditions, and in every case the level of soluble expression was
lower compared to the SIMPLEx-GT counterpart (Figure 4-2). Subcellular fractionation
analysis of select GT candidates revealed all SIMPLEx constructs accumulated

predominantly in the soluble fraction whereas unfused versions of the enzymes
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Figure 4-2. Soluble expression of SIMPLEx-GT constructs in the E. coli cytoplasm. A panel of
~100 glycoenzymes evaluated for soluble, cytoplasmic expression in the SIMPLEx framework.
Immunoblot analysis of soluble fractions derived from either Shuffle T7 Express or BL21(DE3)
cells carrying plasmids for either SIMPLEx-GT (top blot in each panel) or GT®#is (bottom blot
in each panel) constructs. GT enzymes were clustered according to origin and activity as

follows: (a) human glucosyltransferases (HsGIcTs); (b) human galactosyltransferases (HsGalTs);
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(c) human mannosyltransferases (HsManTs); (d) human N-acetylglucosaminyltransferases
(HsGIcNAcTs); I human N-acetylgalactosaminyltransferases (HsGalNAcTs); (f) human
fucosyltransferases (HsFuTs); (g) human sialyltransferases (HsSials), (h) other human
glycosyltransferases (HsGTs); (i) other eukaryotic glycosyltransferases (EukGTs); and (j)
bacterial glycosyltransferases (BacGTs). Graphical representation of monosaccharides
according to the SNFG system shown at the top of each group when possible. All blots were
probed with anti-6xHis antibody to detect the protein. Results are representative of at least three

biological replicates. Molecular weight (Mw) markers are indicated at left.

partitioned mostly in the insoluble or detergent-solubilized fractions (Supplementary
Figure 8-4), consistent with the solubility profiles of the HsST6Gall enzyme constructs.
Notably, whereas aberrant expression products such as aggregates and proteolytic
degradants were prevalently detected among the GT*™s samples, the SIMPLEx-GT
samples were largely devoid of such undesired products (Figure 4-2), highlighting
added benefits of the SIMPLEx strategy in preventing aggregation and enhancing
intracellular stability of target enzymes.

Another advantage of expressing GTs in the SIMPLEx framework is the
potential to relieve cellular stress response due to accumulation of inclusion bodies or
destabilization of the cytoplasmic membrane caused by high level expression of
membrane proteins, both of which are well-known to negatively impact cell growth
and productivity. Indeed, we consistently observed that cultures expressing SIMPLEXx-
GTs reached higher final cell densities than those expressing unfused GTs
(Supplementary Figure 8-5). Likewise, titers of selected SIMPLEx-GT candidates

produced in 1-L cultures were ~2-10 fold higher compared to their non-SIMPLEx
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counterparts (Supplementary Figure 8-6). Taken together, these results demonstrate
SIMPLEx as a universal strategy for high-yield, soluble expression of GTs having

diverse origins, structures, and activities.

4.3.4 Correlates of successful GT expression in E. coli.

We next sought to identify the protein features that correlated with soluble
protein expression by comparing physicochemical properties of the proteins such as
molecular weight (Mw), isoelectric point (pI), and the amino acid content. We first
assigned an expression score to each of the SIMPLEx-GT and GT®is constructs based
on their soluble expression profiles (Supplementary Figure 8-7a). We then used the
expression score to bin these proteins into four groups: non-expressor (score 0); weak
expressor (score 1); medium expressor (score 2); and strong expressor (score 3).
According to this classification, ~95% of the SIMPLEx-GTs were identified as
expressible (score > 1), with more than 50% falling into the medium-to-high expressor
groups. On the contrary, more than 50% of the GT®is constructs were identified as non
expressors, with the majority of the others classifying as weak expressors
(Supplementary Figure 8-7a). A scatter plot relating protein Mw, excluding added
mass from AspMBP and ApoAI* domains, with solubility score calculated by Protein-
Sol, a web tool for predicting protein solubility from sequence (Hebditch et al., 2017),
revealed that expressible SIMPLEx-GT constructs clustered within a 25-60 kDa range

whereas expressible GTs®is constructs were clustered in a narrower 2540 kDa range
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(Supplementary Figure 8-7b). This observation prompted us to further investigate the
relationship between soluble expression of the protein and its Mw. To this end, we
categorized all GTs into one of three size groups: small (Mw <40 kDa), medium (Mw =
40-60 kDa), and large (Mw > 60 kDa). We then calculated weighted average expression
score (Exw) for each size group within the SIMPLEx-GT or GT®is datasets. For GTexHis
constructs, a significant decrease in Exw was observed as protein Mw increased, with
no soluble expression for large proteins (Supplementary Figure. 8-8a), consistent with
the observation that the bacterial translation machinery has evolved to express shorter
polypeptides (Netzer and Hartl, 1997) and that expression of larger eukaryotic proteins
in bacteria frequently leads to misfolding and aggregation (Dyson et al., 2004; Marston,
1986). On the contrary, Exw was high for all SIMPLEx-GT constructs, with no
significant difference between small- and medium-sized proteins and only a small
decrease in Exw for large-sized proteins (Supplementary Figure 8-8a). These results
suggest that the SIMPLEx framework helps to overcome the protein size barrier that
typically restricts successful expression in E. coli. Unfortunately, attempts to identify
additional parameters such as protein pl and amino acid components that correlated
with expressibility did not yield conclusive results (Supplementary Figure 8-7b and 8-
8b). Nonetheless, the data presented here reveal important design parameters that

could guide efforts to express novel GT enzymes in the future.
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4.3.5 Efficient production of SIMPLEx-GTs across diverse expression platforms.

To further expand the utility of the platform and demonstrate its flexibility, we
attempted to produce SIMPLEXx fusions in a range of popular expression platforms
including: (i) E. coli-based cell-free protein synthesis (CFPS); (ii) Saccharomyces cerevisiae
strain SBY49; and (iii) human embryonic kidney (HEK) 293T cells. Using appropriate
expression vectors for each system, the SIMPLEx-HsA26ST6Gall construct was
produced at significant levels in the soluble fraction across all three systems, whereas
little to no expression was detected in the soluble fraction for the unfused
HsA265T6Gall construct lacking the AspMBP and ApoAI* domains (Figure 4-3).
While SIMPLEx-HsA26ST6Gall expressed in E. coli CFPS was also detected in the
insoluble fraction, the amount of product that partitioned in the soluble fraction was
significantly higher (Figure 4-3a). For cell-based expression of SIMPLEx-
HsA265T6Gall, both yeast and human cells yielded products that accumulated almost
exclusively in the soluble fractions (Figure 4-3b and 4-3c), in line with the cell-based
E. coli expression results observed above. Importantly, these results clearly
demonstrate the compatibility of the SIMPLEx strategy with microbial, mammalian,

and cell-free expression, and the ease with which it was adapted to these systems.
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Figure 4-3. Compatibility of SIMPLEx-GTs with diverse expression platforms. Immunoblot
analysis of the soluble (S) and insoluble (I) fractions derived from: (a) cell-free protein synthesis
(CFPS) using crude S30 extract prepared from E. coli BL21(DE3); (b) cell-based expression using
S. cerevisiae strain SBY49; and (c) cell-based expression using HEK 293T cells. All three systems
involved plasmids for expressing either SIMPLEx-HsA26ST6Gall (SIMPLEx-ST6) or unfused
A26ST6Gall (ST6). Empty plasmid was used as a negative control (control) in each case. Blots
were probed with anti-hexahistidine (aHis) antibody with longer exposures (aHis - long)
provided to better identify protein products with low expression. An equivalent amount of total
protein was loaded in each lane. To confirm, GroEL, tubulin, and GAPDH, which are commonly
used housekeeping proteins in E. coli, yeast, and mammalian cells, respectively, were used as
immunoblot loading controls. Loading control blots were probed with antibody specific to each
housekeeping protein, as indicated. Results are representative of at least three biological

replicates. Molecular weight (Mw) markers are shown on the left.
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4.3.6 Cell-free glycan construction using SIMPLEx-GTs yields human N-glycans.
Pure and chemically-defined glycans are valuable reagents for fundamental
studies and biomedical applications in glycoscience. Cell-free bio/chemoenzymatic
synthesis has recently emerged as one of the most effective platforms to access large
repertoires of glycans (Hamilton et al., 2017; Li and Wang, 2018; Li et al., 2019d),
especially for complex structures that are otherwise difficult to obtain by conventional
chemical synthesis. These approaches, however, are usually restricted by the
availability of the synthesis glycoenzymes, many of which cannot be recombinantly
expressed or purified at scale. To address this gap, we sought to demonstrate the utility
of SIMPLEx-GTs as catalysts for the construction of customized glycan structures via
a previously described bioenzymatic synthesis approach (Hamilton et al., 2017). As
proof-of-concept, we devised two glycoenzyme pathways for de novo biosynthesis of a
library of human hybrid- and complex-type N-glycans starting from a mannoses-N-
acetylglucosamine: (MansGIcNAc2) primer (Figure 4-4a). To generate this primer, we
leveraged a glycoengineered E. coli strain carrying a heterologous biosynthesis
pathway for the production of undecaprenyl-linked MansGlcNAc: glycan
(Valderrama-Rincon et al.,, 2012). Following glycolipid extraction from these cells,
MansGlcNAc: (M3; glycan 1) was removed from undecaprenol by mild acid hydrolysis
and purified to homogeneity as confirmed by matrix-assisted laser
desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis

(Figure 4-4b). Using 1 as a primer, sequential glycan elaboration was carried out using
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purified SIMPLEx-HsA29GnTI and SIMPLEx-HsA29GnTIl, yielding hybrid-type
glycan 2 and complex-type glycan 3 (also known as GO), respectively (Figure 4-4a).
Further elaboration of glycan 3 with galactose residues was achieved using SIMPLEx-
HsA4434GalT1 to generate glycan 4 (G2), which was subsequently elaborated using
SIMPLEx-HsA265T6Gall to produce glycan 5 (G251) and glycan 6 (G2S2), the mono-
and di-sialyl complex-type N-glycans, respectively (Figure 4-4a and Supplementary
Figure 8-9a). Alternatively, glycan 3 was first fucosylated using SIMPLEx-HsA30FUT8
to generate glycan 7 (GOF), which was then further elaborated to yield glycan 8 (G2F),
glycan 9 (G2S1F), and glycan 10 (G252F) using a similar bioenzymatic strategy (Figure
4-4a and Supplementary Figure 8-10a). Importantly, we observed a near 100%
conversion for most enzymatic steps as evidenced by MALDI-TOF MS spectra
corresponding to each reaction (Figure 4-4b). Due to the unstable nature of sialic acid
containing glycans in MALDI-TOF MS analysis, nano-scale reverse phase
chromatography and tandem MS (nano LC-MS/MS) was used to further confirm the
identity of sialylated glycans 5, 6, 9, and 10 (Supplementary Figure 8-9b,c and 8-10b,c).

It is also worth noting that while conversions from mono- to di-sialyated
products were less than ideal (Figure 4-4b, and Supplementary Figure 8-9a and 8-10a),
this phenomenon has been well documented (Barb et al., 2009; Tayi and Butler, 2018)
and arises from the fact that human ST6Gall exhibits a preference for a1-3Man-31,2-
GlcNAc-f1,4-Gal (hereafter al-3Man branch) and readily installs sialic acid on this

branch first (Barb et al., 2009).
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Figure 4-4. Cell-free construction of hybrid- and complex-type N-glycans using SIMPLEx-
GTs. (a) Schematic of bioenzymatic routes to hybrid- and complex-type N-glycan structures.
MansGIcNAcz glycan (M3; glycan 1) derived from glycoengineered E. coli carrying eukaryotic
trimannosyl core N-glycan biosynthesis pathway was used as primer for glycan construction.
Subsequent cell-free glycan elaboration reactions yielded the following N-glycan structures: 2;
3 (G0); 4 (G2); 5 (G2S); 6 (G2S2); 7 (GOF); 8 (G2F); 9 (G251F); and 10 (G2S2F). Glycan notation
follows IgG’s glycans short name system. See Supplementary Table 2 for complete glycan list
with chemical structures. Synthesis steps: (i) non-enzymatic acid hydrolysis; (ii) SIMPLEx-
(iii) (iv) (v)
HsA4434GalT1; (vi, vii) SIMPLEx-HsA265T6Gall. (b) MALDI-TOF MS spectra of glycan 1

HsA29GnT1; SIMPLEx-HsA29GnT2; SIMPLEx-HsA30FUTS; SIMPLEx-

starting material and enzymatically-derived product glycans 2-10. Mass (/z) peaks for glycans

6 and 10 marked with red circle.
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Subsequent sialyation of al-6Man-{31,2-GIcNAc-31,4-Gal (hereafter al-6Man branch)
is found to be very slow (Barb et al., 2009). Indeed, nano LC-MS/MS revealed our
sialyation reactions yielded an approximate 5:1 ratio between mono- and di-sialyated
products (Supplementary Figure 8-9a and 8-10a), which agreed well with previous

studies (Barb et al., 2009; Tayi and Butler, 2018).

4.3.7 Cell-free glycan remodeling of therapeutic glycoproteins using SIMPLEx-GTs.

Glycoform manipulation is an emerging strategy for improving
pharmacokinetics and pharmacodynamics of therapeutic glycoproteins such as
monoclonal antibodies (Wang and Lomino, 2012; Wang et al., 2019). The remodeling
of protein-linked glycans can be readily achieved using one or more GTs; however, the
limited availability of requisite enzymes for customizing glycan structures represents
a barrier to widespread adoption. To demonstrate this concept, we employed members
from our library of SIMPLEx-GTs to alter the glycan profiles on several biomedically-
relevant glycoproteins. Remodeling reactions included: (i) SIMPLEx-HsA26ST6Gall-
mediated sialylation of the N-glycoforms on au-antitrypsin (A1AT), a serpin used in
prophylactic treatment of the genetic disorder au-antitrypsin deficiency ; (ii) SIMPLEx-
HsA36FUT7-mediated fucosylation of the N-glycoforms on AI1AT; (iii) SIMPLEx-
HsA355T6GalNAcl-mediated sialylation of the O-glycoforms on bovine submaxillary
mucin (BSM), a glycoprotein with potential uses as a biocompatible material and drug

delivery vehicle; (iv) SIMPLEx-HsA29GnT1-catalyzed GIcNAc transfer onto
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MansGIcNAc: glycans present on MBP-GCGPNAT, a fusion between E. coli MBP and
human glucagon (GCG, residue 1-29) followed by a C-terminal DQNAT glycosylation
tag (Glasscock et al., 2018); and (v) SIMPLEx-HsA24ppGalNAcT2-catalyzed O-
GalNAcylation on MBP-GCSF, a fusion between E. coli MBP and human granulocyte
colony-stimulating factor. In all cases, SIMPLEx-GTs readily remodeled their
glycoprotein substrates, installing their respective monosaccharides in 1-h reactions
that were monitored using a bioorthogonal click chemistry-based assay, as described
above for sialyltransferase activity, with either a fluorophore or biotin reporter for
glycan labeling (Supplementary Figure 8-11). It should be noted that significantly
increased activity was observed for SIMPLEx-HsA36FUT7 when the N-glycans on
A1AT were pre-treated with neuraminidase to remove native sialic acid. This
observation was in line with earlier reports and reveals that subtle differences in
substrate specificity can be directly investigated using GTs within the SIMPLEx
framework.

4.3.8 SIMPLEx glycoenzymes yield therapeutic IgG bearing homogenous N-
glycoforms.

Fc N-glycan is a critical modulator for the effector function of the therapeutic
antibody. Hence efforts aim at generating a structurally-defined N-glycan on IgG-Fc
are expected to improve our understanding of the glycan role in human immunity as
well as to broaden the applications of IgG-based biologics. To this end, we leveraged a

facile access to the human glycoenzymes to generate therapeutic IgG Trastuzumab
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bearing homogeneous N-glycan structures (Figure 4-5a). First, Trastuzumab was
prepared from the Expi293F™ GnTI-, a glycoengineered cell line that homogeneously
produces N-glycoprotein bearing MansGIcNAc: glycan (glycan 11). Glycosidase
sensitivity assay coupled with LC-MS analysis of the intact antibody was used to
confirm the identity of glycan on the Trastuzumab (Supplementary Figure 8-12). Next,
SIMPLEx-HsA29GnTI was used to install N-acetylglucosamine on the ©1,3-man branch
of 11 to generate GIcNAcMansGIcNAc: glycan (glycan 12) directly on Trastuzumab
(Figure 4-5b). Human Golgi Man2A1 was then used to remove two terminal mannose
residues on the al,6-man branch of 12 and yielded Trastuzumab bearing glycan 2.
Subsequent cell-free glycan remodeling reactions using SIMPLEx-HsA29GnTII and
SIMPLEx-HsA44p34GalT1 furnished Trastuzumab with glycan 3 and 4, respectively.
Finally, SIMPLEx-HsA265T6Gall was used to cap glycan 4 with sialic acid moiety to
generate glycan 5 and 6 (Figure 4-5b).

In addition to a construction of the authentic human N-glycans, we have
successfully generated unnatural glycan structures on the IgG-Fc. SIMPLEx-
HsA29GnTI was used to install N-azidoacetylglucosamine, a synthetic monosaccharide
containing azide moiety, and yielded glycan 13 on Trastuzumab. This azide group
provides a versatile chemical handle for regiospecific bioconjugation via bioorthogonal
click chemistry. We leveraged this concept to site-specifically install fluorescent
reporter or biotin group on Trastuzumab’s N-glycan. Importantly, SIMPLEx

glycoenzymes were able to afford homogeneous N-glycan structures on IgG-Fc as
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evidenced by a complete conversion from the mass of substrate to product in an MS

analysis (Figure 4-5b and Supplementary Figure 8-13). Taken together, our IgG-Fc

glycan construction and remodeling results showcase the propensity of SIMPLEx to

furnish soluble GTs with full biological activity and thus should prove useful to

increase our understanding of these enzymes as well as to enable an on-demand

biomanufacturing of customized glycomolecules.
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Figure 4-5 SIMPLEx glycoenzymes remodel IgG-Fc N-glycan on Trastuzumab. (a) Schematic
of bioenzymatic routes to hybrid- and complex-type N-glycan structures linked to the
asparagine 297 of the antibody. Trastuzumab bearing Man5GIcNAc2 glycan (M5; glycan 11)
derived from glycoengineered HEK293F lacking GnTI activity was used as a glycan primer.
Subsequent cell-free glycan remodeling reactions yielded the following N-glycan structures: 12
(M5+GIcNAc); 2 (GO-GlcNAc); 3 (G0); 4 (G2); and 6 (G2S2). Glycan notation follows IgG’s
glycans short name system. See Supplementary Table 11-2 for complete glycan list with
chemical structures. SIMPLEx glycoenzyme for each synthesis step is provided above reaction
arrow. (b) LC-MS spectra using intact antibody analysis of Trastuzumab bearing glycan 11 as a
starting material and enzymatically-derived product glycans 2-4, 6, and 12. Structure of the

anticipated N-glycan products is provided at the end of each spectrum.

4.4 Discussion.

In this work, we created a universal expression library for producing large
quantities of GTs from a standard bacterial culture. Using our understanding of the
membrane protein biogenesis, we use multipronged approach to engineered GT
targets. First, we design GT construct where its membrane associated elements that are
not necessary for their catalytic activity are truncated. The removal of highly
hydrophobic element at the N-terminal is expected to prevent ribonucleoprotein
particle from co-translationally inserts polypeptide into inner membrane through
signal recognition particle (SRP) pathway.(Luirink and Sinning, 2004) It is important
to note that a removal of the N-terminal highly hydrophobic peptide alone might not
be sufficient. As many GTs are type II membrane protein, they often contain several

mildly or medium hydrophobic regions within their polypeptide including around the
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stem region at the N-terminus. Even a mildly hydrophobic peptide at the N-terminus
can be recognized by FtsY receptor as signal sequence, and will be subjected to a
membrane insertion via the SecB pathway.(Randall and Hardy, 2002) Indeed, this
hypothesis was partially confirmed as we exclusively detected several GTs with
truncated N-terminal TMD in the insoluble or detergent-solubilized fractions of the E.
coli cells. Therefore, our second prong is to fuse a highly water-soluble protein at the
N-terminus of the TMD-truncated GT. We dub this N-terminal fused protein a decoy
protein from its role in rerouting the biogenesis of GT from inner membrane to soluble
protein pathways. We rationale the N-terminal hydrophilic peptide of the decoy
protein will effectively prevent ribosome-SRP complex formation, the first key step in
the inner membrane protein biogenesis. In this work, we select truncated E. coli MBP
variant as the decoy protein due to its relatively high solubility (protein solubility
score: 0.586 vs 0.45, which is the population average of the soluble E. coli
protein).(Hebditch et al., 2017; Niwa et al., 2009) In addition, MBP is one of the most
popular protein fusions as it has proven to improve solubility, stability, and expression
yield of difficult-to-express proteins including several GTs.(Lauber et al., 2015; Ortiz-
Soto and Seibel, 2016b; Skretas et al., 2009) While the benefits of MBP fusion in this
work is in line with several other reports(Lauber et al., 2015; Ortiz-Soto and Seibel,
2016b; Skretas et al., 2009), we observe an appreciable amount of MBP-fused GT
expressed as an insoluble aggregate in the E. coli cytoplasm. This observation has

indeed prompted us to further design GT variants by fusing its C-terminus with the
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amphipathic protein, in this case truncated human ApoAl. As mentioned earlier,
native GTs typically contain several hydrophobic regions to stabilize membrane
localization, but these hydrophobic patches can also initiate the aggregate formation in
aqueous solution. We reason that amphipathic protein, when placed in proximity with
GTs, will help stabilize GTs in water via hydrophobic interaction, a similar mechanism
with the use of nanodisc to solubilize membrane protein.(Grinkova et al., 2010) It is
worth noting that while there are several methods to prevent protein aggregation
including amino acid mutation or supplementing solution with detergent, these
methods often require extensive optimization to identify optimal condition for
individual protein.(Wagner et al., 2006) In contrast, our method is more universal and
can be readily apply to new GT targets, simply by cloning a new gene into an
expression template. The universality of the SIMPLEx strategy was exemplified by a
creation of 100 GTs expression library with >95% successful expression using only one
expression condition in E. coli culture. More importantly, GTs expressed within the
SIMPLEx framework were found to be functionally active and, in the case of ST6Gall,
had similar catalytic profile with native enzyme.

It is intriguing to establish the main determinants for a successful expression of
protein from its amino acid sequence. By analyzing expression data at hand, we
concluded that SIMPLEXx fusion relaxed Mw limit for the cytoplasmic expression in E.
coli. Specifically, it improves expression success rate of the small (Mw < 40 kDa) and

medium (Mw = 40-60 kDa) size GTs by more than 70%. Most notably, SIMPLEx design
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allows the expression of several large (Mw > 60 kDa) size GTs, whose expression is
completely absent without SIMPLEX fusion partners. The median protein size within
the E. coli proteome is at ~30-40 kDa, (Brocchieri and Karlin, 2005) and recombinant
expression of large protein (Mw > 60-70 kDa) in E. coli is known to be challenging. While
our further analysis using solubility score and isoelectric point of the GTs do not yield
any definite trends, the mechanism behinds expression enhancement through
SIMPLEX fusion is an interesting question that warrants further investigation.

One advantage of the SIMPLEXx strategy lies in its expression host flexibility.
While we initially developed SIMPLEx-GT design with E. coli as a recombinant host in
mind, to our surprise, we found this same design improved recombinant expression
across different platforms including yeasts, HEK293 cells, and E. coli-based cell-free
protein synthesis (CFPS). Protein expression in yeasts and HEK293 cells are well-
established and both platforms are amenable to a scale-up in large culture. As
eukaryotes, these cells are able to perform complex protein folding and protein post-
translational modifications including N- and O-linked glycosylation, some of which
are important for the biological function for a subset of GTs.(Mikolajczyk et al., 2020)
As an emerging platform, E. coli-based CFPS offers an unprecedented speed and
simplicity for biosynthesizing protein targets. These features make CFPS a suitable
platform for a high-throughput screening of GT’s function.(Kightlinger et al., 2018) The
compatibility of SIMPLEx-GTs in diverse expression platforms is expected to accelerate

characterization of novel GTs as well as broaden their applications in glycoscience.
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In this work, we demonstrated a utility of our SIMPLEx glycoenzymes for a
cell-free construction of chemically-defined N-glycans. We used glycoengineered E.
coli to generate a large quantity of Man3GIcNAc2 N-glycan as a starting material. 10
We then used E. coli-derived SIMPLEx-GTs to complete cell-free biosynthesis of the
complex biantennary N-glycans including those containing core-fucose and sialic acid
caps. This workflow, starting from SIMPLEx-GTs expression, purification, and
utilization in the cell-free reactions to efficiently generate the entire library of complex
N-glycans, is achieved within 5-7 days. Most importantly, this same strategy was
applied to afford a production of homogenous N- and O-glycan structures on several
therapeutically-relevant glycoproteins including full-length Trastuzumab. Looking
forward, we anticipate the platform described here could find use in the scalable
biosynthesis of diverse glycoenzymes, that will help expanding our knowledge and

application in glycobiology and glycomedicine.

4.5 Materials and Methods.
Strains and cell lines.

All bacterial, yeast and mammalian cells used in this study are listed in
Supplementary Table 8-1. E. coli strain DH5a was used for all molecular biology and
plasmid storage. E. coli strain BL21(DE3) and its derivative SHuffle T7 Express lysY
(New England Biolabs) were used for all protein expression and purification. Luria-

Bertani medium (LB) was used to culture E. coli in all experiments and was
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supplemented with appropriate antibiotics for plasmid maintenance. The final
concentration for each antibiotic used was: 50 pg/mL kanamycin, 20 ug/mL
chloramphenicol, and 100 ug/mL ampicillin. Yeast strain SBY49 was kindly provided
by Dr. Scott Emr (Cornell University). Yeast cells were grown in complex yeast extract
peptone dextrose (YPD) medium or yeast nitrogen base (YNB) medium without amino
acids supplemented with uracil dropout amino acids (-URA media) for plasmid
maintenance. HEK293T cells were obtained from ATCC and cultured in DMEM
supplemented with 10% FetalClone (VWR), 4.5 g/L glucose and L-glutamine, and 1%
(w/v) penicillin-streptomycin-amphotericin B (Thermo Fisher Scientific). Expi293F™
GnTI- cells were obtained from GibcoTM. Cells were cultured in Expi293™ Expression
Medium supplemented with 1% (w/v) penicillin-streptomycin-amphotericin B
(ThermoFisher Scientific). 293 cells were maintained in 37 °C incubator with 5% CO2

and 90% relative humidity.

Plasmid construction.

All plasmids used in this study are listed in Supplementary Table 8-1. The
collection of prokaryotic and eukaryotic glycoenzymes was selected from the CAZy
database (Lombard et al., 2014). Amino acid sequences were all extracted from Uniprot
database (UniProt, 2019). Each GT coding region was examined for membrane
domains from UniProt database to determine the TMD topology. For type Il membrane

proteins, cytoplasmic and helical TMD segments were truncated. Stem regions were
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generally retained, unless stated otherwise. For other classes, N-terminal signal
sequences and C-terminal transmembrane segments were generally removed. GTs
with internal or multipass TMD were expressed as full-length proteins. Amino acid
sequences of full-length and truncated variants of all GTs in this study are provided in
Supplementary Dataset 8-1. All GT genes were codon-optimized for expression in E.
coli using GeneArt software (Thermo Fisher Scientific). These genes were then
synthesized and ligated into the previously described SIMPLEx plasmid (Mizrachi et
al., 2015) to generate SIMPLEx-GT plasmids having the form pET28a(+)-MBP-(Ndel)-
GT-(EcoRI)-ApoAl*-6xHis. PCR was used to amplify each GT gene with flanking Ncol
and NotI restriction sites, and then ligated into pET28a(+) vector to create plasmids for
expression of unfused GT®!s constructs having the form pET28a(+)-(Ncol)-GT-(NotI)-
6xHis. All PCR reactions were performed using 0.1 uM gene-specific primers, 50 ng
DNA template, and Phusion® High-Fidelity DNA Polymerase (New England Biolabs).
Ligation products were used to chemically transform E. coli DH5a, and the
transformation cultures were plated on LB-agar plates containing kanamycin. Clones
were selected and screened by colony PCR using 2x-OneTaq quickload master mix
(New England Biolabs). Successful clones were confirmed by Sanger sequencing at the
Cornell Biotechnology Resource Center. Due to incompatibility of DNA restriction
sites, plasmids used for expression in yeast and mammalian cells were constructed
using Gibson assembly. Briefly, standard PCR was used to amplify target genes

containing 20-25 bp homologous regions with vector at both ends. 50 ng of linearized
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vector and 150 ng of amplified insert were then combined in a Gibson Assembly Master
Mix (New England Biolabs) and incubated for 1 h. Assembly reactions were then used
to transform E. coli DH5a, after which clones were screened and confirmed according

to a similar procedure as described above.

Small-scale expression and subcellular fractionation.

Plasmids encoding SIMPLEx-GT and unfused GT®s constructs were used to
transform one of these E. coli strains: BL21(DE3) for GTs containing no disulfide bonds
and SHuffle T7 Express lysY for GTs contain predicted or confirmed disulfide bonds.
Small 5.0-mL LB cultures of E. coli harboring a SIMPLEx-GT or GT*s plasmid were
grown to an optical density at 600 nm (ODew) of ~0.6-0.8 and then induced with IPTG
to a final concentration of 0.1 mM. Protein expression proceeded for 18 h at 16 °C, after
which culture volumes equivalent to ODew of 2.0 were harvested. Media was removed
by centrifugation and the resulting cell pellet was resuspended in 1 mL phosphate
buffer saline (PBS). Cells were lysed using a Q125 Sonicator (Qsonica) with a 3.175-mm
diameter probe at a frequency of 20 kHz and 40% amplitude. Lysate was then
centrifuged at 15,000xg for 30 min at 4 °C. Supernatant was collected as the soluble
fraction. Pellet was then resuspended in 1 mL PBS containing 1% (v/v) Triton X-100.
The suspension was incubated for 1 h at 4 °C to allow partitioning of membrane
proteins into Triton X-containing buffer. Following ultracentrifugation at 100,000xg for

1 h at 4 °C, supernatant was collected as the detergent-solubilized fraction, while the
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pellet was taken as the insoluble fraction. For yeast expression, SBY49 cells were grown
in -URA media at 30 °Cuntil ODsw reached ~0.6-0.8, after which protein expression was
induced with galactose to a final concentration of 2% (w/v). Protein expression was
performed for 22 h at 30 °C. Yeast cells were lysed by vortexing the cell suspension
with glass beads in PBS containing zymolyase enzyme. For mammalian cell expression,
2.0 mL of HEK293T cells at ~80% confluency in a 6-well plate were transfected with 2
ug plasmid DNA using jetPRIME® transfection reagent (Polyplus Transfection). After
transfection, cells were maintained in an incubator at 37 °C with 5% CO: and 90%
relative humidity for 36 h, after which they were harvested. HEK293T cells were lysed
by tip sonication. Subcellular fractionation analysis for yeast and HEK293T cells was
performed similarly as described above. All samples were stored at -20 °C until further

analysis.

Cell-free protein synthesis.

E. coli lysate was prepared according to an established protocol (Kwon and
Jewett, 2015a). Briefly, E. coli strain BL21(DE3) was cultured in 2xYTPG media (16 g/L
tryptone, 10 g/L yeast extract, 5 g/L. NaCl, 7 g/L potassium phosphate monobasic, 3 g/L
potassium phosphate dibasic and 18 g/L glucose) at 37 °C with 0.5 mM IPTG until ODsoo
reached ~1.0. Cells were then harvested and washed twice with cold S30 buffer (10 mM
tris-acetate pH 8.2, 14 mM magnesium acetate and 60 mM potassium acetate). The

resulting pellet was stored at -80 °C until used. To prepare crude extract, pellets were
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thawed on ice and resuspended with S30 buffer (1 mL per gram cell pellet). Cells were
lysed using a Q125 Sonicator with a 3.175-mm diameter probe at a frequency of 20 kHz
and 40% amplitude until the total energy input reached 1500 J. Lysate was then
centrifuged twice at 30,000xg at 4 °C for 30 min. Supernatant was then collected,
aliquoted, and stored at -80 °C until used. Cell-free synthesis of SIMPLEx-GT and
unfused GT®!is constructs was performed using the modified PANOx-SP system
(Jewett and Swartz, 2004c). Specifically, S30 lysate was pre-conditioned with 750 uM
iodoacetamide in the dark at room temperature for 30 min and then lysate was
supplemented with 200 mM glutathione at a 3:1 ratio between oxidized and reduced
forms. Then, 200 ng plasmid DNA was introduced into cell-free protein synthesis
reaction containing 30% (v/v) S30 lysate and the following: 12 mM magnesium
glutamate, 10 mM ammonium glutamate, 130 mM potassium glutamate, 1.2 mM
adenosine triphosphate (ATP), 0.85 mM guanosine triphosphate (GTP), 0.85 mM
uridine triphosphate (UTP), 0.85 mM cytidine triphosphate (CTP), 0.034 mg/mL folinic
acid, 0.171 mg/mL E. coli tRNA (Roche), 2 mM each of 20 amino acids, 30 mM
phosphoenolpyruvate (PEP, Roche), 0.33 mM nicotinamide adenine dinucleotide
(NAD), 0.27 mM coenzyme-A (CoA), 4 mM oxalic acid, 1 mM putrescine, 1.5 mM
spermidine, and 57 mM HEPES. The synthesis reaction was carried out at 30 °C for 6
h, after which the sample was centrifuged at 15,000xg for 30 min at 4 °C. Supernatant

was collected and stored at -20 °C until further analysis.
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Human MAN2AT1 expression and purification.

An expression construct encoding the truncated catalytic domain of human
MAN2A1 was generated as an NH2-terminal fusion protein in the pGEn2 expression
vector. The NH2-terminal fusion sequences were composed of a 25-amino acid signal
sequence, an His8 tag, AviTag, the “superfolder” GFP coding region, the 7-amino acid
recognition sequence of the tobacco etch virus (TEV) protease followed by the human
MAN2AT1 catalytic domain sequence (UniProt Q16706, residues 27-1144). Recombinant
human MAN2A1 was expressed as a soluble secreted protein by transient transfection
of suspension culture HEK293-F cells (FreeStyleTM 293-Fcells, Thermo Fisher
Scientific) maintained at 0.5-3.0x106 cells/ml in a humidified CO2 platform shaker
incubator at 37°C with 50% humidity. Transient transfection was performed using
HEK293F cells at a density of 2.5-3.0x106 cells/ml in expression medium comprised of
a 9:1 ratio of FreestyleTM293 expression medium (Thermo Fisher Scientific) and EX-
Cell expression medium including Glutamax (Sigma-Aldrich). Transfection was
initiated by the addition of plasmid DNA and polyethyleneimine as transfection
reagent (linear 25-kDa polyethyleneimine, Polysciences). Twenty-four hours’ post-
transfection the cell cultures were diluted with an equal volume of fresh media
supplemented with valproic acid (2.2 mM final concentration) and protein production
was continued for an additional 5 days at 37°C. The cell cultures were harvested,
clarified by sequential centrifugation at 1200 rpm for 10 min and 3500 rpm for 15 min

at 4°C, and passed through a 0.8 uM filter (Millipore). The enzyme preparation was
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adjusted to contain 25 mM HEPES, 20 mM imidazole, 300 mM NaCl, pH 7.5, and
subjected to Ni-NTA Superflow (Qiagen) chromatography using a column pre-
equilibrated with 25 mM HEPES, 300 mM NaCl, 20 mM imidazole, pH 7.5 (Buffer I).
Following loading of the sample, the column was washed with 3 column volumes of
Buffer I followed by 3 column volumes of Buffer I containing 50 mM imidazole, and
eluted with Buffer I containing 300 mM imidazole at pH 7.0. The protein buffer was
exchanged using an ultrafiltration pressure cell (Millipore) with a 10-kDa molecular
mass cutoff membrane and adjusted to 1 mg/ml with buffer containing 20 mM HEPES,
100 mM NaCl, pH 7.0, 0.05% sodium azide, and 10% glycerol. The final protein

preparation was aliquoted in 100 pl volume (1 mg/ml) and stored at -80°C until use.

Antibody expression and purification from the glycoengineered mammalian
culture.

HEK293F GnTI- (ThermoFisher Scientific) was maintained according to the
vendor’s protocol. Following at least three passages, cells were washed and
resuspended at three million cells per mL concentration. pVITRO1-Trastuzumab-
IgG1/x was prepared from E. coli culture and the purified plasmid was flowed through
endotoxin removal column to remove endotoxin contaminant. Plasmid DNA -cationic
lipid complex was then generated using LipofectamineTM Transfection Reagent
(ThermoFisher Scientific) and was slowly added into culture media with gentle mixing.

The DNA/cationic-lipid/number of cells were scaled linearly according to vendor’s
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protocol. Cells were maintained in an 370C incubator shaker for 24 hours prior being
supplemented with Expression Enhancer Reagents (ThermoFisher Scientific). Cell
cultures were maintained at the same condition for another 5 days to allow an
accumulation of antibody in the culture supernatant. Cells were then removed by
centrifugation at 1000 xg for 5 mins and supernatant was filtered through 0.2-micron
bottle-top filter. Supernatant was then mixed with 1xPBS at 1:1 (v/v) ratio. This solution
was flowed through Mabselect SuRe resin (Sigma Aldrich) twice to allow antibody
capturing via an interaction with protein A/G. Following extensive washing with
1xPBS, captured antibody was eluded from the resin using glycine solution (pH 2.0)
and deposited directly into a neutralizing buffer (Tris-HCI pH 8.5). The antibody
product was then buffer exchanged into 1xPBS supplemented with 0.01% sodium
azide. Antibody was stored at 40C and was stable at the described condition for at least

a month.

Immunoblot analysis.

Samples were prepared by combining with NuPAGE™ 4xLDS Sample Buffer
(Invitrogen) supplemented with 2.5% (-mercaptoethanol and then boiled at 100 °C for
10 min. Samples equivalent to ODew of 0.375 for small-scale expression or 15 uL of
CFPS reaction were loaded into each well of Bolt™ 8% Bis-Tris Plus Gels (Thermo
Fisher Scientific). Following electrophoretic separation and transfer to Immobilon-P

polyvinylidene difluoride (PVDF) membranes (0.45 pm), blots were washed with TBS
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buffer (80 g/L NaCl, 20 g/L KCl, and 30 g/L Tris-base) followed by a 1-h incubation in
blocking solution (50 g/L non-fat milk in TBS supplemented with 0.05% (v/v%) Tween-
20; TBST). Blots were then washed 4 times with TBST in 10-min intervals and probed
with primary antibodies. Secondary antibodies were used as needed. Blots were then
washed as above. Imaging of blots was performed using a ChemiDoc™ XRS*System
following a brief incubation with Western ECL substrate (Bio-Rad). Vendor, catalog
number, and specific dilution of all antibodies used in this study are provided in

Supplementary Table 8-3.

Bioorthogonal click chemistry-based GT assay.

Strain-promoted alkyne-azide cycloaddition was used to assess the activity of
SIMPLEx-GTs towards glycoprotein substrates. In a typical reaction, a 1.5-mL
microcentrifuge tube was charged with 20 uL of reaction mixture consisting of 1 ug
purified SIMPLEx-GT or 50 ug cell lysate, 3 ug purified acceptor glycoprotein
substrate, and 10 mM nucleotide-activated monosaccharide donor modified with an
azide functional group. Depending on the GT reactions, these nucleotide-activated
monosaccharide donors included UDP-GIcNAz, UDP-GalNAz, GDP-AzFuc, and
CMP-AzNecSAc (all from R&D Systems). Following an incubation in a 37 °C water
bath for 1 h, reaction mixtures were supplemented with 2-iodoacetamide (Sigma-
Aldrich) at 100 mM final concentration and incubated in the dark at room temperature

for 1 h. Then, 100 mM final concentration of carboxyrhodamine 110 or biotin(PEG)s
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conjugated dibenzocyclooctyne-amines (Click Chemistry Tools) in N,N-
dimethylformamide (DMF) was supplemented into the reaction mixture. Strain-
promoted click reactions were carried out at 37 °C for 2 h. Samples were then combined
with 4xLDS Sample Buffer (Invitrogen) supplemented with 2.5% [3-mercaptoethanol
and heated at 65 °C for 5 min. Following SDS-PAGE analysis, in-gel fluorescence from
carboxyrhodaminel10-linked glycans on glycoproteins was measured using a
ChemiDoc™ MP Imaging System (Bio-Rad) with 501/523 nm Aex/Aem. Biotin-linked
glycans on glycoproteins were analyzed following immunoblot analysis using
horseradish peroxidase conjugated streptavidin (Sigma-Aldrich) in a similar manner

as described above for immunoblot analysis.

Protein purification and yield quantitation.

A single colony was selected from a transformation plate and grown overnight
in LB media at 37 °C. The next day, cells were subcultured 5% into 1 L of fresh LB
media. Cells were grown at 37 °C until ODew reached ~0.6-0.8, after which IPTG was
supplemented into culture at 0.1 mM final concentration. Protein expression proceeded
at 16 °C for 18 h. Unless otherwise noted, all purification procedures were performed
at 4 °C. Cells were harvested, resuspended in PBS supplemented with 10% (v/v)
glycerol, and lysed by passing the cell suspension through an Emulsiflex C5
homogenizer (Avestin) twice at 15,000 psi maximum pressure. Supernatant was

collected following centrifugation at 15,000xg for 30 mins and then incubated with 300
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uL pre-washed HisPur™ Ni-NTA resin (Thermo Fisher Scientific) at 4 °C for 1 h. The
suspension was loaded onto an Econo-Pac® gravity flow chromatography column (Bio-
Rad) and resin was washed with 6 column volumes HisPur wash buffer (50 mM
NaH:POs, 300 mM NaCl, 10 mM imidazole, pH 8.0). The target protein was eluted with
HisPur elusion buffer (50 mM NaH:POs, 300 mM NaCl, 300 mM imidazole, pH 8.0).
Sample was then buffer exchanged into PBS using Zeba spin desalting columns, 7K
MWCO (Thermo Fisher Scientific). Protein concentration was determined using
Bradford assay (Bio-Rad). Expression yield was a representative of three biological
replicates.

All other purification was performed as described above but with amylose resin
(NEB) instead of Ni-NTA resin. Clarified lysate was incubated with 300 pL pre-washed
amylose resin with rotation for 2 h at 4 °C. The suspension was loaded onto an Econo-
Pac® gravity column (Bio-Rad) and resin was washed with 6 column volumes of
amylose column buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, pH 7.4). The
target protein was eluted with amylose elusion buffer (10 mM maltose in column
buffer). Protein purity and concentration were determined by Coomassie staining and
Bradford assay (both from Bio-Rad), respectively. Proteins were kept at 4 °C for 2
weeks. For longer term storage at -80 °C, protein solution was supplemented with 10%
(v/v) glycerol and 0.02% (w/v) sodium azide as a cryogenic agent and bacteriostat,

respectively.
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Cell growth analysis.

To facilitate high-throughput cell growth measurements, three individual
colonies corresponding to each construct were seeded into 96-deep well plates
(Eppendorf) where each well contained 100 pL LB media. Culture plates were then
sealed using plate sealer and placed in an incubator shaker at 37 °C for 16 h. Then, 5
uL of the overnight culture was subcultured into fresh 100 uL LB media and incubated
for 8 h, after which IPTG was supplemented to a final concentration of 0.1 mM. Protein
expression proceeded at 16 °C for 18 h. To measure ODew, 10 puL of each sample was
mixed with 90 uL DI water in a Costar 96-well assay plate (Corning) and ODsoo of all

samples was measured in an Infinite M1000Pro spectrophotometer (Tecan).

Bioenzymatic glycan synthesis.

All glycans and nucleotide-activated monosaccharide substrates were prepared
in DI water and stored at -20 °C. Glycan 1 was prepared essentially as described
(Hamilton et al., 2017). To synthesize glycan 2, 5 ug of glycan 1 was incubated with 20
ug/mL SIMPLEx-HsA29GnTI and 10 mM UDP-GIcNAc (Sigma-Aldrich) in GnT buffer
(20 mM HEPES, 50 mM NaCl, 10 mM MnCly, pH 7.2) at 37 °C for 16 h. To synthesize
glycan 3, glycan 2 was incubated with 80 pug/mL SIMPLEx-HsA29GnTII and 20 mM
UDP-GIcNAc in GnT buffer at 37 °C for 36 h. Glycan 3 was then incubated with 20
pug/mL SIMPLEx-HsA44B4GalT1 and 10 mM UDP-Gal (Sigma-Aldrich) in GalT buffer

(20 mM HEPES, 150 mM NaCl, 10 mM MnCl;, pH 7.5) at 37 °C for 16 h to produce
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glycan 4. Sialic acid terminal glycans 5 and 6 were synthesized by incubating glycan 4
with 20 pg/mL SIMPLEx-HsA265T6Gall and 20 mM CMP-Neu5Ac (Sigma-Aldrich) in
SiaT buffer (50 mM sodium phosphate, 150 mM NaCl, 10 mM MgCl., pH 8.0) at 37 °C
for 16 h. Glycan 7 was synthesized by incubating glycan 4 with 20 ug/mL SIMPLEx-
HsA30FuT8 and 10 mM GDP-fucose (Sigma-Aldrich) in FUT buffer (100 mM MES, 10
mM MgClL:, pH7.0) at 37 °C for 16 h. Glycans 8, 9, and 10 were synthesized sequentially
from glycan 7 using SIMPLEx-HsA44P4GalTl and SIMPLEx-HsA26ST6Gall as
described above for glycans 4, 5, and 6. Reaction progress was monitored by MALDI-
TOF MS. Reaction clean-up and glycan purification were performed as described
previously (Hamilton et al., 2017). Because sialic acid is subject to MS induced in-source
and metastable decay, successful biosynthesis of glycans 5, 6, 9, and 10 was verified by

nano LC-MS/MS analysis.

Bioenzymatic glycan remodeling on glycoproteins.

Unless noted otherwise, all glycoprotein remodeling reactions were performed
at 37 °C for 1 h prior to bioorthogonal labeling reaction as described above. The
sialytransferase activity of SIMPLEx-HsST6Gall and SIMPLEx-CjCstIl was assessed
using human A1AT as glycoprotein acceptor substrate. A total of 3 ug of recombinant
A1AT (R&D Systems) was treated with 20 U/uL a2-3,6,8,9 neuraminidase A (NEB) in
a 10-pL reaction at 37 °C for 2 h to remove terminal sialic acid residues on A1AT

glycans. Reaction mixtures were then heated at 85 °C for 15 min to inactivate
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neuramidase A. Neuramidase A-treated A1AT was then incubated with SIMPLEx-
HsST6Gall or SIMPLEx-CjCstIl and CMP-AzNec5Ac in SiaT buffer. Sialyltransferase
activity of SIMPLEx-HsST6GalNAcl was evaluated in a similar manner but
neuramidase-treated bovine submaxillary glands mucin (Sigma-Aldrich) was used as
the glycoprotein substrate. N-acetylglucosaminyltransferase activity of SIMPLEx-
HsGnTI was assessed using MBP-GCGPNAT, a fusion between E. coli MBP and human
glucagon (residues 1-29) followed by a C-terminal DQNAT glycosylation tag
(Glasscock et al., 2018). The MBP-GCGPNAT was glycosylated with MansGlcNAc: using
glycoengineered E. coli as described previously (Glasscock et al., 2018). Purified MBP-
GCGPNAT was incubated with SIMPLEx-HsGnTI and UDP-GIcNAz in GnT buffer.
Fucosyltransferase activity was evaluated by incubating A1AT or neuramidase A-

treated A1AT with SIMPLEx-HsFUT7 and GDP-AzFuc in FUT buffer.

Chromatography and mass spectrometry.

Hydrophilic interaction liquid chromatography (HILIC) was carried out using
an Exion HPLC system with built-in autosampler (SCIEX). The free glycan samples
were reconstituted in buffer A (80%: 20% acetonitrile: water), filtered with 0.22 pm spin
filter (Corning) and loaded onto a Kinetex HILIC column (2.6 pm, 2.6x150 mm;
Phenomenex) with 80% ACN/20% water as buffer A and 50 mM NH4FA with pH 4.4
as buffer B. The LC was performed using a gradient from 80-0% of buffer B in 7 min at

a flow rate 400 uL/min.
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All LC-MS/MS analysis was carried out using an SCIEX X500B QTOF (SCIEX)
mass spectrometer equipped with an electrospray ion source and coupled with an
Exion HPLC system. Each reconstituted sample (2 pL) was injected onto a Kinetex
HILIC column (2.6 pm, 2.6x 150 mm; Phenomenex). The free glycans were eluted in a
9-min gradient of 80% to 0% (80% ACN/20% water) at 400 nL/min., followed by a 3-
min hold at 80% (80% ACN/20% water) for re-equilibration. The SCIEX X500 QTOF
was operated in positive ion mode with ESI voltage set at 5.0 kV, ion source gas 1, gas
2 = 50 psi, curtain gas = 35 and CAD gas = 7 and source temperature of 350 °C.
Calibration was done using positive calibrant with CDS system. The instrument was
operated in MS full scan mode from m/z range from 200-2000 followed by multiple
reaction monitoring high-resolution (MRM-HR) scan from 0-12 min at two different
collision energies of 20 and 35 V with DP = 20 V and accumulation time of 0.25 s. MS
survey scans for the mass range of m/z 200-2000 with DP = 20 V, CE =7 V and
accumulation time of 0.25 s and MS/MS MRM-HR scans at the same DP voltage and
CE =20 V and with Q1 unit resolution. All MS and MS/MS raw spectra from each
sample obtained by MRM-HR scan were analyzed by SCIEX OS 1.4 data analysis
system. XIC spectra were extracted from MS full scan with each MRM transition. The

glycan structure was annotated manually using GlycanMass-ExPAsy tool.
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Physicochemical data collection and analysis.

The name, amino acid sequence, structure availability (full-length or partial),
and predicted post-translational modifications (i.e.,, disulfide bonds and protein
glycosylation) for each GT enzyme were retrieved from the Uniprot database (UniProt,
2019). GT family members were annotated from the CAZy database (Lombard et al.,
2014). Amino acid sequences of full length, truncated, and SIMPLEx-fused GTs were
compiled in FASTA format. The Mw and pl were calculated in average resolution
setting using the ExPASy Bioinformatics resource portal (Wilkins et al., 1999).
Solubility prediction score was calculated using CamSol Intrinsic version 2.1
(Sormanni et al., 2015). The expression scores for all constructs were annotated based
on immunoblots in Supplementary Figure 8-7a. Correlation between protein
properties (Mw, pl, solubility prediction score, and expression score) were analyzed
using R software version 3.4.2. Specifically, scatter plots between protein properties,
generated with data points colored according to expression score, were used to
examine any possible correlations. For the correlation between expression score and
pl, datasets were analyzed as a function of expression score movement. Scatter plots
comparing the pl of SIMLPEx-GT versus GT®is constructs were created and the data
were colored according to the change in expression score. A similar approach was used
to analyze the correlation between expression score and solubility prediction score.
Because no statistical significance for the correlation between expression score and

both pI and solubility prediction score was observed, general observations from the
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plots were described instead. For the correlation between expression score and Mw,
data were categorized into 3 groups: Mw <40 kDa, Mw = 40-60 kDa, and Mw > 60 kDa,
before weighted average of expression score for each group was calculated. Both
SIMPLEx-GT and GT®s constructs were binned using the same criteria since the
added mass from SIMPLEXx fusion was constant for all constructs. Welch’s t-test was

used to analyze statistical significance for categorical datasets.

Statistical analysis.

Unless stated otherwise, experiments were performed with at least three
biological replicates and at least three technical measurements. All data were reported
as average values with error bars representing standard error of the mean (s.e.m.).
Statistical significance was determined by Welch's t-test and p-values of <0.05 were
considered significant. All graphs were generated in Microsoft Excel or R software

version 3.4.2.

Data availability.
All data generated in the study are included in this article and its
supplementary information files. Additional information and materials are available

from the corresponding author upon reasonable request.
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CHAPTER 5

CONCLUSIONS

In this dissertation, we developed cell-free tools and platforms for expression
and characterization of both bacterial and mammalian glycoenzymes, for rapid
prototyping of novel protein glycosylation pathways, and for on-demand
biomanufacturing of useful glycoproteins and glycoconjugate vaccines. This work
resulted in the significant progress in the field of synthetic glycobiology and led to a
creation of the whole new subfield concerning cell-free glycoprotein synthesis.

In Chapter 2, by combining our knowledge in bacterial glycoengineering and
cell-free biology, we made the first important progress toward fully-integrated cell-free
synthetic glycobiology (CFSG) platform by creating E. coli lysates capable of catalyzing
N-glycoproteins biosynthesis in a single pot cell-free reaction. Subsequent effort has
equipped our E. coli lysates with the ability to prepare O-glycoproteins carrying
authentic human O-glycans, although this is beyond the scope of the current
dissertation. In Chapter 3, we further engineered these glycocompetent E. coli lysates
to furnish glycoconjugate vaccines against various gram-negative bacterial pathogens.
We employed genome engineering tool and lysate lyophilization method to broaden
the applications of our glycosylation lysates toward on-demand biomanufacturing of
vaccines at the point-of-care. Together, the works described in Chapter 2-3 represent
successful creation and application of the first module in our cell-free synthetic

glycobiology system, as outline in the section 1.4.
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In Chapter 4, we described the first step in engineering cell-free glycan
elaboration, the second module in the CFSG pipeline. Glycosyltransferases (GTs) are
an important catalyst for accessing diverse glycan and glycosylated molecules, yet this
class of enzymes is known to be challenging to recombinantly express. Realizing this
bottleneck, we adopt a novel approach for improving expression and solubility of GT
enzymes. By leveraging protein engineering strategy called solubilization of the
integral membrane protein with high level of expression (SIMPLEX), we successfully
expressed over 100 GTs from diverse organisms and with distinct functions. A
collection of GTs generated here is an important resource to improve our
understanding of these GTs as well as to access customized complex glycan structures.

Glycoscience has an immense impact in basic biology and applied
biotechnology. As such, new and expanded toolkits are required to help transform the
field of glycoscience and realize its full potential across biology, chemistry, and
material science. This dissertation represents a small, yet important, effort to push the
boundary of glycoscience with a power of cell-free synthetic biology. By bridging these
two fields, we begin to systematically study natural glycosylation pathways in a well-
defined environment within cell-free reactions. In addition, we are able to use our cell-
free platforms to bottom-up engineer synthetic glycosylation system. Beyond the
works in this dissertation, we look forwards to further engineering our CFSG system
by: i) integrating tools in cell-free biology including new energy recharging system and

membrane vesicle retention techniques to improve protein synthesis yield and
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glycosylation efficiency; ii) adopting computational, statistical analysis, and machine-
learning approach to design-build-test new CFSG platforms with improved
functionalities; iii) developing microfluidic- and robotic-based cell-free glycosylation
system which would allow spatial and temporal arrangements of the glycosylation
reactions, akin to the natural processes within the ER and Golgi organelles; and iv)
coupling the existing glycoprotein synthesis reactions with other metabolic cascades
including nucleotide-activated sugar and lipid-linked oligosaccharides biosynthesis.
These improvements are anticipated to unlock a full potential of cell-free synthetic
glycobiology system and further our advancement in glycoscience and its myriad

applications.



CHAPTER 6

APPENDIX A

Supplementary information: Single-pot glycoprotein biosynthesis using a cell-free

transcription-translation system enriched with glycosylation machinery

Supplemental Table 6-1. Cost analysis of CFGpS reactions.

Component Cost ($/uL rxn) Supplier Product No
Mg(Glu): negligible Sigma 49605
NHiGlu negligible MP 02180595
KGlu negligible Sigma G1501
ATP negligible Sigma A2383
GTP 0.000265 Sigma G8877
uTP 0.000230 Sigma U6625
CTP 0.000200 Sigma C1506
Folinic acid 0.0000206 Sigma 47612
tRNA 0.000215 Roche 10109541001
Amino acids negligible homemade

PEP 0.00179 Roche 10108294001
NAD negligible Sigma N8535-15VL
CoA 0.000336 Sigma C3144
Oxalic acid negligible Sigma P0963
Putrescine negligible Sigma P5780

13 This chapter appears in the Nature Communication journal:
Jaroentomeechai, T.*, Stark, ].C.*, Natarajan, A., Glasscock, C.J., Yates, L.E., Hsu, K.J., Mrksich, M.,

Jewett, M.C. and DeLisa, M.P. (2018) Single-pot glycoprotein biosynthesis using a cell-free transcription-
translation system enriched with glycosylation machinery. Nat Commun 9: 2686.
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Spermidine negligible Sigma 52626
HEPES negligible Sigma H3375
MnCL negligible Sigma 63535
DDM 0.000358 Anatrace D310S
Plasmid negligible user-supplied

Extract 0.00737 homemade

Total 0.0108 $/uL rxn

The total cost to assemble CFGpS reactions is ~$0.01 per pL. In the table, amino
acid cost accounts for 2 mM each of the 20 canonical amino acids purchased
individually from Sigma. Extract cost is based on a single employee making 50 mL
lysate from a 10 L fermentation, assuming 30 extract batches per year and a 5-year
equipment lifetime. Component source is included in the table if it is available to
purchase directly from a supplier. Homemade or user-supplied components cannot be

purchased directly and must be prepared by the end user according to procedures

described in the Methods section.
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Supplementary Table 6-2. Plasmids used in the CFGpS study.

Plasmids Description Reference
modified pBAD expression plasmid encoding C. jejuni | [(Kowarik
pSN18 pglB with a C-terminal decahistidine affinity tag. etal.,
2006a)]
pET28a(+) plasmid encoding scFv13-R4 modified with
pET28a-scFv13-R4 | a C-terminal DQNAT glycosylation tag and two [(Ollis et
(N34L, N77L)PNAT | mutations (N34, N77L) to eliminate putative internal al., 2015¢)]
glycosylation sites.
pPMWO07 plasmid encoding C. jejuni protein
[(Ollis et
pPMWO07-pglAB glycosylation locus (pgl) with complete in-frame
al., 2014a)]
deletion of CjPglIB
pACYC plasmid encoding modified C.lari [(Schwarz
pACYCpgl2 hexasaccharide glycan biosynthesis gene cluster lacking etal.,
bacillosamine biosynthesis genes 2010)]
pACYC plasmid encoding native C.lari hexasaccharide | [(Schwarz
pACYCpgl4 hexasaccharide glycan biosynthesis gene cluster etal,
2011b)]
pEpiFOS-5 encoding the Wolinella succinogenes
pEpiFOS-5pgl5 hexasaccharide glycan biosynthesis gene cluster cloned | Lab stock
in the Eco72 site
pPMWO07 plasmid encoding MansGlcNAc: glycan
pConYCG-mCB biosynthesis genes and manCB genes for GDP-mannose | Lab stock
biosynthesis
pJL1-scFv13-R4PNAT | pJL1 plasmid encoding scFv13-R4 (N34L, N77L)PNAT This study
pJL1 plasmid encoding superfolder GFP modified after
pJL1-sfGFP217-DQNAT This study

residue T216 with 21 amino acid insertion containing
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the C. jejuni AcrA N123 glycosylation site but with an

optimal DQNAT sequon
pJL1-sfGFP217-AQNAT | same as pJL1-sfGFPPNAT but with AQNAT sequon This study
pJL1 plasmid encoding human erythropoietin with
pJL1-hEPO?DQNAT26 | native glycosylation motif surrounding N22 mutated to | This study
DONAT
pJL1 plasmid encoding human erythropoietin with
pJL1-hEPOBe-DANAT-40 | natijve glycosylation motif surrounding N38 mutated to | This study
DONAT
pJL1 plasmid encoding human erythropoietin with
pJL1-hEPOSI-PANATSS | natijve glycosylation motif surrounding N83 mutated to | This study
DOQNAT
PSN18 derivative encoding C. jejuni PglB with C- [(Ollis et
pSE-CjPglB
terminal FLAG epitope tag al., 2014a)]
pSN18-derivative encoding C. coli PglB with C-terminal | [(Ollis et
pSE-CcPglB
FLAG epitope tag al., 2014a)]
pSN18-derivative encoding D. desulfuricans PgIB with [(Ollis et
pSF-DdPglB
C-terminal FLAG epitope tag al., 2014a)]
pSN18-derivative encoding D. gigas PgIB with C- [(Ollis et
pSF-DgPglB
terminal FLAG epitope tag al., 2014a)]
pSN18-derivative encoding D. vulgaris PgIB with C- [(Ollis et
pSF-DuPglB
terminal FLAG epitope tag al., 2014a)]
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Supplementary Figure 6-1. MS analysis of scFv13-R4PQNAT glycosylated with
MansGIlcNA cz. Ni-NTA-purified scFv13-R4PNAT was subjected to in vitro glycosylation
in the presence of purified CjPglIB and organic solvent-extracted MansGIlcNAc: LLOs,
and then directly loaded into an SDS-PAGE gel. Following staining of gel with
Coomassie Brilliant Blue G-250 (inset), the glycosylated band (lane 2, indicated by red
box) was excised and submitted for MS analysis. Controls included in vitro
glycosylation reaction performed with solvent-extracted empty LLOs (lane 1) and
complete in vitro glycosylation reaction mixture lacking purified scFv13-R4PNAT

acceptor protein (lane 3). Molecular weight (MW) ladder loaded on the left. (a) Three
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extracted ion chromatograms (XIC) corresponding to mass ranges for three possible
glycopeptide products having masses consistent with the expected MansGlcNAc2
(middle), as well as MansGlcNAc: (top) and Man:GlcNAc: (bottom) attached to N273
site of scFv13- R4PNAT (mass tolerance at 5 ppm). The individually normalized level
(NL) for each glycoform indicates that only a HexsHexNAc: glycoform, which eluted
at 39.10 min with NL of 3.53E6, was decently detected in the sample (middle). A trace
amount of a HexaHexNAc: glycoform form eluted at 38.9 min with NL of 2.96E5 (top),
but no HexcHexNAc: glycoform was detected. (b) MS spectrum of the detected
glycopeptide containing an N-linked pentasaccharide consistent with MansGIcNAc: at
m/z = 1032.4583. The MS inset shows an expanded view of the glycopeptide ion with

triple charge.
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Supplementary Figure 6-2. Tandem mass spectrometry of scFv13-R4PQNAT
glycosylated with MansGlcNAc:. MS/MS spectrum of the triply-charged precursor
(m/z 1032.12), identifying the glycopeptide with core pentasaccharide (HexsHexNAcz2)
attached to residue N273 (shown in red) in scFv13-R4PNAT, A series of y-ions covering
from y1 to y4 and a second series of yions with the added mass of 203.08 Da at N273
site were found covering from y6/Y1 to y15/Y1, leading to the confident identification
of tryptic peptide 256-LISEEDLNGAALEGGDQNATGK-277 and providing direct
evidence for HexNAc as the innermost monosaccharide (Y1) attached to the N273 site.
This result is also consistent with the previous observation that a relatively tight bond

exists for the Y1-peptide compared to the fragile internal glycan bonds.
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Supplementary Figure 6-3. Crude cell extracts are enriched with glycosylation
machinery. (a) Western blot analysis of CjPglB in the following samples: (left-hand
panel) 1 ug of purified CjPglB; (center panel) crude cell extracts derived from CLM24
cells with no plasmid (empty extract), CLM24 cells carrying pMWO07-pglAB (C/LLO
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extract), CLM24 cells carrying pSF-CjPgIB (CjPgIB extract) or CLM24 cells carrying
pPMWO07-pglAB and pSF-CjPgIB (one-pot extract); and (right-hand panel) crude cell
extracts derived from CLM?24 cells carrying pSF-based plasmids encoding different
PglB homologs as indicated. Blots were probed with anti-His antibody and anti-FLAG
antibody as indicated. Molecular weight (MW) markers are indicated at left. Results
are representative of at least three biological replicates. (b) Dot blot analysis of LLOs
in the following samples: organic solvent extract from membrane fractions of CLM24
cells with no plasmid (solv-ext empty LLOs) or from CLM24 cells carrying plasmid
PMWO07-pglAB (solv-ext CjLLOs); crude cell extracts derived from CLM24 cells with
no plasmid (empty extract), CLM24 cells carrying pMWO07-pglAB (C/LLO extract) or
CLM24 cells carrying pMWO07-pglAB and pSF-CjPglB (one-pot extract). 10 ul of
extracted LLOs or crude cell extract was spotted onto nitrocellulose membrane and

probed with hR6 serum (anti-glycan).
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Supplementary Figure 6-4. Independent biological replicates for one-pot CFGpS
reactions. Western blot analysis replicated twice for both the (a) scFv13-R4PNAT and
(b) sfGFP27PQNAT gacceptor proteins produced using crude CLM24 extract selectively
enriched with (i) CjPgIB from heterologous overexpression from pSF-CjPgIB and (ii)
C/LLOs from heterologous overexpression from pMWO07-pgl B. Each replicate
experiment involved charging freshly prepared cell-free extracts with freshly purified
pJL1- scFv13-R4PNAT or pJL1-sfGFP27-PANAT plasmid DNA. Control reactions (lane 1 in
each panel) were performed using CjLLO enriched extracts that lacked CjPglB. Blots
were probed with anti-hexa-histidine antibody (anti-His) to detect acceptor proteins or
hR6 serum (anti-glycan) to detect the N-glycan. Arrows denote aglycosylated (g0) and
singly glycosylated (g1) forms of the protein targets. Molecular weight (MW) markers

are indicated at left
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Supplementary Figure 6-5. CFGpS expression of active sfGFP. In-lysate fluorescence
activity for glycosylated (one-pot CFGpS) and aglycosylated (CjLLOs extract) stGFP7-
PONAT produced in cell-free reactions charged with plasmid pJL1- stGFP?7-PQNAT (blue)
or with no plasmid DNA (red). Following 2-h reactions, cell-free reactions containing
glycosylated and aglycosylated sfGFP27PNAT were diluted 10 times with water and
then subjected to fluorescence measurement. Excitation and emission wavelengths for
sfGFP were 485 and 528 nm, respectively. Calibration curve was prepared by
measuring fluorescence intensity of aglycosylated sfGFP27PNAT expressed and
purified from E. coli cells and mixed with empty extract. Linear regression analysis
(inset) was used to calculate the concentration of glycosylated sfGFP?7-PQNAT jn the
samples, which was determined to be ~10 mg L . Data are the average of three

biological replicates and error bars represent the standard deviation of the mean.
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Supplementary Figure 6-6. CFGpS expression of active scFv antibody fragment.
Antigen-binding activity for -gal-specific scFv13-R4PNAT measured by ELISA with E.
coli-gal as immobilized antigen. The scFv13-R4PNAT acceptor was produced as a
glycosylated protein in one-pot CFGpS (red) or an aglycosylated protein in control
extracts containing CjLLOs but not CjPgIB (orange). Extracts were primed with
plasmid pJL1- scFv13-R4PANAT, Positive controls included the same scFv13-R4PNAT
protein produced in vivo by recombinant expression in E. coli in the presence
(glycosylated) or absence (aglycosylated) of glycosylation machinery. Negative
controls included extracts without plasmid and BSA. Comparing to signals from
purified protein, the concentration of glycosylated scFv13-R4PNAT was determined to
be ~20 mg L. Data are the average of three biological replicates and error bars

represent the standard deviation of the mean.
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Supplementary Figure 6-7. CFGpS-derived hEPO glycovariants stimulate cell
proliferation. Stimulation of human erythroleukemia TF-1 cell proliferation following
incubation with purified rhEPO standard or hEPO variants produced in cell-free
reactions. For CFGpS-derived hEPO glycovariants, TE-1 cells were treated with either
glycosylated hEPO variants produced in one-pot CEGpS (blue) or aglycosylated hEPO
variants produced in control extracts containing CjLLOs but not CjPgIB (red). To
produce the hEPO variants, extracts were primed with plasmid pJL1-hEPO?DQNAT-26
(N24), pJL1-hEPOseDQNAT-40 (N38), or pJL1- hEPOSIPNATS (N83). For positive control
rhEPO samples, cells were treated with serial dilutions of commercial rhEPO that was
purified from CHO cells and thus glycosylated (green). TF-1 cells incubated with
empty extracts or PBS (unstimulated) served as negative controls while RPMI media
without cells was used as the blank. Regression analysis (inset) was performed to
determine the concentration of hEPO variants in the samples, which was found to be
at~10 mg L. Data are the average of three biological replicates and error bars represent

the standard deviation of the mean.
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Figure 2a (right panel, anti-Glycan blot, flipped)
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Supplementary Figure 6-8. Full images of immunoblot presented in the main text.

Cropped area is indicated by red box. Some blots are cropped and then flipped to

make data presentation consistent throughout the manuscript. When this happened,

blot legend is marked as “flipped”.
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Supplementary Figure 8 (cont'd). Full images of immunoblot presented in the main
text. Cropped area is indicated by red box. Some blots are cropped and then flipped
to make data presentation consistent throughout the manuscript. When this

happened, blot legend is marked as “flipped”.



CHAPTER 7

APPENDIX B*

Supplementary information: On-demand, cell-free biomanufacturing of protective

conjugate vaccines at the point-of-care

Supplementary Table 7-1. Cost analysis for iVAX reactions. The total cost to assemble
iVAX reactions is calculated below. A 1 mL iVAX reaction produces two 10 pg vaccine
doses and can be assembled for $11.75. In the table, amino acid cost accounts for 2 mM
each of the 20 canonical amino acids purchased individually from Sigma. Lysate cost
is based on a single employee making 50 mL lysate from a 10 L fermentation, assuming
30 lysate batches per year and a 5-year equipment lifetime. Component source is also
included in the table if it is available to purchase directly from a supplier. Homemade
components cannot be purchased directly and must be prepared according to

procedures described in the Materials and Methods section.

Component Cost ($/mL rxn) Supplier Product No
Mg(Glu): <0.00 Sigma 49605
NH4Glu <0.00 MP 02180595
KGlu <0.00 Sigma G1501
ATP 0.01 Sigma A2383
GTP 0.27 Sigma G8877
UTP 0.23 Sigma U6625
CTP 0.20 Sigma C1506
Folinic acid 0.02 Sigma 47612

14 14 This chapter appears in the Science Advances journal:
Stark, J.C.*, Jaroentomeechai, T.*, Moeller, T.D., Dubner, R.S., Hsu, K.J., Stevenson, T.C., DeLisa, M.P.,

and Jewett, M.C. (2021) On-demand, cell-free biomanufacturing of conjugate vaccines at the point-of-
care. Sci Adv. 7: 1-15.
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tRNA 0.21 Roche 10109541001
Amino acids <0.00 homemade
PEP 1.79 Roche 10108294001
NAD 0.07 Sigma N8535-15VL
CoA 0.34 Sigma C3144
Oxalic acid <0.00 Sigma P0963
Putrescine <0.00 Sigma P5780
Spermidine <0.00 Sigma 52626
HEPES <0.00 Sigma H3375
MnCL <0.00 Sigma 63535
DDM 0.36 Anatrace D310S
Plasmid 0.88 homemade
Lysate 7.37 homemade
Total 11.75 $/mL rxn

5.88 $/dose
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Supplementary Table 7-2. Plasmids used in the iVAX study.

Plasmid Description Source
SF-CiPolB C. jejuni PglB with a C-terminal 1XFLAG epitope (Ollis et al.,
P '8 tag in pSF, a modified pBAD expression vector 2014b)
ietal.
pGAB2 F. tularensis O-PS antigen gene cluster in pLAFR1 (Cu;glllgs)t A
Celik et al.,
pPMW07-O78 E. coli O78 antigen gene cluster in pMW07 ( 8210 185) a
Val d
pJHCV32 E. coli O7 antigen gene cluster in pVK102 ( Cjo‘;:,n;;g)
) ) (Datsenko and
pKD46 Encodes A red system for recombineering Wanner, 2000b)
KD4 Encodes kanamycin resistance cassette with (Datsenko and
P upstream and downstream FRT sites Wanner, 2000b)
L (Datsenko and
pCP20 Encodes fIp for Flp-FRT recombination Wanner, 2000b)
This work;
C. jejuni PgIB with a C-terminal 1IxXFLAG epit ’
PECPBBLDE o P ularnsio LpsEimpse | Addene
g ana s pxRmp 128389
Superfolder green fluorescent protein variant
pJL1-sfGFP2V" modified after residue T216 with 21 amino acid (Jaroentomeech

DQNAT

pJL1-sfGFP21-

AQNAT

p]Ll -MBP#4DQNAT

p]Ll -PD4DQNAT

insertion containing the C. jejuni AcrA N123
glycosylation site but with an optimal DQNAT

glycosylation sequence and a C-terminal 6xHis tag

Same as pJL1 sfGFP277PQNAT but with an AQNAT
glycosylation sequence that is not modified by
CjPglB

E. coli maltose binding protein with a C-terminal
4xDOQNAT glycosylation tag and a 6xHis tag in
pJL1, a T7-driven in vitro expression vector

H. influenzae protein D with a C-terminal
4xDQNAT glycosylation tag and a 6xHis tag in

pIL1

ai et al., 2018a)

(Jaroentomeech
ai et al., 2018a)

This work;
Addgene
128390

This work;
Addgene
128391



pJL1-PorADQNAT

p]Ll _TT c*DQNAT

pJL1-
TTlight#DQNAT

pJL1-
CRM1974DQNAT

p]Ll _TT4XDQNAT

pJL1-EPADNNNS-

DQNRT

pTrc99s-ssDsbA-
MBP4DQNAT

pTrc99s-ssDsbA-
PD4xDQNAT

pTrc99s-ssDsbA-
Por A 4XDQNAT

pTrc99s-ssDsbA-
TTC4><DQNAT
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N. meningitidis PorA porin protein with a C-
terminal 4xDQNAT glycosylation tag and a 6xHis
tag in pJL1

Fragment C domain of C. tetani toxin with a C-
terminal 4xDQNAT glycosylation tag and a 6xHis
tag in pJL1

Light chain variant of C. tetani toxin containing an

inactivating E234A mutation in the enzyme active

site with a C-terminal 4xDQNAT glycosylation tag
and a 6xHis tag in pJL1

C. diphtheriae toxin variant with an inactivating
G52E mutation in the enzyme active site with a C-
terminal 4xDQNAT glycosylation tag and a 6xHis
tag in pJL1

C. tetani toxin variant containing an inactivating
E234A mutation in the enzyme active site with a C-
terminal 4xDQNAT glycosylation tag and a 6xHis
tag in pJL1

P. aeruginosa exotoxin A containing a DNNNS
glycosylation site at residue 242 and a DQNRT
glycosylation site at residue 384 and a C-terminal
6xHis tag in pJL1

E. coli maltose binding protein with an N-terminal
DsbA signal sequence for periplasmic translocation
and a C-terminal 4xDQNAT glycosylation tag and
a 6xHis tag in pTrc99s

H. influenzae protein D with an N-terminal DsbA
signal sequence for periplasmic translocation and a
C-terminal 4xDQNAT glycosylation tag and a
6xHis tag in Trc99s

N. meningitidis PorA porin protein with an N-
terminal DsbA signal sequence for periplasmic
translocation and a C-terminal 4xDQNAT
glycosylation tag and a 6xHis tag in pTrc99s

Fragment C domain of C. fetani toxin with an N-
terminal DsbA signal sequence for periplasmic

This work;
Addgene
128392

This work;
Addgene
128393

This work;
Addgene
128394

This work;
Addgene
128395

This work;
Addgene
128396

This work;
Addgene
128397

This work;
Addgene
128398

This work;
Addgene
128399

This work;
Addgene
128400

This work;
Addgene
128401



pTrc99s-ssDsbA-
TTlightHPQNAT

pTrc99s-ssDsbA-
CRM1974xDQN
AT

pTrc99s-ssDsbA-
EP ADNNNS—DQNRT
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translocation and a C-terminal 4xDQNAT
glycosylation tag and a 6xHis tag in pTrc99s

Light chain variant of C. tetani toxin containing an
inactivating E234A mutation in the enzyme active
site with an N-terminal DsbA signal sequence for
periplasmic translocation and a C-terminal
4xDQNAT glycosylation tag and a 6xHis tag in
pTrc99s

C. diphtheriae toxin variant with an inactivating G52E
mutation in the enzyme active site with an N-terminal
DsbA signal sequence for periplasmic translocation and
a C-terminal 4xDQNAT glycosylation tag and a 6xHis
tag in pTrc99s

P. aeruginosa exotoxin A containing a DNNNS
glycosylation site at residue 242 and a DQNRT
glycosylation site at residue 384 with an N-
terminal DsbA signal sequence for periplasmic
translocation and a C-terminal 6xHis tag in pTrc99s

This work;
Addgene
128402

This work;
Addgene
128403

This work;
Addgene
128404
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Supplementary Table 7-3. Primers used to generate CLM24 AlpxM. Primers used to
construct and verify the CLM24 AlpxM strain are listed below. KO primers were used
for amplification of the kanamycin resistance cassette from pKD4 with homology to
IpxM. Seq primers were used for colony PCRs and sequencing confirmation of

knockout strains.

Primer Name DNA Sequence (5’ to 3')
1M KO & TACACTATCACCAGATTGATTTTTGCCTTATCCGAAACT
x or

P GGAAAAGCATGGTGTAGGCTGGAGCTGCTTC
GCGAAGGCCTCTCCTCGCGAGAGGCTTTTTTATTTGATG

IpxM KO rev GGATAAAGATCCATATGAATATCCTCCTTAGTTCCTATT
C

IpxM seq for AGTACCGGCTTTTTTTATTTGG

IpxM seq rev CTAATACCACGCGTATTTTAACG
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Supplementary Table 7-4. Antibodies and antisera used in the iVAX study.

Target Source Dilution
Rabbit pAb to 6xHis epitope tag Abcam 1:7500
Mouse mAb FB11 to F. tularensis LPS Abcam 1:5000
Rabbit pAb to E. coli O78 antigen Abcam 1:2500
Rabbit pAb to C. diphtheriae toxin Abcam 1:2000
Rabbit pAb to C. tetani toxin Abcam 1:2000
Goat anti-rabbit IgG IR dye 680 LI-COR 1:15000-1:10000
Goat anti-rabbit IgG IR dye 800 LI-COR 1:15000-1:10000
Goat anti-mouse IgG IR dye 800 LI-COR 1:15000-1:10000
Goat anti-mouse IgG HRP Abcam 1:25,000
Goat anti-mouse IgG1 HRP Abcam 1:25,000
Goat anti-mouse IgG2a HRP Abcam 1:25,000
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Supplementary Figure 7-1. In vitro synthesis of licensed conjugate vaccine carrier
proteins is possible over a range of temperatures and can be readily optimized. (a)
14C autoradiogram analysis of soluble fractions from CFPS reactions shows no evidence
of endogenous protein translation (no DNA control) and some fraction of full-length
protein synthesis for all carriers tested. (b) With the exception of CRM197, all carriers
expressed with similar soluble yields at 25°C, 30°C, and 37°C, as measured by “C-
leucine incorporation. Values represent means and error bars represent standard

deviations of biological replicates (n = 3). (c) Soluble expression of PorA was
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improved through the addition of lipid nanodiscs to the reaction. (d) Expression of full-
length TT was enhanced by (i) performing in vitro protein synthesis in oxidizing
conditions to improve assembly of the disulfide-bonded heavy and light chains into
full-length TT and (ii) allowing reactions to run for only 2 h to minimize protease
degradation. (e) CRM197 and (f) TT produced in CFPS reactions are detected with a-
DT and a-TT antibodies, respectively, and are comparable in size to commercially
available purified DT and TT protein standards (50 ng standard loaded). Images are
representative of at least three biological replicates. Dashed line indicates samples are
from the same blot with the same exposure. Molecular weight ladders are shown at the

left of each image.
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Supplementary Figure 7-2. Glycosylation in iVAX reactions occurs in 1 h over a
range of temperatures. Kinetics of FtO-PS glycosylation at 30°C (left), 37°C, 25°C, and
room temperature (~21°C) (right) are comparable and show that protein synthesis and

glycosylation occur in the first hour of the iVAX reaction. These results demonstrate

283
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that the iVAX platform can synthesize conjugates over a range of permissible
temperatures. Top panels show signal from probing with anti-hexa-histidine
antibody (aHis) to detect the carrier protein, middle panels show signal from
probing with commercial anti-FtO-PS antibody (aFtO-PS), and bottom panels show
aHis and aFtO-PS signals merged. Images are representative of at least three

biological replicates. Molecular weight ladders are shown at the left of each image.
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Supplementary Figure 7-3. Production of conjugate vaccines against F. tularensis
using PGCT in living E. coli. (a) Conjugates were produced via PGCT in CLM24 cells
expressing CjPglB, the biosynthetic pathway for FtO-PS, and a panel of
immunostimulatory carriers including those used in licensed vaccines. (b) We
observed low expression of the licensed conjugate vaccine carrier proteins PorA and

CRM197, compared to iVAX-derived samples. Top panels show signal from probing
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with anti-hexa-histidine antibody (aHis) to detect the carrier protein, middle panels
show signal from probing with commercial anti-FtO-PS antibody (aFtO-PS), and
bottom panels show aHis and aFtO-PS signals merged. Images are representative of
at least three biological replicates. Molecular weight ladders are shown at the left of

each image.
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Supplementary Figure 7-4. The iVAX platform is modular and can be used to
synthesize clinically relevant yields of diverse conjugate vaccines. (a) Protein
synthesis and glycosylation with FtO-PS were measured in iVAX reactions producing
MBPHPNAT and PD#PNAT - After ~1 h, reactions produced ~40 ug mL™ protein, as
measured via *C-leucine incorporation, of which ~20 ug mL™ was glycosylated with
FtO-PS, as determined by densitometry. Values represent means and error bars
represent standard errors of biological replicates (1 = 2). To demonstrate modularity,
iVAX lysates were prepared from cells expressing CjPgIB and biosynthetic pathways
for either (b) the E. coli O78 antigen or (c) the E. coli O7 antigen and used to synthesize
PD*PQNAT (]eft) or sfGFP217-PNAT (right) conjugates. The structure and composition of
the repeating monomer unit for each antigen is shown. Both polysaccharide antigens

are compositionally and, in the case of the O7 antigen, structurally distinct compared
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to the F. tularensis O antigen. Blots show signal from probing with anti-hexa-histidine
antibody (aHis) to detect the carrier protein. If a commercial anti-O-PS serum or
antibody was available, it was used to confirm the identity of the conjugated O antigen
(a-EcO78 blots, panel b). Asterisk denotes bands resulting from non-specific serum
antibody binding. Images are representative of at least three biological replicates.
Dashed lines indicate samples are from nonadjacent lanes of the same blot with the

same exposure. Molecular weight ladders are shown at the left of each image.
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Supplementary Figure 7-5. Detoxified lysate production and freeze-dried reactions
scale reproducibly. (a) iVAX lysates containing CjPglB and FtO-PS were prepared
from wild-type CLM24, CLM24 AlpxM, or CLM24 AlpxM cells expressing FtLpxE.
Lysates from engineered strains retained the ability to glycosylate sfGFP27DNAT with
FtO-PS. (b) Fermentations to produce endotoxin-edited iVAX lysates were scaled from
0.5 L to 10 L. We observed similar levels glycosylation at large and small scale and

across different batches of lysate from 10 L fermentations (average glycosylation
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efficiencies of sfGFP?7-PQNAT ysing lysates from 0.5 L and 10 L fermentations were 69 +
5% and 69 + 1% by densitometry, respectively). (¢) For immunizations, we prepared
two lots of FtO-PS-conjugated MBP#PNAT and PD*PQNAT from 5 mL freeze-dried iVAX
reactions. We observed similar levels of purified protein (~200 pg) and FtO-PS
modification (66 + 11% for MBP#PNAT and 70 + 1% for PD*PANAT by densitometry)
across both carriers and lots of material. Top panels show signal from probing with
anti-hexa-histidine antibody (aHis) to detect the carrier protein, middle panels show
signal from probing with commercial anti-FtO-PS antibody (aFtO-PS), and bottom
panels show aHis and aFtO-PS signals merged. Images are representative of at least

three biological replicates. Molecular weight ladders are shown at left.
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Supplementary Figure 7-6. iVAX reactions are stable under ambient temperature
storage conditions for at least 3 months. Stability of iVAX reactions was tested over a
period of 3 months using economic packaging materials. Specifically, we vacuum
sealed reactions using a commercial FoodSaver® appliance with Dri-Card™ desiccant
cards enclosed to prevent rehydration of the iVAX pellets. At each time point, n = 3
reactions were rehydrated with plasmid encoding sfGFP?7-AQNAT (- sequon) or sfGFP?7”-
DQNAT (+ sequon). The average amount of protein synthesized across all replicates and
time points was 19.78 £ 3.12 ug mL™! (n = 12). These results show that iVAX reactions

are stable at room temperature for at least 3 months, with no observable differences in
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protein synthesis or glycosylation activity, highlighting their potential for portable, on-
demand conjugate vaccine production. Top panels show signal from probing with
anti-hexa-histidine antibody (aHis) to detect the carrier protein, middle panels show
signal from probing with commercial anti-FtO-PS antibody (aFtO-PS), and bottom
panels show aHis and aFtO-PS signals merged. Dashed lines indicate samples are
from nonadjacent lanes of the same blot with the same exposure. Molecular weight

ladders are shown at the left of each image.
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Supplementary Figure 7-7. FtLPS-specific antibody titers in vaccinated mice over
time. Six groups of BALB/c mice were immunized subcutaneously with PBS or 7.5 ug
of purified, cell-free synthesized aglycosylated MBP#PQNAT — FtO-PS-conjugated
MBPHPNAT - aglycosylated PD®PANAT - or  FtO-PS-conjugated PD#PNAT - FtO-PS-
conjugated MBP#PNAT prepared in living E. coli cells using PCGT was used as a
positive control. Each group was composed of six mice except for the PBS control
group, which was composed of five mice. Mice were boosted on days 21 and 42 with
identical doses of antigen. FtLPS-specific IgG titers were measured by ELISA in serum
collected on day -1, 35, 49, 63, and 70 following initial immunization. iVAX-derived
bioconjugates elicited significantly higher levels of FtLPS-specific IgG compared to
compared to the PBS control group in serum collected on day 35, 49, and 70 of the study
(**p < 0.01, Tukey-Kramer HSD). Values represent means and error bars represent

standard errors of FtLPS-specific IgGs detected by ELISA.



CHAPTER 8

APPENDIX C*

Supplementary information: A universal glycoenzyme biosynthesis pipeline that enables

cell-free construction and remodeling of glycans

Supplementary Table 8-1. Strains, cell lines, and plasmids used in the SIMPLEXx study.

Strain Genotype Source

Bacterial strain
F- (P80AlacZDM15,) A(lacIZY A-argF)U169 recAl

DH5a endA1 hsdR17(rk-,mk+) phoA supE44 A- thi-1 Laboratory
stock
gyrA96 relAl
BL21DE3 F- ompT gal dem lon hsdSB(rB- mB- ) A(DE3) Lal;‘t’;:liory

MiniF lysY (CamR) / fhuA2 lacZ::T7

genel [lon] ompT ahpC gal Aatt::pNEB3-r1-

cDsbC (SpecR, laclq) AtrxB sulA11 R(mcr- NEB
73:miniTn10-TetS)2 [dem] R(zgb-210::Tn10 -

TetS) endAl Agor A(mcrC-mrr)114::1S10

SHuffle® T7
Express lysY

Yeast strain

SBY49 MATa ; pep4A ::LEU2 ; prblA ::LEU2 ; ura3-52 Scott D.
his3-200 leu2-3,112 lys2-801 suc2-9 Emzi’s lab
Cell line
HEK293T Laboratory
stock

15 This chapter is in preparation for submission.
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Plasmid
pET28a(+)
pET28a-
SIMPLEx-GFP

pcDNA3
pJL1-stGFP
pYS338

pET28a-
SIMPLEXx-A25
HsFUT1

pET28a-
SIMPLEx-A28
HsFUT2
pET28a-
SIMPLEx-A34
HsFUT3
pET28a-
SIMPLEx-A172
HsFUT4
pET28a-
SIMPLEx-A34
HsFUTS5
pET28a-
SIMPLEx-A34
HsFUT6
pET28a-
SIMPLEx-A36
HsFUT7
pET28a-
SIMPLEx-A30
HsFUT8
pET28a-
SIMPLEx-A32
HsFUT9
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Description

T7 lac promoter; Kan®
AspMBP-GFP, and ApoAI*-6xHis, cloned in
pET28a; Kan®

CMV promoter; AmpR
T7 lac promoter, cell-free expression vector; Kan®
CPS promoter, Galactose inducible vector; Amp®

Chimeric gene comprised of E. coli MBP lacking
its signal peptide (K27-T395); AspMBP or cMBP),
truncated human FUT1 (A1-25), and truncated

human ApoAl (A1-43; ApoAT*) followed by 6x-
His tags, cloned in pET28a; Kan®

AspMBP-truncated human FUT2 (A1-28), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human FUT3 (A1-34), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human FUT4 (A1-172), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human FUT5 (A1-34), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human FUT6 (A1-34), and
ApoAl*-6xHis, cloned in pET28a; KanR®

AspMBP-truncated human FUT7 (A1-36), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human FUT8 (A1-30), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human FUT9 (A1-32), and
ApoATI*-6xHis, cloned in pET28a; Kan®

Source

Novagen
1

Laboratory
stock
2
Scott D.
Emr’s lab

This study

This study

This study

This study

This study

This study

This study

This study

This study



pET28a-
SIMPLEx-A31
HsFUT10
pET28a-
SIMPLEx-A24
HsFUT11
pET28a-
SIMPLEXx-A26
HsPOFUT1
pET28a-
SIMPLEXx-A34
HsST3Gall
pET28a-
SIMPLEXx-A28
HsST3Gal3
pET28a-
SIMPLEXx-A26
HsST3Gal4
pET28a-
SIMPLEXx-A25
HsST3Gal6
pET28a-
SIMPLEXx-A26
HsST6Gall
pET28a-
SIMPLEXx-
HsST6Gall
pET28a-
SIMPLEXx-A35
HsST6GalNAc1
pET28a-
SIMPLEXx-A28
HsST6GalNAc2
pET28a-
SIMPLEx-A27
HsST6GalNAc4
pET28a-
SIMPLEXx-A48
HsST8Sial
pET28a-
SIMPLEx-A23
HsST8Sia2
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AspMBP-truncated human FUT10 (A1-31), and
ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human FUT11 (A1-24), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human POFUT1 (A1-26), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ST3Gall (A1-34), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ST3Gal3 (A1-28), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ST3Gal4 (A1-26), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ST3Gal6 (A1-25), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ST6Gall (A1-26), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-human ST6Gall, and ApoAlI*-6xHis,
cloned in pET28a; Kan®

AspMBP-truncated human ST3GalNAc1 (A1-35),
and ApoAI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ST3GalNAc2 (A1-28),
and ApoAI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ST3GalNAc4 (A1-27),
and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ST8Sial (A1-48), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ST8Sia2 (A1-23), and
ApoATI*-6xHis, cloned in pET28a; Kan®

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



pET28a-
SIMPLEXx-A33
HsST8Sia3
pET28a-
SIMPLEx-A20
HsST8Sia4
pET28a-
SIMPLEx-A28
HsppGalNACcT1
pET28a-
SIMPLEx-A24
HsppGalNACcT2
pET28a-
SIMPLEx-A37
HsppGalNACT3
pET28a-
SIMPLEx-A35
HsppGalNAcT4
pET28a-
SIMPLEx-A35
HsppGalNACT5
pET28a-
SIMPLEx-A28
HsppGalNACcT6
pET28a-
SIMPLEx-A29
HsppGalNAcT7
pET28a-
SIMPLEx-A29
HsppGalNACTS8
pET28a-
SIMPLEx-A28
HsppGalNACcT9
pET28a-
SIMPLEx-A31
HsppGalNACcT1
0
pET28a-
SIMPLEx-A43
HsB3GALNT1
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AspMBP-truncated human ST8Sia3 (A1-33), and
ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ST8Sia4 (A1-20), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ppGalNAcT1 (A1-28),
and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ppGalNAcT2 (A1-24),
and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ppGalNAcT3 (A1-37),
and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ppGalNAcT4 (A1-35),
and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ppGalNAcT5 (A1-35),
and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ppGalNAcT6 (A1-28),
and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ppGalNAcT7 (A1-29),
and ApoAI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ppGalNAcT8 (A1-29),
and ApoAI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ppGalNAcT9 (A1-28),
and ApoAI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human ppGalNAcT10 (Al-
31), and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B3GALNT1 (A1-43),
and ApoAI*-6xHis, cloned in pET28a; Kan®

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



pET28a-
SIMPLEXx-A25
HsB4GALNT1
pET28a-
SIMPLEXx-A53
Hs-A-group
pET28a-
SIMPLEXx-A43
HsA4GalT
pET28a-
SIMPLEXx-A26
HsB3GalT1
pET28a-
SIMPLEXx-A45
HsB3GalT2
pET28a-
SIMPLEx-A44
HsB4GalT1
pET28a-
SIMPLEXx-A36
HsB4GalT2
pET28a-
SIMPLEx-A31
HsB4GalT3
pET28a-
SIMPLEXx-A38
HsB4GalT4
pET28a-
SIMPLEXx-A35
HsB4GalT5
pET28a-
SIMPLEXx-A35
HsB4GalTé
pET28a-
SIMPLEXx-A53
Hs-B-group
pET28a-
SIMPLEXx-A20
HsUGTS8
pET28a-
SIMPLEx-A29
HsC1GLT
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AspMBP-truncated human B4GALNT1 (A1-25),
and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human A-ABO (A1-53), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human A4GalT (A1-43), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B3GalT1 (A1-26), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B3GalT2 (A1-45), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B4GalT1 (A1-44), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B4GalT2 (A1-36), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B4GalT3 (A1-31), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B4GalT4 (A1-38), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B4GalT5 (A1-35), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B4GalT6 (A1-35), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B-ABO (A1-53), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-human UGTS, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-human C1GLT, and ApoAI*-6xHis,
cloned in pET28a; Kan®

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



pET28a-
SIMPLEx-
HsCOSMC
pET28a-
SIMPLEXx-A23
HsAlgl
pET28a-
SIMPLEx-
HsAlg2
pET28a-
SIMPLEXx-
HsAlg3
pET28a-
SIMPLEXx-A40
HsAlgl11
pET28a-
SIMPLEXx-
HsAlg12
pET28a-
SIMPLEXx-
HsAlg13
pET28a-
SIMPLEx-A24
HsAlg14
pET28a-
SIMPLEXx-
HsDPM1
pET28a-
SIMPLEXx-
HsPIGM
pET28a-
SIMPLEx-
HsPIGB
pET28a-
SIMPLEXx-
HsPIGZ
pET28a-
SIMPLEXx-A28
HsAlg5
pET28a-
SIMPLEx-
HsAlg6
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AspMBP-human COSMC, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-truncated human Alg1 (A1-23), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-human Alg2, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-human Alg3, and ApoAl*-6xHis,
cloned in pET28a; Kan®

AspMBP-truncated human Alg11 (A1-40), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-human Alg12, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-human Alg13, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-truncated human Alg14 (A1-24), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-human DPM1, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-human PIGM, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-human PIGB, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-human PIGZ, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-truncated human Alg5 (A1-28), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-human Alg6, and ApoAI*-6xHis,
cloned in pET28a; Kan®

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



pET28a-
SIMPLEXx-
HsAlg8
pET28a-
SIMPLEXx-
HsAlg10
pET28a-
SIMPLEXx-
HsUGCG
pET28a-
SIMPLEx-A27
HsB3GLCT
pET28a-
SIMPLEXx-
HsGLYG
pET28a-
SIMPLEXx-
HsPOGLUT1
pET28a-
SIMPLEXx-A29
HsGnT1
pET28a-
SIMPLEXx-A29
HsGnT2
pET28a-
SIMPLEx-A23
HsGnT3
pET28a-
SIMPLEx-A27
HsGnT4a
pET28a-
SIMPLEXx-A32
HsGCNT1
pET28a-
SIMPLEx-A23
HsGCNT2
pET28a-
SIMPLEXx-A28
HsB3GNT2
pET28a-
SIMPLEx-A31
HsB3GNT6
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AspMBP-human Alg8, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-human Alg10, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-human UGCG, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-truncated human B3GLCT (A1-27), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-human Glycogenin, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-human POGLUT1, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-truncated human GnT1 (A1-29), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human GnT2 (A1-29), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human GnT3 (A1-23), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human GnT4a (A1-27), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human GCNT1 (A1-32), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human GCNT2 (A1-23), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B3GNT2 (A1-28), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B3GNT6 (A1-31), and
ApoATI*-6xHis, cloned in pET28a; Kan®

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



pET28a-
SIMPLEXx-
HsPIGA
pET28a-
SIMPLEXx-A25
HsUGT1A1
pET28a-
SIMPLEXx-A36
HsUGT1A3
pET28a-
SIMPLEXx-A36
HsB4GAT1
pET28a-
SIMPLEXx-A28
HsXXLT1
pET28a-
SIMPLEXx-CjCstlI
pET28a-
SIMPLEx-NmPst
pET28a-
SIMPLEXx-
CjCgtB
pET28a-
SIMPLEXx-
HpLgtB
pET28a-
SIMPLEXx-
NmLgtB
pET28a-
SIMPLEx-
NgLgtB
pET28a-
SIMPLEx-
EcWbgL
pET28a-
SIMPLEx-
EcWecA
pET28a-
SIMPLEx-
LpSetA
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AspMBP-human PIGA, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-truncated human UGT1A1 (A1-25), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human UGT1A3 (A1-36), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human B4GAT1 (A1-36), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated human XXLT1 (A1-28), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-C. jejuni Cstll, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-N. meningitidis PolysiaT, and ApoAlI*-
6xHis, cloned in pET28a; Kan®

AspMBP-C. jejuni CgtB, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-H. pylori GalT, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-N. meningitidis GalT, and ApoATI*-
6xHis, cloned in pET28a; Kan®

AspMBP-N. gonorrhea GalT, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-E. coli WbgL,, and ApoATI*-6xHis, cloned
in pET28a; Kan®

AspMBP-E. coli WecA, and ApoAl*-6xHis, cloned
in pET28a; Kan®

AspMBP-L. pneumophila SetA, and ApoAI*-6xHis,
cloned in pET28a; Kan®

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



pET28a-
SIMPLEXx-
NmSynE
pET28a-
SIMPLEx-A34
ScAlgl
pET28a-
SIMPLEx-ScAlg2
pET28a-
SIMPLEXx-A45
ScAlgll
pET28a-
SIMPLEX-A30
NtGnTI
pET28a-
SIMPLEXx-A35
NtGnTII
pET28a-
SIMPLEXx-A22
BtGGTA1
pET28a-
SIMPLEXx-A60
MmGGTA1
pET28a-
SIMPLEX-A58
RnGGTA1
pET28a-
SIMPLEx-A44
BtB4GalT1
pET28a-
SIMPLEx-
HsCDK4
pET28a-
SIMPLEx-
HsCDKN2A
pET28a-
SIMPLEx-
HsEGFR_TK
pET28a-
SIMPLEx-HsFOS
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AspMBP-N. meningitidis SynE, and ApoAI*-
6xHis, cloned in pET28a; Kan®

AspMBP-truncated S. cerevisae Algl (A1-34), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-S. cerevisae Alg2, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-truncated S. cerevisae Algll (A1-45), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated N. tabacum GnTI (A1-30), and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated N. tabacum GnTII (A1-35), and

ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated B. 302aurus GGTA1 (A1-35),
and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated M. musculus GGTA1 (A1-60),
and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated R. norvergicus GGTA1 (Al-
58), and ApoAI*-6xHis, cloned in pET28a; Kan®

AspMBP-truncated B. 302aurus B4GalT1 (A1-35),
and ApoAI*-6xHis, cloned in pET28a; Kan®

AspMBP-human cyclin-dependent kinase 4, and
ApoAl*-6xHis, cloned in pET28a; KanR®

AspMBP-human cyclin-dependent kinase
inhibitor 2A, and ApoAI*-6xHis, cloned in
pET28a; Kan®

AspMBP-truncated human EGFR (P694-G1022),
and ApoAl*-6xHis, cloned in pET28a; Kan®

AspMBP-human proto-oncogene c-Fos, and
ApoATI*-6xHis, cloned in pET28a; Kan®

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



pET28a-
SIMPLEXx-
HsGATA2
pET28a-
SIMPLEXx-
HsJUN
pET28a-
SIMPLEXx-
HsMMP1
pET28a-
SIMPLEXx-
HsInsulin
pcDNA3-
SIMPLEXx-A26
HsST6Gall
pYS338-
SIMPLEXx-A26
HsST6Gall
pJL1-SIMPLEXx-
A26 HsST6Gall
pET28a-A25
HsFUT1
pET28a-A28
HsFUT2
pET28a-A34
HsFUT3
pET28a-A172
HsFUT4
pET28a-A34
HsFUT5
pET28a-A34
HsFUT6
pET28a-A36
HsFUT7
pET28a-A30
HsFUTS
pET28a-A32
HsFUT9
pET28a-A31
HsFUT10
pET28a-A24
HsFUT11
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AspMBP-human endothelial transcription factor
GATA, and ApoAI*-6xHis, cloned in pET28a;
Kan®

AspMBP-human transcription factor JUN, and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-human Interstitial collagenase, and
ApoATI*-6xHis, cloned in pET28a; Kan®

AspMBP-human insulin, and ApoAI*-6xHis,
cloned in pET28a; Kan®

AspMBP-truncated human ST6Gall (A1-26), and
ApoATI*-6xHis, cloned in pcDNA3; AmpR

AspMBP-truncated human ST6Gall (A1-26), and
ApoATI*-6xHis, cloned in pYS338; AmpR

AspMBP-truncated human ST6Gall (A1-26), and
ApoATI*-6xHis, cloned in pJL1; Kan®

Truncated human FUT1 (A1-25) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human FUT2 (A1-28) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human FUT3 (A1-34) with C-terminal
6x-His tags in pET28a; KanR®

Truncated human FUT4 (A1-172) with C-terminal
6x-His tags in pET28a; KanR®

Truncated human FUT5 (A1-34) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human FUT6 (A1-34) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human FUT7 (A1-36) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human FUTS8 (A1-30) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human FUT9 (A1-32) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human FUT10 (A1-31) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human FUT11 (A1-24) with C-terminal
6x-His tags in pET28a; Kan®

This study

This study

This study

This study

This study

This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study



pET28a-A26
HsPOFUT1
pET28a-A34
HsST3Gall
pET28a-A28
HsST3Gal3
pET28a-A26
HsST3Gal4
pET28a-A25
HsST3Gal6
pET28a-A26
HsST6Gall
pET28a-
HsST6Gall
pET28a-MBP-
A26 HsST6Gall
pET28a-A26
HsST6Gall-
ApoAl
pET28a-A35
HsST6GalNAc1
pET28a-A28
HsST6GalNAc2
pET28a-A27
HsST6GalNAc4
pET28a-A48
HsST8Sial
pET28a-A23
HsST8Sia2
pET28a-A33
HsST8Sia3
pET28a-A20
HsST8Sia4
pET28a-A28
HsppGalNACcT1
pET28a-A24
HsppGalNAcT2
pET28a-A37
HsppGalNACcT3
pET28a-A35
HsppGalNAcT4
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Truncated human POFUT1 (A1-26) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ST3Gall (A1-34) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ST3Gal3 (A1-28) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ST3Gal4 (A1-26) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ST3Gal6 (A1-25) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ST6Gall (A1-26) with C-
terminal 6x-His tags in pET28a; Kan®

Human ST6Gall with C-terminal 6x-His tags in
pET28a; Kank

AspMBP-truncated human ST6Gall (A1-26) with
C-terminal 6x-His tags in pET28a; Kan®

Truncated human ST6Gall (A1-26) with ApoAlI*-
6xHis in pET28a; Kan®

Truncated human ST6GalNAc1 (A1-35) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ST6GalNAc2 (A1-28) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ST6GalNAc4 (A1-27) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ST8Sial (A1-48) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ST8Sia2 (A1-23) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ST8Sia3 (A1-33) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ST8Sia4 (A1-20) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ppGalNAcT1 (A1-28) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ppGalNAcT2 (A1-24) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ppGalNAcT3 (A1-37) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ppGalNAcT4 (A1-35) with C-
terminal 6x-His tags in pET28a; Kan®

This study
This study
This study
This study
This study
This study
This study

This study

This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study



pET28a-A35
HsppGalNACT5
pET28a-A28
HsppGalNACcT6
pET28a-A29
HsppGalNACcT7
pET28a-A29
HsppGalNACTS
pET28a-A28
HsppGalNACT9
pET28a-A31
HsppGalNACcT1
0
pET28a-A43
HsB3GALNT1
pET28a-A25
HsB4GALNT1
pET28a-Hs-A-
group
pET28a-A43
HsA4GALT
pET28a-A26
HsB3GalT1
pET28a-A45
HsB3GalT2
pET28a-A44
HsB4GalT1
pET28a-A36
HsB4GalT2
pET28a-A31
HsB4GalT3
pET28a-A38
HsB4GalT4
pET28a-A35
HsB4GalT5
pET28a-A35
HsB4GalTé
pET28a-Hs-B-
group
pET28a-A20
HsUGTS
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Truncated human ppGalNACcT5 (A1-35) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ppGalNACcT6 (A1-28) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ppGalNACcT7 (A1-29) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ppGalNACcT8 (A1-29) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human ppGalNACcT9 (A1-28) with C-
terminal 6x-His tags in pET28a; Kan®

Truncated human ppGalNAcT10 (A1-31) with C-
terminal 6x-His tags in pET28a; Kan®

Truncated human B3GALNT1 (A1-43) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human B4GALNT1 (A1-25) with C-
terminal 6x-His tags in pET28a; Kan®

Human A-ABO with C-terminal 6x-His tags in
pET28a; KanR

Truncated human A4GALT (A1-43) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human B3GalT1 (A1-26) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human B3GalT2 (A1-45) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human B4GalT1 (A1-44) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human B4GalT2 (A1-36) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human B4GalT3 (A1-31) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human B4GalT4 (A1-38) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human B4GalT5 (A1-35) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated human B4GalT6 (A1-35) with C-
terminal 6x-His tags in pET28a; Kan®

Human B-ABO with C-terminal 6x-His tags in
pET28a; Kan®

Truncated human UGTS (A1-20) with C-terminal
6x-His tags in pET28a; Kan®

This study
This study
This study
This study

This study

This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study



pET28a-A29
HsC1GLT
pET28a-
HsCOSMC
pET28a-A23
HsAlgl

pET28a-HsAlg2

pET28a-HsAlg3

pET28a-A40
HsAlgl1

pET28a-HsAlg12

pET28a-HsAlg13

pET28a-A24
HsAlg14
pET28a-
HsDPM1

pET28a-HsPIGM
pET28a-HsPIGB

pET28a-HsPIGZ

pET28a-A28
HsAlg5

pET28a-HsAlgb
pET28a-HsAlg8

pET28a-HsAlg10

pET28a-
HsUGCG
pET28a-A27
HsB3GLCT
pET28a-
HsGLYG
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Truncated human C1GLT (A1-29) with C-
terminal 6x-His tags in pET28a; Kan®

Human COSMC with C-terminal 6x-His tags in
pET28a; Kan®

Truncated human Algl (A1-23) with C-terminal
6x-His tags in pET28a; Kan®

Human Alg2 with C-terminal 6x-His tags in
pET28a; Kan®

Human Alg3 with C-terminal 6x-His tags in
pET28a; Kank

Truncated human Alg11 (A1-40) with C-terminal
6x-His tags in pET28a; Kan®

Human Alg12 with C-terminal 6x-His tags in
pET28a; Kank

Human Alg13 with C-terminal 6x-His tags in
pET28a; Kank

Truncated human Alg14 (A1-24) with C-terminal
6x-His tags in pET28a; Kan®

Human DPM1 with C-terminal 6x-His tags in
pET28a; Kank

Human PIGM with C-terminal 6x-His tags in
pET28a; Kank

Human PIGB with C-terminal 6x-His tags in
pET28a; KanR

Human PIGZ with C-terminal 6x-His tags in
pET28a; Kan®

Truncated human Alg5 (A1-28) with C-terminal
6x-His tags in pET28a; KanR®

Human Alg6 with C-terminal 6x-His tags in
pET28a; Kan®

Human Alg8 with C-terminal 6x-His tags in
pET28a; Kan®

Human Alg10 with C-terminal 6x-His tags in
pET28a; Kan®

Human UGCG with C-terminal 6x-His tags in
pET28a; Kan®

Truncated human B3GLCT (A1-27) with C-
terminal 6x-His tags in pET28a; Kan®

Human glycogenin with C-terminal 6x-His tags
in pET28a; Kan®

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
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HsPOGLUT1
pET28a-A29
HsGnT1
pET28a-A29
HsGnT2
pET28a-A23
HsGnT3
pET28a-A27
HsGnT4a
pET28a-A32
HsGCNT1
pET28a-A23
HsGCNT2
pET28a-A28
HsB3GNT2
pET28a-A31
HsB3GNT6

pET28a-HsPIGA

pET28a-A25
HsUGT1A1
pET28a-A36
HsUGT1A3
pET28a-A36
HsB4GAT1
pET28a-A28
HsXXLT1

pET28a-CjCstll
pET28a-NmPst

pET28a-CjCgtB

pET28a-HpLgtB
pET28a-NmLgtB

pET28a-NgLgtB
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Human POGLUT1 with C-terminal 6x-His tags
in pET28a; Kan®

Truncated human GnT1 (A1-29) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human GnT2 (A1-29) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human GnT3 (A1-23) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human GnT4a (A1-27) with C-terminal
6x-His tags in pET28a; Kan®

Truncated human GCNT1 (A1-32) with C-
terminal 6x-His tags in pET28a; Kan®

Truncated human GCNT2 (A1-23) with C-
terminal 6x-His tags in pET28a; Kan®

Truncated human B3GnT2 (A1-28) with C-
terminal 6x-His tags in pET28a; Kan®

Truncated human B3GnT6 (A1-31) with C-
terminal 6x-His tags in pET28a; Kan®

Human PIGA with C-terminal 6x-His tags in
pET28a; Kank

Truncated human UGT1A1 (A1-25) with C-
terminal 6x-His tags in pET28a; Kan®

Truncated human UGT1A3 (A1-36) with C-
terminal 6x-His tags in pET28a; Kan®

Truncated human B4GAT1 (A1-36) with C-
terminal 6x-His tags in pET28a; Kan®

Truncated human XXLT1 (A1-28) with C-
terminal 6x-His tags in pET28a; Kan®

C. jejuni Cstll with C-terminal 6x-His tags in
pET28a; Kan®

N. meningitidis PolysiaT with C-terminal 6x-His
tags in pET28a; Kan®

C. jejuni CgtB with C-terminal 6x-His tags in
pET28a; Kan®

H. pylori GalT with C-terminal 6x-His tags in
pET28a; Kan®

N. meningitidis GalT with C-terminal 6x-His tags
in pET28a; Kan®

N. gonorrhea GalT with C-terminal 6x-His tags in
pET28a; Kan®

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study



pET28a-EcWbgL
pET28a-EcWecA
pET28a-LpSetA

pET28a-NmSynE

pET28a-A34
ScAlgl

pET28a-ScAlg2

pET28a-A45
ScAlgll
pET28a-A30
NtGnTI
pET28a-A35
NtGnTII
pET28a-A22
BtGGTA1
pET28a-A60
MmGGTA1
pET28a-A58
RnGGTA1
pET28a-A44
BtB4GalT1

pET28a-HsCDK4

pET28a-
HsCDKN2A

pET28a-
HsEGFR_TK

pET28a-HsFOS
pET28a-
HsGATA2

pET28a-HsJUN
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E. coli WbgL with C-terminal 6x-His tags in
pET28a; Kan®

E. coli WecA with C-terminal 6x-His tags in
pET28a; Kan®

L. pneumophila SetA with C-terminal 6x-His tags
in pET28a; Kan®

N. meningitidis SynE with C-terminal 6x-His tags
in pET28a; Kan®

Truncated S. cerevisae Algl (A1-34) with C-
terminal 6x-His tags in pET28a; Kan®

S. cerevisae Alg2 with C-terminal 6x-His tags in
pET28a; Kank

Truncated S. cerevisae Algl1 (A1-45) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated N. tabacum GnTI (A1-30) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated N. tabacum GnTII (A1-35) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated B. 308aurus GGTAT1 (A1-35) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated M. musculus GGTA1 (A1-60) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated R. norvergicus GGTA1 (A1-58) with C-
terminal 6x-His tags in pET28a; Kan®
Truncated B. 308aurus B4GalT1 (A1-35) with C-
terminal 6x-His tags in pET28a; Kan®

Human cyclin-dependent kinase 4 with C-
terminal 6x-His tags in pET28a; Kan®

Human cyclin-dependent kinase inhibitor 2A
with C-terminal 6x-His tags in pET28a; Kan®
Truncated human EGFR (P694-G1022) with C-
terminal 6x-His tags in pET28a; Kan®

Human proto-oncogene c-Fos with C-terminal
6x-His tags in pET28a; Kan®

Human endothelial transcription factor GATA
with C-terminal 6x-His tags in pET28a; Kan®
Human transcription factor JUN, and ApoAI*-
6xHis with C-terminal 6x-His tags in pET28a;
Kan®

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

This study



pET28a-
HsMMP1

pET28a-
Hslnsulin
pcDNA3 A26
HsST6Gall
pYS338-A26
HsST6Gall
pJL1- A26
HsST6Gall
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Human Interstitial collagenase, and ApoAI*-
6xHis with C-terminal 6x-His tags in pET28a;
KanR®

Human insulin with C-terminal 6x-His tags in
pET28a; Kan®

Truncated human ST6Gall (A1-26) with C-
terminal 6x-His tags in pcDNA3; AmpR®
Truncated human ST6Gall (A1-26) with C-
terminal 6x-His tags in pYS338; Amp®
Truncated human ST6Gall (A1-26) with C-
terminal 6x-His tags in pJL1; Kan®

This study

This study
This study
This study

This study
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Supplementary Table 8-2: N-glycan structures produced in this study

Glycan Symbolic Oxford Structure
Number Representation Notation
1 gb“ M3 Manal-6(Manal-3)Manp1-4GlcNAcB1-
4GIcNAc
» n %D“ Al Manal-6(GlcNAcp1-2Manal-3)Manf31-
4GlcNAc p1-4GIcNAc
3 :_g}ll‘ A2 GIcNAcB1-2Manal-6(GleNAcp1-
2Manal-3)Man 31-4GIcNAcp1-4GlcNAc
GalB1-4GlcNAcp1-2Manal-6(Galp1-
4 8:_8@“ A2G2 4GIcNAcf1-2 Manal-3)Manf1-
4GIcNAcB1-4GIcNAc
) Galp1-4GIcNAcB1-2Manal-6(NeuSAca2-
5 O—Igb-l A2G2S1 6Galp1-4GlcNAcB1-2Manal-3)Man31-
4GIcNAcf31-4 GIcNAc
Neu5Aca2-6Galp1-4GlcNAcB1-2Manal-6
6 m“ A2G2%2  (Neu5Aca2-6Galpl-4GlcNAcB1-2Manal-
3) Man31-4GIcNAcp1-4GlcNAc
GlcNAcB1-2Manal-6(GlcNAcB1-
7 { )I—T FA2 2Mana1-3) Manf31-4GlcNAcB1-4(Fucal-
6)GIcNACc
GalB1-4GlcNAcp1-2Manal-6(Galf31-
8 g:gOlr FA2G2 4GlcNAcB1-2 Manal-3)Manf31-
4GIlcNAcB1-4(Fucal-6)GlcNAc
GalB1-4GlcNAcB1-2Manal-6(NeuSAca2-
9 % FA2G2S1  6Galp1-4GlcNAcP1-2Manal-3)Manp1-
A 4GlcNACcB1-4 (Fucal-6)GlcNAc
V) NeubAca2-6GalpB1-4GlcNAcB1-2Manal-6
10 00:3}.1 ~ FA2G2S2  (Neu5Aca2-6Galpl-4GlcNAcB1-2Manal-

3) Manf31-4(Fucal-6)GlcNAcB1-4GlcNAc
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Supplementary Table 8-3: Antibodies and binding molecule used in the SIMPLEx
study

Target Source Cat. No. Dilution

Rabbit pAb to 6x-His ThermoFisher PA1-983B 1:1000

epitopeTag
Goat anti-Rabbit IgG H&L abcam ab6721 1:5000
(HRP)

Mouse anti-GAPDH Calbiochem CB1001 1:5000
Rabbit anti-GroEL Sigma G6532 1:30000
Rabbit anti-alpha tubulin abcam ab184970 1:30000

ExtrAvidin®-Peroxidase Sigma E2886 1:5000
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Supplementary Figure 8-1. Glycosyltransferase database as retrieved from the
Carbohydrate active enzyme (CAZy) database. Accumulative numbers of (a)
glycosyltransferase gene and (b) characterized glycosyltransferases in the CAZy
database as a function of time from 1999 to 2018. Data was provided by CAZy database

on November 2018.
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Supplementary Figure 8-2. SIMPLEx fusion rescues soluble expression of diverse
difficult-to-express proteins (DTEPs). Immunoblot analysis of the soluble fraction
prepared from E. coli cells expressing human-derived DTEPs as a SIMPLEXx fusion (Top
panel; SIMPLEx-DTEPs) or wild-type protein (Bottom panel; DTEPs). E. coli BL21(DE3)
strain was used to express transcription factors (GATA2, JUN, and FOS), cyclin-
dependent kinase and inhibitor (CDK4, CDN2A), while SHuffle T7 Express lysY strain
was used to express collagenase (MMP1), epidermal growth factor receptor tyrosine
kinase (EGFR-TK), and cytokine (proinsulin, INS). Blots were probed with anti-hexa-
histidine (6xHis) antibody. Results are representative of at least three biological

replicates. Molecular weight (MW) markers are shown on the left.
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SPAAC
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Supplementary Figure 8-3. Bioorthogonal chemistry-based in vitro sialytransferase
assay characterizes SIMPLEx-HsA26ST6Gall. (a) Schematic of in wvitro
sialyltransferase assay. Purified human alpha-1 antitrypsin (A1AT), which was first
treated with a2-3,6,8,9 Neuraminidase to remove native sialic acid, was used as
glycoprotein precursor. SIMPLEx-HsA26ST6Gall was then used to transfer azido-
Neu5Ac from CMP-azido-Neu5Ac onto terminal galactose of the N-glycans on A1AT.
Depicted glycans are the representative glycoforms of the native human A1AT. The
azido (Ns3-) functional group on Neub5Ac provided a chemical handle on the
glycoprotein that could be readily conjugated with carboxyrhodamine 110 fluorophore

or PEGs-biotin reporters via strain-promoted azide-alkyne cycloaddition (SPAAC)
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using dibenzocyclooctyne group (DBCO) as reactive alkyne. (b) Representative result
of the in vitro sialyltransferase assay. Following a labeling of edited-glycans on A1AT
glycoprotein with carboxyrhodamine 110, reaction mixture was separated on SDS-
PAGE gel. Fluorescence signal of the labeled glycoprotein was measured at 501/523 nm
Aex/Aem using fluorescent imager. Gel stained with Coomassie dyes was used as a
loading control. Results are representative of at least three biological replicates.
Molecular weight (MW) markers are shown on the left. (¢) Fluorescent intensity
measured in vitro sialytransferase activity of the commercial, purified A26HsST6Gall
derived from NSO Mouse myeloma cell line as a function of enzyme concentration.
Reaction without enzyme was used as negative control. Activity data are the mean of

three replicates and error bars represent standard error of the mean.
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Supplementary Figure 8-4. SIMPLEx fusion promotes solubility and expression

level of diverse GTs. Western blot analysis of the soluble (Sol), detergent-solubilized (Det),

and insoluble (Ins) fractions prepared from E. coli cells carrying plasmid pET28a(+) encoding

either SIMPLEx or WT versions of the GTs. The name of each GT is provided on top of each

immunoblot.
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Supplementary Figure 8-5. Cell density of E. coli cultures expressing
glycosyltransferase enzymes. Three representative data points for cultures expressing
SIMPLEx-GTs were labeled in blue, while those of cultures expressing GTs®!is were
labeled in red. All data points for each GT enzymes were plotted on the same axis. Final
cell density was recorded as Absen values taken after 16-18 h of overnight growth.

Results are representative of at least three biological replicates.
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Supplementary Figure 8-6. Yield quantification for different SIMPLEx-GTs. Protein
soluble yields (mg/L) were determined by purification of proteins using Ni-NTA
chromatography from 1-L cultures of E. coli carrying each SIMPLEx-GT construct as
indicated. Cultures of E. coli expressing GT®is construct served as control. Yield values

are representative of at least three biological replicates and error bars represent

standard error of the mean.
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Supplementary Figure 8-7. Expression profile of SIMPLEx-GTs identifies

physicochemical properties that correlates with successful expression.

(a)

Representative blots demonstrate the expression score assignment. Upon inspecting

band intensity of its immunoblot, each GT, as native enzyme or within SIMPLEx
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format, was categorized as non-expressor (score 0; grey circle), weak expressor (score
1; cyan circle), medium expressor (score 2; light blue circle), and strong expressor (score
3; dark blue circle). Bar graph summarizes a total number of members for each
category, comparing between SIMPLEx-GTs and GTs®is. (b) Scatter plots between
permutations of the following physicochemical properties: (i) protein’s molecular
weight excluding added mass from AspMBP and ApoAI* domains; (ii) protein’s
isoelectric point; and (iii) protein’s solubility score as calculated by Protein-Sol server.
Data point was labeled according to its expressor category. Plots were generated using

R version 3.4.2 software.
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Supplementary Figure 8-8. Relationship between protein physicochemical
properties and soluble expression. (a) Bar graphs comparing weighted average
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the p-values of less than 0.05 were considered significant. (b) Scatter plot between
protein’s isoelectric point (pl) of the wild-type and SIMPLEx-fused GT. Data point was
labeled according to its expression score movement as indicated in the legend.
Diagonal line (black color) is a theoretical line where there is no change in protein’s pl
before and after SIMPLEX fusion. Arrows represent the change toward more basic or
more acidic proteins, as indicated, following SIMPLEx fusion. Plots were generated

using R version 3.4.2 software.
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Supplementary Figure 8-9. LC-MS/MS analysis of sialylated N-glycans from the cell-

free glycan remodeling reaction. (a) HILIC-LC-MS chromatogram of the cell-free

reaction installing sialic acids on glycan 4 using SIMPLEx-HsA26ST6Gall. Schematic

reaction for the stepwise conversion of glycan 4 to 5 and 6 was provided. A1-3Man

branch, which is a preferred substrate for HsST6Gall, was highlighted in green and the

less-preferred al-6Man branch was highlighted in red. (b) MS and MS/MS spectrum

of the doubly charged glycan at m/z 966.8463. Positive ion MS/MS fragmentation

pattern confirmed the identity of A2G2S1 product. (¢) MS and MS/MS spectrum of the

doubly charged glycan at m/z 1112.3943. Positive ion MS/MS fragmentation pattern

confirmed the identity of A2G2S2 product.
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Supplementary Figure 8-10. LC-MS/MS analysis of sialylated, core-fucosylated N-
glycans from the cell-free glycan remodeling reaction. (a) HILIC-LC-MS
chromatogram of the cell-free reaction installing sialic acids on glycan 8 using
SIMPLEx-HsA265T6Gall. Schematic reaction for the stepwise conversion of glycan 8 to
9 and 10 was provided. A1-3Man branch, which is a preferred substrate for HsST6Gall,
was highlighted in green and the less-preferred al-6Man branch was highlighted in
red. (b) MS and MS/MS spectrum of the doubly charged glycan at m/z 1039.8713.
Positive ion MS/MS fragmentation pattern confirmed the identity of A2G2S1 product.
() MS and MS/MS spectrum of the doubly charged glycan at m/z 1185.4182. Positive

ion MS/MS fragmentation pattern confirmed the identity of A2G2S2 product.
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Supplementary Figure 8-11. SIMPLEx-GTs remodel glycan on therapeutic
glycoproteins. Cell-free reaction modifies: (a) N-glycan on A1Al using SIMPLEx-
ST6Gall; (b) O-glycan on mucin using SIMPLEx-ST6GalNAcl; (c) N-glycan on
glucagon peptide using SIMPLEx-GnTI; and (d) granulocyte colony-stimulating factor
(GCSF) using SIMPLEx-GalNAcT2. All reactions were followed using biorthogonal

click reaction.
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Supplementary Figure 8-12. Glycosidase sensitivity assay coupled with LC-MS
analysis confirms N-glycan identity on Trastuzumab. Intact protein analysis mode in
the LC-MS was used to detected (i) full-length Trastuzumab bearing a single
glycoform. (ii) Upon treating this IgG with Endoglycosidase S, new mass peaks were
detected, and these peaks were corresponded to the loss of one or two Man5GIcNAc
molecules, respectively. (iii) A longer incubation yielded single mass peak
corresponding to the IgG losing two Man5GIcNAc molecules. (iv) Trastuzumab
bearing Man5 glycan was insensitive to the Endo F3, an endoglycosidase that cleaves
complex N-glycan. (v) Trastuzumab bearing Man5 glycan can be modified by GnTI

enzyme which recognizes Man5 glycan as its natural substrate.
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Supplementary Figure 8-13. SIMPLEx glycoenzyme-mediated bioorthogonal
conjugation of useful chemical moieties on Trastuzumab. (a) schematic
representation of cell-free reactions modify full-length antibody with unnatural
molecules. (b) LC-MS analysis of Trastuzumab bearing either azido-N-

acetylglucosamine, biotin, or fluorescent reporter.
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Supplementary Dataset 8-1. Amino acid sequences of glycosyltransferase in the

SIMPLEx-GTs expression library

Name

full length sequence (FASTA)

HsFUT1

>FUT1

MWLRSHRQLCLAFLLVCVLSVIFFLHIHQDSFPHGLGLSILCPDRRLVTPPVAIFCLPGT
AMGPNASSSCPQHPASLSGTWTVYPNGRFGNQMGQYATLLALAQLNGRRAFILPAMHAAL
APVFRITLPVLAPEVDSRTPWRELQLHDWMSEEYADLRDPFLKLSGFPCSWTFFHHLREQ
IRREFTLHDHLREEAQSVLGQLRLGRTGDRPRTFVGVHVRRGDYLQVMPQRWKGVVGDSA
YLRQAMDWEFRARHEAPVEVVTSNGMEWCKENIDTSQGDVTFAGDGQEATPWKDFALLTQC
NHTIMTIGTFGFWAAYLAGGDTVYLANFTLPDSEFLKIFKPEAAFLPEWVGINADLSPLW
TLAKP

HsFUT2

>FUT2
MLVVQMPFSFPMAHFILFVFTVSTIFHVQQRLAKIQAMWELPVQIPVLASTSKALGPSQL
RGMWTINAIGRLGNQMGEYATLYALAKMNGRPAFIPAQMHSTLAPIFRITLPVLHSATAS
RIPWQNYHLNDWMEEEYRHIPGEYVRFTGYPCSWTFYHHLRQEILQEFTLHDHVREEAQK
FLRGLQVNGSRPGTFVGVHVRRGDYVHVMPKVWKGVVADRRYLQQALDWFRARYSSLIFV
VISNGMAWCRENIDTSHGDVVFAGDGIEGSPAKDFALLTQCNHTIMTIGTFGIWAAYLTG
GDTIYLANYTLPDSPFLKIFKPEAAFLPEWTGIAADLSPLLKH

HsFUT3

>FUT3
MDPLGAAKPQWPWRRCLAALLFQLLVAVCFESYLRVSRDDATGSPRAPSGSSRQDTTPTR
PTLLILLWTWPFHIPVALSRCSEMVPGTADCHITADRKVYPQADTVIVHHWDIMSNPKSR
LPPSPRPQGQRWIWFNLEPPPNCQHLEALDRYFNLTMSYRSDSDIFTPYGWLEPWSGQPA
HPPLNLSAKTELVAWAVSNWKPDSARVRYYQSLQAHLKVDVYGRSHKPLPKGTMMETLSR
YKFYLAFENSLHPDYITEKLWRNALEAWAVPVVLGPSRSNYERFLPPDAFIHVDDFQSPK
DLARYLQELDKDHARYLSYFRWRETLRPRSFSWALDFCKACWKLQQESRYQTVRSIAAWEF

T

HsFUT4

>FUT4
MRRLWGAARKPSGAGWEKEWAEAPQEAPGAWSGRLGPGRSGRKGRAVPGWASWPAHLAL
AARPARHLGGAGQGPRPLHSGTAPFHSRASGERQRRLEPQLQHESRCRSSTPADAWRAEAA
LPVRAMGAPWGSPTAAAGGRRGWRRGRGLPWTVCVLAAAGLTCTALITYACWGQLPPLPW
ASPTPSRPVGVLLWWEPFGGRDSAPRPPPDCRLRFNISGCRLLTDRASYGEAQAVLFHHR
DLVKGPPDWPPPWGIQAHTAEEVDLRVLDYEEAAAAAEALATSSPRPPGQRWVWMNEFESP
SHSPGLRSLASNLFENWTLSYRADSDVFVPYGYLYPRSHPGDPPSGLAPPLSRKQGLVAWV
VSHWDERQARVRYYHQLSQHVTVDVFGRGGPGQPVPEIGLLHTVARYKFYLAFENSQHLD
YITEKLWRNALLAGAVPVVLGPDRANYERFVPRGAFIHVDDFPSASSLASYLLFLDRNPA
VYRRYFHWRRSYAVHITSFWDEPWCRVCQAVQRAGDRPKSIRNLASWFER

HsFUT5

>FUT5
MDPLGPAKPQWLWRRCLAGLLFQLLVAVCFESYLRVSRDDATGSPRPGLMAVEPVTGAPN
GSRCQDSMATPAHPTLLILLWTWPENTPVALPRCSEMVPGAADCNITADSSVYPQADAVI
VHHWDIMYNPSANLPPPTRPQGQRWIWFSMESPSNCRHLEALDGYFNLTMSYRSDSDIFT
PYGWLEPWSGQPAHPPLNLSAKTELVAWAVSNWKPDSARVRYYQSLQAHLKVDVYGRSHK
PLPKGTMMETLSRYKFYLAFENSLHPDYITEKLWRNALEAWAVPVVLGPSRSNYERFLPP
DAFIHVDDFQSPKDLARYLQELDKDHARYLSYFRWRETLRPRSFSWALAFCKACWKLQQE
SRYQTVRSIAAWEFT

HsFUT6

>FUT6
MDPLGPAKPQWSWRCCLTTLLFQLLMAVCFFSYLRVSQDDPTVYPNGSRFPDSTGTPAHS
IPLILLWTWPENKPIALPRCSEMVPGTADCNITADRKVYPQADAVIVHHREVMYNPSAQL
PRSPRRQGQRWIWFSMESPSHCWQLKAMDGYFNLTMSYRSDSDIFTPY GWLEPWSGQPAH
PPLNLSAKTELVAWAVSNWGPNSARVRYYQSLQAHLKVDVYGRSHKPLPQGTMMETLSRY
KFYLAFENSLHPDYITEKLWRNALEAWAVPVVLGPSRSNYERFLPPDAFIHVDDFQSPKD
LARYLQELDKDHARYLSYFRWRETLRPRSFSWALAFCKACWKLQEESRYQTRGIAAWEFT

HsFUT7

>FUT7
MNNAGHGPTRRLRGLGVLAGVALLAALWLLWLLGSAPRGTPAPQPTITILVWHWPEFTDQP
PELPSDTCTRYGIARCHLSANRSLLASADAVVFHHRELQTRRSHLPLAQRPRGQPWVWAS
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MESPSHTHGLSHLRGIFNWVLSYRRDSDIFVPYGRLEPHWGPSPPLPAKSRVAAWVVSNF
QERQLRARLYRQLAPHLRVDVFGRANGRPLCASCLVPTVAQYRFYLSFENSQHRDYITEK
FWRNALVAGTVPVVLGPPRATYEAFVPADAFVHVDDFGSARELA AFLTGMNESRYQRFFA
WRDRLRVRLFTDWRERFCAICDRYPHLPRSQVYEDLEGWEFQA

HsFUTS8

>FUT8
MRPWTGSWRWIMLILFAWGTLLFYIGGHLVRDNDHPDHSSRELSKILAKLERLKQQNEDL
RRMAESLRIPEGPIDQGPAIGRVRVLEEQLVKAKEQIENYKKQTRNGLGKDHEILRRRIE
NGAKELWFFLQSELKKLKNLEGNELQRHADEFLLDLGHHERSIMTDLYYLSQTDGAGDWR
EKEAKDLTELVQRRITYLQNPKDCSKAKKLVCNINKGCGYGCQLHHVVYCFMIAYGTQRT
LILESQNWRYATGGWETVFRPVSETCTDRSGISTGHWSGEVKDKNVQVVELPIVDSLHPR
PPYLPLAVPEDLADRLVRVHGDPAVWWVSQFVKYLIRPQPWLEKEIEEATKKLGFKHPVI
GVHVRRTDKVGTEAAFHPIEEYMVHVEEHFQLLARRMQVDKKRVYLATDDPSLLKEAKTK
YPNYEFISDNSISWSAGLHNRYTENSLRGVILDIHFLSQADFLVCTEFSSQVCRVAYEIMQ
TLHPDASANFHSLDDIYYFGGQNAHNQIAIYAHQPRTADEIPMEPGDIIGVAGNHWDGYS
KGVNRKLGRTGLYPSYKVREKIETVKYPTYPEAEK

HsFUT9

>FUT9

MTSTSKGILRPFLIVCIILGCFMACLLIYIKPTNSWIFSPMESASSVLKMKNFEFSTKTDY
FNETTILVWVWPFGQTFDLTSCQAMFNIQGCHLTTDRSLYNKSHAVLIHHRDISWDLTNL
PQQARPPFQKWIWMNLESPTHTPQKSGIEHLFNLTLTYRRDSDIQVPYGFLTVSTNPFVF
EVPSKEKLVCWVVSNWNPEHARVKYYNELSKSIEIHTYGQAFGEYVNDKNLIPTISTCKF
YLSFENSIHKDYITEKLYNAFLAGSVPVVLGPSRENYENYIPADSFIHVEDYNSPSELAK
YLKEVDKNNKLYLSYFNWRKDFTVNLPRFWESHA CLACDHVKRHQEYKSVGNLEKWFWN

HsFUT10

>FUT10
MVRIQRRKLLASCLCVTATVFLLVTLQVMVELGKFERKEFKSSSLQDGHTKMEEAPTHLN
SFLKKEGLTFNRKRKWELDSYPIMLWWSPLTGETGRLGQCGADA CFFTINRTYLHHHMTK
AFLFYGTDFNIDSLPLPRKAHHDWAVFHEESPKNNYKLFHKPVITLENYTATFSRHSHLP
LTTQYLESIEVLKSLRYLVPLQSKNKLRKRLAPLVYVQSDCDPPSDRDSYVRELMTYIEV
DSYGECLRNKDLPQQLKNPASMDADGFYRITAQYKFILAFENAVCDDYITEKFWRPLKLG
VVPVYYGSPSITDWLPSNKSAILVSEFSHPRELASYIRRLDSDDRLYEAYVEWKLKGEIS
NQRLLTALRERKWGVQDVNQDNYIDAFECMVCTKVWANIRLQEKGLPPKRWEAEDTHLSC
PEPTVFAFSPLRTPPLSSLREMWISSFEQSKKEAQALRWLVDRNQNFSSQEFWGLVFKD

HsFUT11

>FUT11
MAAGPIRVVLVLLGVLSVCAASGHGSVAEREAGGEAEWAEPWDGAVFRPPSALGAVGVTR
SSGTPRPGREEAGDLPVLLWWSPGLFPHFPGDSERIECARGACVASRNRRALRDSRTRAL
LFYGTDFRASAAPLPRLAHQSWALLHEESPLNNFLLSHGPGIRLFNLTSTFSRHSDYPLS
LQWLPGTAYLRRPVPPPMERAEWRRRGYAPLLYLQSHCDVPADRDRYVRELMRHIPVDSY
GKCLOQNRELPTARLQDTATATTEDPELLAFLSRYKFHLALENAICNDYMTEKLWRPMHLG
AVPVYRGSPSVRDWMPNNHSVILIDDFESPQKLAEFIDFLDKNDEEYMKYLAYKQPGGIT
NQFLLDSLKHREWGVNDPLLPNYLNGFECFVCDYELARLDAEKAHAASPGDSPVFEPHIA
QPSHMDCPVPTPGFGNVEEIPENDSWKEMWLQDYWQGLDQGEALTAMIHNNETEQTKFWD
YLHEIFMKRQHL

HsPOFUT1

>POFUT1
MGAAAWARPLSVSFLLLLLPLPGMPAGSWDPAGYLLYCPCMGRFGNQADHFLGSLAFAKL
LNRTLAVPPWIEYQHHKPPFTNLHVSYQKYFKLEPLQAYHRVISLEDFMEKLAPTHWPPE
KRVAYCFEVAAQRSPDKKTCPMKEGNPFGPFWDQFHV SFENKSELFTGISFSASYREQWSQ
RFSPKEHPVLALPGAPAQFPVLEEHRPLQKYMVWSDEMVKTGEAQIHAHLVRPYVGIHLR
IGSDWKNACAMLKDGTAGSHFMASPQCVGYSRSTAAPLTMTMCLPDLKEIQRAVKLWVRS
LDAQSVYVATDSESYVPELQQLFKGKVKVVSLKPEVAQVDLYILGQADHFIGNCVSSFTA
FVKRERDLQGRPSSFFGMDRPPKLRDEF

HsST3Gall

>ST3GAL1
MVTLRKRTLKVLTFLVLFIFLTSFFLNYSHTMVATTWFPKQMVLELSENLKRLIKHRPCT
CTHCIGQRKLSAWFDERFNQTMQPLLTAQNALLEDDTYRWWLRLQREKKPNNLNDTIKEL
FRVVPGNVDPMLEKRSVGCRRCAVVGNSGNLRESSYGPEIDSHDFVLRMNKAPTAGFEAD
VGTKTTHHLVYPESFRELGDNVSMILVPFKTIDLEWVVSAITTGTISHTYIPVPAKIRVK
QDKILIYHPAFIKYVFDNWLQGHGRYPSTGILSVIFSMHVCDEVDLYGFGADSKGNWHHY
WENNPSAGAFRKTGVHDADFESNVTATLASINKIRIFKGR

HsST3Gal3

>ST3GAL3
MGLLVFVRNLLLALCLFLVLGFLYYSAWKLHLLQWEEDSNSVVLSFDSAGQTLGSEYDRL
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GFLLNLDSKLPAELATKYANFSEGACKPGYASALMTAIFPRESKPAPMFLDDSFRKWARI
REFVPPFGIKGQDNLIKAILSVTKEYRLTPALDSLRCRRCIIVGNGGVLANKSLGSRIDD
YDIVVRLNSAPVKGFEKDVGSKTTLRITYPEGAMQRPEQYERDSLFVLAGFKWQDFKWLK
YIVYKERVSASDGFWKSVATRVPKEPPEIRILNPYFIQEAAFTLIGLPENNGLMGRGNIP
TLGSVAVTMALHGCDEVAVAGFGYDMSTPNAPLHYYETVRMAAIKESWTHNIQREKEFLR
KLVKARVITDLSSGI

HsST3Gal4

>ST3GAL4
MVSKSRWKLLAMLALVLVVMVWYSISREDRYIELFYFPIPEKKEPCLQGEAESKASKLFG
NYSRDQPIFLRLEDYFWVKTPSAYELPYGTKGSEDLLLRVLAITSSSIPKNIQSLRCRRC
VVVGNGHRLRNSSLGDAINKYDVVIRLNNAPVAGYEGDVGSKTTMRLFYPESAHFDPKVE
NNPDTLLVLVAFKAMDFHWIETILSDKKRVRKGFWKQPPLIWDVNPKQIRILNPFFMEIA
ADKLLSLPMQQPRKIKQKPTTGLLAITLALHLCDLVHIAGFGYPDAYNKKQTIHYYEQIT
LKSMAGSGHNVSQEALAIKRMLEMGAIKNLTSF

HsST3Gal6

>ST3GAL6
MRGYLVAIFLSAVFLYYVLHCILWGTNVYWVAPVEMKRRNKIQPCLSKPAFASLLRFHQF
HPFLCAADEFRKIASLYGSDKFDLPYGMRTSAEYFRLALSKLQSCDLFDEFDNIPCKKCVV
VGNGGVLKNKTLGEKIDSYDVIIRMNNGPVLGHEEEVGRRTTFRLFYPESVESDPIHNDP
NTTVILTAFKPHDLRWLLELLMGDKINTNGFWKKPALNLIYKPYQIRILDPFIIRTAAYE
LLHFPKVFPKNQKPKHPTTGIIAITLAFYICHEVHLAGFKYNFSDLKSPLHYYGNATMSL
MNKNAYHNVTAEQLFLKDIEKNLVINLTQD

HsST6Gall

>S5T6Gall
MIHTNLKKKFSCCVLVFLLFAVICVWKEKKKGSYYDSFKLQTKEFQVLKSLGKLAMGSDS
QSVSSSSTQDPHRGRQTLGSLRGLAKAKPEASFQVWNKDSSSKNLIPRLOQKIWKNYLSMN
KYKVSYKGPGPGIKFSAEALRCHLRDHVNVSMVEVTDFPFNTSEWEGYLPKESIRTKAGP
WGRCAVVSSAGSLKSSQLGREIDDHDAVLRENGAPTANFQQDVGTKTTIRLMNSQLVTTE
KRFLKDSLYNEGILIVWDPSVYHSDIPKWYQNPDYNFENNYKTYRKLHPNQPFYILKPQM
PWELWDILQEISPEEIQPNPPSSGMLGIIMMTLCDQVDIYEFLPSKRKTDVCYYYQKFF
DSACTMGAYHPLLYEKNLVKHLNQGTDEDIYLLGKATLPGFRTIHC

HsST6GalNAc1

>ST6GalNAcl
MRSCLWRCRHLSQGVQWSLLLAVLVFFLFALPSFIKEPQTKPSRHQRTENIKERSLQSLA
KPKSQAPTRARRTTIYAEPVPENNALNTQTQPKAHTTGDRGKEANQAPPEEQDKVPHTAQ
RAAWKSPEKEKTMVNTLSPRGODAGMASGRTEAQSWKSQDTKTTQGNGGQTRKLTASRTV
SEKHQGKAATTAKTLIPKSQHRMLAPTGAVSTRTRQKGVTTAVIPPKEKKPQATPPPAPF
QSPTTORNQRLKAANFKSEPRWDFEEKYSFEIGGLQTTCPDSVKIKASKSLWLQKLFLPN
LTLFLDSRHFNQSEWDRLEHFAPPFGFMELNYSLVQKVVTRFPPVPQQQLLLASLPAGSL
RCITCAVVGNGGILNNSHMGQEIDSHDYVFRLSGALIKGYEQDVGTRTSFYGFTAFSLTQ
SLLILGNRGFKNVPLGKDVRYLHFLEGTRDYEWLEALLMNQTVMSKNLFWFRHRPQEAFR
EALHMDRYLLLHPDFLRYMKNRFLRSKTLDGAHWRIYRPTTGALLLLTALQLCDQVSAYG
FITEGHERFSDHYYDTSWKRLIFYINHDFKLEREVWKRLHDEGIIRLYQRPGPGTAKAKN

HsST6GalNAc2

>ST6GalNACc2
MGLPRGSFFWLLLLLTAACSGLLFALYFSAVQRYPGPAAGARDTTSFEAFFQSKASNSWT
GKGQACRHLLHLAIQRHPHFRGLFNLSIPVLLWGDLFTPALWDRLSQHKAPYGWRGLSHQ
VIASTLSLLNGSESAKLFAPPRDTPPKCIRCAVVGNGGILNGSRQGPNIDAHDYVFRLNG
AVIKGFERDVGTKTSFYGFTVNTMKNSLVSYWNLGFTSVPQGQDLQYIFIPSDIRDYVML
RSAILGVPVPEGLDKGDRPHAYFGPEASASKFKLLHPDFISYLTERFLKSKLINTHFGDL
YMPSTGALMLLTALHTCDQVSAYGFITSNYWKFSDHYFERKMKPLIFYANHDLSLEAALW
RDLHKAGILQLYQR

HsST6GalNAc4

>ST6GalNAc4
MKAPGRLVLIILCSVVFSAVYILLCCWAGLPLCLATCLDHHFPTGSRPTVPGPLHFSGYS
SVPDGKPLVREPCRSCAVVSSSGQMLGSGLGAEIDSAECVFRMNQAPTVGFEADVGQRST
LRVVSHTSVPLLLRNYSHYFQKARDTLYMVWGQGRHMDRVLGGRTYRTLLQLTRMYPGLQ
VYTFTERMMAY CDQIFQDETGKNRRQSGSFLSTGWFTMILALELCEEIVVYGMVSDSYCR
EKSHPSVPYHYFEKGRLDECQMYLAHEQAPRSAHRFITEKAVFSRWAKKRPIVFAHPSWRTE

HsST8Sial

>ST8Sial
MSPCGRARRQTSRGAMAVLAWKFPRTRLPMGASALCVVVLCWLYIFPVYRLPNEKEIVQG
VLQQGTAWRRNQTAARAFRKOQMEDCCDPAHLFAMTKMNSPMGKSMWYDGEFLYSFTIDNS
TYSLFPQATPFQLPLKKCAVVGNGGILKKSGCGRQIDEANFVMRCNLPPLSSEYTKDVGS
KSQLVTANPSIIRQRFQNLLWSRKTFVDNMKIYNHSYIYMPAFSMKTGTEPSLRVYYTLS
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DVGANQTVLFANPNFLRSIGKFWKSRGIHAKRLSTGLFLVSAALGLCEEVAIYGFWPESV
NMHEQPISHHYYDNVLPFSGFHAMPEEFLQLWYLHKIGALRMQLDPCEDTSLQPTS

HsST8Sia2

>5T8Sia2
MQLQFRSWMLAALTLLVVFLIFADISEIEEEIGNSGGRGTIRSAVNSLHSKSNRAEVVIN
GSSSPAVVDRSNESIKHNIQPASSKWRHNQTLSLRIRKQILKFLDAEKDISVLKGTLKPG
DIIHYIFDRDSTMNVSQNLYELLPRTSPLKNKHFGTCAIVGNSGVLLNSGCGQEIDAHSF
VIRCNLAPVQEYARDVGLKTDLVTMNPSVIQRAFEDLVNATWREKLLQRLHSLNGSILWI
PAFMARGGKERVEWVNELILKHHVNVRTAYPSLRLLHAVRGYWLTNKVHIKRPTTGLLMY
TLATRFCKQIYLYGFWPFPLDQNQNPVKYHYYDSLKYGYTSQASPHTMPLEFKALKSLHE
QGALKLTVGQCDGAT

HsST8Sia3

>5T8Sia3
MRNCKMARVASVLGLVMLSVALLILSLISYVSLKKENIFTTPKYASPGAPRMYMFHA GFR
SQFALKFLDPSFVPITNSLTQELQEKPSKWKFNRTAFLHQRQEILQHVDVIKNEFSLTKNS
VRIGQLMHYDYSSHKYVFSISNNFRSLLPDVSPIMNKHYNICAVVGNSGILTGSQCGQEI
DKSDFVFRCNFAPTEAFQRDVGRKTNLTTENPSILEKYYNNLLTIQDRNNFFLSLKKLDG
AILWIPAFFFHTSATVTRTLVDFFVEHRGQLKVQLAWPGNIMQHVNRYWKNKHLSPKRLS
TGILMYTLASAICEEIHLYGFWPFGFDPNTREDLPYHYYDKKGTKFTTKWQESHQLPAEF
QLLYRMHGEGLTKLTLSHCA

HsST8Sia4

>5T8Sia4
MRSIRKRWTICTISLLLIFYKTKEIARTEEHQETQLIGDGELSLSRSLVNSSDKIIRKAG
SSIFQHNVEGWKINSSLVLEIRKNILRFLDAERDVSVVKSSFKPGDVIHYVLDRRRTLNI
SHDLHSLLPEVSPMKNRRFKTCAVVGNSGILLDSECGKEIDSHNFVIRCNLAPVVEFAAD
VGTKSDFITMNPSVVQRAFGGFRNESDREKFVHRLSMLNDSVLWIPAFMVKGGEKHVEWV
NALILKNKLKVRTAYPSLRLIHAVRGYWLTNKVPIKRPSTGLLMYTLATRFCDEIHLYGF
WPFPKDLNGKAVKYHYYDDLKYRYFSNASPHRMPLEFKTLNVLHNRGALKLTTGKCVKQ

HsGalNACcT1

>GALNACT1
MRKFAYCKVVLATSLIWVLLDMFLLLYFSECNKCDEKKERGLPAGDVLEPVQKPHEGPGE
MGKPVVIPKEDQEKMKEMFKINQFNLMASEMIALNRSLPDVRLEGCKTKVYPDNLPTTSV
VIVFHNEAWSTLLRTVHSVINRSPRHMIEEIVLVDDASERDFLKRPLESY VKKLKVPVHV
IRMEQRSGLIRARLKGAAVSKGQVITFLDAHCECTVGWLEPLLARIKHDRRTVVCPIIDV
ISDDTFEYMAGSDMTYGGFNWKLNFRWYPVPQREMDRRKGDRTLPVRTPTMAGGLEFSIDR
DYFQEIGTYDAGMDIWGGENLEISFRIWQCGGTLEIVTCSHVGHVFRKATPYTFPGGTGQ
IINKNNRRLAEVWMDEFKNFFYIISPGVTKVDYGDISSRVGLRHKLQCKPFSWYLENIYP
DSQIPRHYFSLGEIRNVETNQCLDNMARKENEKVGIFNCHGMGGNQVESYTANKEIRTDD
LCLDVSKLNGPVTMLKCHHLKGNQLWEYDPVKLTLQHVNSNQCLDKATEEDSQVPSIRDC
NGSRSQQWLLRNVTLPEIF

HsGalNAcT2

>GALNACT2
MRRRSRMLLCFAFLWVLGIAYYMYSGGGSALAGGAGGGAGRKEDWNEIDPIKKKDLHHSN
GEEKAQSMETLPPGKVRWPDENQEAYVGGTMVRSGQDPYARNKFNQVESDKLRMDRAIPD
TRHDQCQRKQWRVDLPATSVVITFHNEARSALLRTVVSVLKKSPPHLIKEIILVDDYSND
PEDGALLGKIEKVRVLRNDRREGLMRSRVRGADAAQAKVLTFLDSHCECNEHWLEPLLER
VAEDRTRVVSPIIDVINMDNFQYVGASADLKGGFDWNLVFKWDYMTPEQRRSRQGNPVAP
IKTPMIAGGLFVMDKFYFEELGKYDMMMDVWGGENLEISFRVWQCGGSLEIIPCSRVGHV
FRKQHPYTFPGGSGTVFARNTRRAAEVWMDEYKNFYYAAVPSARNVPYGNIQSRLELRKK
LSCKPFKWYLENVYPELRVPDHQDIAFGALQQGTNCLDTLGHFADGVVGVYECHNAGGNQ
EWALTKEKSVKHMDLCLTVVDRAPGSLIKLQGCRENDSRQKWEQIEGNSKLRHVGSNLCL
DSRTAKSGGLSVEVCGPALSQQWKFTLNLQQ

HsGalNAcT3

>GALNACT3
MAHLKRLVKLHIKRHYHKKFWKLGAVIFFFIIVLVLMQREVSVQYSKEESRMERNMKNKN
KMLDLMLEAVNNIKDAMPKMQIGAPVRQNIDAGERPCLQGYYTAAELKPVLDRPPQDSNA
PGASGKAFKTTNLSVEEQKEKERGEAKHCFNAFASDRISLHRDLGPDTRPPECIEQKFKR
CPPLPTTSVIIVFHNEAWSTLLRTVHSVLYSSPAILLKEIILVDDASVDEYLHDKLDEYV
KQFSIVKIVRQRERKGLITARLLGATVATAETLTFLDAHCECFYGWLEPLLARIAENYTA
VVSPDIASIDLNTFEFNKPSPYGSNHNRGNFDWSLSFGWESLPDHEKQRRKDETYPIKTP
TFAGGLFSISKEYFEYIGSYDEEMEIWGGENIEMSFRVWQCGGQLEIMPCSVVGHVFRSK
SPHSFPKGTQVIARNQVRLAEVWMDEYKEIFYRRNTDA AKIVKQKAFGDLSKRFEIKHRL
QCKNFTWYLNNIYPEVYVPDLNPVISGYIKSVGQPLCLDVGENNQGGKPLIMYTCHGLGG
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NQYFEYSAQHEIRHNIQKELCLHAAQGLVQLKACTYKGHKTVVTGEQIWEIQKDQLLYNP
FLKMCLSANGEHPSLVSCNPSDPLQKWILSQND

HsGalNAcT4

>GALNACT4
MAVRWTWAGKSCLLLAFLTVAYIFVELLVSTFHASAGAGRARELGSRRLSDLQKNTEDLS
RPLYKKPPADSRALGEWGKASKLQLNEDELKQQEELIERYAINIYLSDRISLHRHIEDKR
MYECKSQKFENYRTLPTTSVIIAFYNEAWSTLLRTIHSVLETSPAVLLKEIILVDDLSDRV
YLKTQLETYISNLDRVRLIRTNKREGLVRARLIGATFATGDVLTFLDCHCECNSGWLEPL
LERIGRDETAVVCPVIDTIDWNTFEFYMQIGEPMIGGFDWRLTFQWHSVPKQERDRRISR
IDPIRSPTMAGGLFAVSKKYFQYLGTYDTGMEVWGGENLELSFRVWQCGGKLEIHPCSHV
GHVFPKRAPYARPNFLOQNTARAAEVWMDEYKEHFYNRNPPARKEAYGDISERKLLRERLR
CKSFDWYLKNVFPNLHVPEDRPGWHGAIRSRGISSECLDYNSPDNNPTGANLSLFGCHGQ
GGNQFFEYTSNKEIRFNSVTELCAEVPEQKNYVGMQNCPKDGFPVPANIIWHFKEDGTIF
HPHSGLCLSAYRTPEGRPDVQMRTCDALDKNQIWSFEK

HsGalNAcT5

>GALNACT5
MNRIRKFFRGSGRVLAFIFVASVIWLLFDMAALRLSFSEINTRVIKEDIVRRERIGFRVQ
PDQGKIFYSSIKEMKPPLRGHGKGAWGKENVRKTEESVLKVEVDLDQTQRERKMQNALGR
GKVVPLWHPAHLQTLPVTPNKQKTDGRGTKPEASSHQGTPKQTTAQGAPKTSFIAAKGTQ
VVKISVHMGRVSLKQEPRKSHSPSSDTSKLAAERDLNVTISLSTDRPKQRSQAVANERAH
PASTAVPKSGEAMALNKTKTQSKEVNANKHKANTSLPFPKFTVNSNRLRKQSINETPLGS
LSKDDGARGAHGKKLNFSESHLVIITKEEEQKADPKEVSNSKTKTIFPKVLGKSQSKHIS
RNRSEMSSSSLAPHRVPLSQTNHALTGGLEPAKINITAKAPSTEYNQSHIKALLPEDSGT
HQVLRIDVTLSPRDPKAPGQFGRPVVVPHGKEKEAERRWKEGNFNVYLSDLIPVDRAIED
TRPAGCAEQLVHNNLPTTSVIMCFVDEVWSTLLRSVHSVINRSPPHLIKEILLVDDFSTK
DYLKDNLDKYMSQFPKVRILRLKERHGLIRARLAGAQNATGDVLTFLDSHVECNVGWLEP
LLERVYLSRKKVACPVIEVINDKDMSYMTVDNFQRGIFVWPMNFGWRTIPPDVIAKNRIK
ETDTIRCPVMAGGLFSIDKSYFFELGTYDPGLDVWGGENMELSFKVWMCGGEIEIIPCSR
VGHIFRNDNPYSFPKDRMKTVERNLVRVAEVWLDEYKELFYGHGDHLIDQGLDVGNLTQQ
RELRKKLKCKSFKWYLENVFPDLRAPIVRASGVLINVALGKCISIENTTVILEDCDGSKE
LQQFNYTWLRLIKCGEWCIAPIPDKGAVRLHPCDNRNKGLKWLHKSTSVFHPELVNHIVF
ENNQQLLCLEGNFSQKILKVAACDPVKPYQKWKFEKYYEA

HsGalNAcT6

>GALNT6
MRLLRRRHMPLRLAMVGCAFVLFLFLLHRDVSSREEATEKPWLKSLVSRKDHVLDLMLEA
MNNLRDSMPKLQIRAPEAQQTLFSINQSCLPGFYTPAELKPFWERPPQDPNAPGADGKAF
QKSKWTPLETQEKEEGYKKHCFNAFASDRISLQRSLGPDTRPPECVDQKFRRCPPLATTS
VIIVFHNEAWSTLLRTVYSVLHTTPAILLKEIILVDDASTEEHLKEKLEQYVKQLQVVRV
VRQEERKGLITARLLGASVAQAEVLTFLDAHCECFHGWLEPLLARIAEDKTVVVSPDIVT
IDLNTFEFAKPVQRGRVHSRGNFDWSLTFGWETLPPHEKQRRKDETYPIKSPTFAGGLFS
ISKSYFEHIGTYDNQMEIWGGENVEMSFRVWQCGGQLEIIPCSVVGHVFRTKSPHTFPKG
TSVIARNQVRLAEVWMDSYKKIFYRRNLQAAKMAQEKSFGDISERLQLREQLHCHNFSWY
LHNVYPEMFVPDLTPTFYGAIKNLGTNQCLDVGENNRGGKPLIMYSCHGLGGNQYFEYTT
QRDLRHNIAKQLCLHVSKGALGLGSCHFTGKNSQVPKDEEWELAQDQLIRNSGSGTCLTS
QDKKPAMAPCNPSDPHQLWLFV

HsGalNAcT7

>GALNT?
MRLKIGFILRSLLVVGSFLGLVVLWSSLTPRPDDPSPLSRMREDRDVNDPMPNRGGNGLA
PGEDRFKPVVPWPHVEGVEVDLESIRRINKAKNEQEHHAGGDSQKDIMQRQYLTFKPQTF
TYHDPVLRPGILGNFEPKEPEPPGVVGGPGEKAKPLVLGPEFKQAIQASIKEFGFNMVAS
DMISLDRSVNDLRQEECKYWHYDENLLTSSVVIVFHNEGWSTLMRTVHSVIKRTPRKYLA
EIVLIDDFSNKEHLKEKLDEYIKLWNGLVKVFRNERREGLIQARSIGAQKAKLGQVLIYL
DAHCEVAVNWYAPLVAPISKDRTICTVPLIDVINGNTYEIIPQGGGDEDGYARGAWDWSM
LWKRVPLTPQEKRLRKTKTEPYRSPAMAGGLFAIEREFFFELGLYDPGLQIWGGENFEIS
YKIWQCGGKLLFVPCSRVGHIYRLEGWQGNPPPIYVGSSPTLKNYVRVVEVWWDEYKDYF
YASRPESQALPYGDISELKKFREDHNCKSFKWFMEEIAYDITSHYPLPPKNVDWGEIRGF
ETAYCIDSMGKTNGGFVELGPCHRMGGNQLFRINEANQLMQYDQCLTKGADGSKVMITHC
NLNEFKEWQYFKNLHRFTHIPSGKCLDRSEVLHQVFISNCDSSKTTQKWEMNNIHSV

HsGalNAcT8

>GALNTS
MMFWRKLPKALFIGLTLAIAVNLLLVFSSKGTLQNLFTGGLHRELPLHLNKRYGAVIKRL
SHLEVELQDLKESMKLALRQQENVNSTLKRAKDEVRPLLKAMETKVNETKKHKTQMKLEFP
HSQLFRQWGEDLSEAQQKAAQDLFRKFGYNAYLSNQLPLNRTIPDTRDYRCLRKTYPSQL
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PSLSVILIFVNEALSIIQRAITSIINRTPSRLLKEIILVDDESSNGELKVHLDEKIKLYN
QKYPGLLKIIRHPERKGLAQARNTGWEAATADVVAILDAHIEVNVGWAEPILARIQEDRT
VIVSPVEDNIRFDTFKLDKYELAVDGFNWELWCRYDALPQAWIDLHDVTAPVKSPSIMGI
LAANRHFLGEIGSLDGGMLIYGGENVELSLRVWQCGGKVEILPCSRIAHLERHHKPYALD
LTAALKRNALRVAEIWMDEHKHMVYLAWNIPLONSGIDFGDVSSRMALREKLKCKTFDWY
LKNVYPLLKPLHTIVGYGRMKNLLDENVCLDQGPVPGNTPIMYYCHEFSSQNVYYHLTGE
LYVGQLIAEASASDRCLTDPGKAEKPTLEPCSKAAKNRLHIYWDFKPGGAVINRDTKRCL
EMKKDLLGSHVLVLQTCSTQVWEIQHTVRDWGQTNSQ

HsGalNAcT9

>GALNT9
MAVARKIRTLLTVNILVFVGIVLESVYCRLQGRSQELVRIVSGDRRVRSRHAKVGTLGDR
EAILQRLDHLEEVVYNQLNGLAKPIGLVEGPGGLGQGGLAATLRDDGQEAEGKYEEYGYN
AQLSDRISLDRSIPDYRPRKCRQMSYAQDLPQVSVVFIFVNEALSVILRSVHSVVNHTPS
QLLKEVILVDDNSDNVELKFNLDQYVNKRYPGLVKIVRNSRREGLIRARLQGWKAATAPV
VGFFDAHVEFNTGWAEPALSRIREDRRRIVLPAIDNIKYSTFEVQQYANAAHGYNWGLRC
MYIIPPQDWLDRGDESAPIRTPAMIGCSFVVDREYFGDIGLLDPGMEVYGGENVELGMRV
WQCGGSMEVLPCSRVAHIERTRKPYNNDIDYYAKRNALRAAEVWMDDEFKSHVYMAWNIPM
SNPGVDFGDVSERLALRQRLKCRSFKWYLENVYPEMRVYNNTLTYGEVRNSKASAYCLDQ
GAEDGDRAILYPCHGMSSQLVRYSADGLLQLGPLGSTAFLPDSKCLVDDGTGRMPTLKKC
EDVARPTQRLWDFTQSGPIVSRATGRCLEVEMSKDANFGLRLVVQRCSGQKWMIRNWIKH
ARH

HsGalNACcT10

>GALNT10
MRRKEKRLLQAVALVLAALVLLPNVGLWALYRERQPDGTPGGSGAAVAPAAGQGSHSRQK
KTFFLGDGQKLKDWHDKEAIRRDAQRVGNGEQGRPYPMTDAERVDQAYRENGFENIYVSDK
ISLNRSLPDIRHPNCNSKRYLETLPNTSIHIPFHNEGWSSLLRTVHSVLNRSPPELVAEI
VLVDDFSDREHLKKPLEDYMALFPSVRILRTKKREGLIRTRMLGASVATGDVITFLDSHC
EANVNWLPPLLDRIARNRKTIVCPMIDVIDHDDFRYETQAGDAMRGAFDWEMY YKRIPIP
PELQKADPSDPFESPVMAGGLFAVDRKWFWELGGYDPGLEIWGGEQYEISFKVWMCGGRM
EDIPCSRVGHIYRKYVPYKVPAGVSLARNLKRVAEVWMDEYAEYIYQRRPEYRHLSAGDV
AVQKKLRSSLNCKSFKWFMTKIAWDLPKFYPPVEPPAAAWGEIRNVGTGLCADTKHGALG
SPLRLEGCVRGRGEAAWNNMQVFTFTWREDIRPGDPQHTKKFCFDAISHTSPVTLYDCHS
MKGNQLWKYRKDKTLYHPVSGSCMDCSESDHRIFMNTCNPSSLTQQWLFEHTNSTVLEKF
NRN

HsB3GALNT1

>B3GALNT1
MASALWTVLPSRMSLRSLKWSLLLLSLLSFFVMWYLSLPHYNVIERVNWMYFYEYEPIYR
QDFHFTLREHSNCSHQNPFLVILVTSHPSDVKARQAIRVTWGEKKSWWGYEVLTFFLLGQ
EAEKEDKMLALSLEDEHLLYGDIIRQDFLDTYNNLTLKTIMAFRWVTEFCPNAKYVMKTD
TDVFINTGNLVKYLLNLNHSEKFFTGYPLIDNYSYRGFYQKTHISYQEYPFKVFPPYCSG
LGYIMSRDLVPRIYEMMGHVKPIKFEDVYVGICLNLLKVNIHIPEDTNLFFLYRIHLDVC
QLRRVIAAHGFSSKEIITFWQVMLRNTTCHY

HsB4GALNT1

>B4GALNT1
MWLGRRALCALVLLLACASLGLLYASTRDAPGLRLPLAPWAPPQSPRRPELPDLAPEPRY
AHIPVRIKEQVVGLLAWNNCSCESSGGGLPLPFQKQVRAIDLTKAFDPAELRAASATREQ
EFQAFLSRSQSPADQLLIAPANSPLQYPLQGVEVQPLRSILVPGLSLQAASGQEVYQVNL
TASLGTWDVAGEVTGVTLTGEGQADLTLVSPGLDQLNRQLQLVTYSSRSYQTNTADTVRF
STEGHEAAFTIRIRHPPNPRLYPPGSLPQGAQYNISALVTIATKTFLRYDRLRALITSIR
RFYPTVTVVIADDSDKPERVSGPYVEHYLMPFGKGWFAGRNLAVSQVTTKYVLWVDDDFV
FTARTRLERLVDVLERTPLDLVGGAVREISGFATTYRQLLSVEPGAPGLGNCLRQRRGFH
HELVGFPGCVVTDGVVNFFLARTDKVREVGFDPRLSRVAHLEFFLDGLGSLRVGSCSDVV
VDHASKLKLPWTSRDAGAETYARYRYPGSLDESQMAKHRLLFFKHRLQCMTSQ

HsA-ABO

>A-ABO
MAEVLRTLAGKPKCHALRPMILFLIMLVLVLEGYGVLSPRSLMPGSLERGFCMAVREPDH
LQRVSLPRMVYPQPKVLTPCRKDVLVVTPWLAPIVWEGTENIDILNEQFRLONTTIGLTV
FAIKKYVAFLKLFLETAEKHFMVGHRVHYYVFTDQPAAVPRVTLGTGRQLSVLEVRAYKR
WQDVSMRRMEMISDFCERRFLSEVDYLVCVDVDMEFRDHVGVEILTPLEGTLHPGFYGSS
REAFTYERRPQSQAYIPKDEGDFYYLGGFFGGSVQEVQRLTRACHQAMMVDQANGIEAVW
HDESHLNKYLLRHKPTKVLSPEYLWDQQLLGWPAVLRKLRFTAVPKNHQAVRNP

HsA4GALT

>A4GALT
MSKPPDLLLRLLRGAPRQRVCTLFIIGFKFTFFVSIMIYWHVVGEPKEKGQLYNLPAEIP
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CPTLTPPTPPSHGPTPGNIFFLETSDRTNPNFLFMCSVESAARTHPESHVLVLMKGLPGG
NASLPRHLGISLLSCFPNVQMLPLDLRELFRDTPLADWYAAVQGRWEPYLLPVLSDASRI
ALMWKFGGIYLDTDFIVLKNLRNLTNVLGTQSRYVLNGAFLAFERRHEFMALCMRDFVDH
YNGWIWGHQGPQLLTRVFKKWCSIRSLAESRACRGVTTLPPEAFYPIPWQDWKKYFEDIN
PEELPRLLSATYAVHVWNKKSQGTRFEATSRALLAQLHARYCPTTHEAMKMYL

HsB3GalT1

>B3GalT1
MASKVSCLYVLTVVCWASALWYLSITRPTSSYTGSKPESHLTVARKNFTFEGNIRTRPINP
HSFEFLINEPNKCEKNIPFLVILISTTHKEFDARQAIRETWGDENNFKGIKIATLFLLGK
NADPVLNQMVEQESQIFHDIIVEDFIDSYHNLTLKTLMGMRWVATFCSKAKYVMKTDSDI
FVNMDNLIYKLLKPSTKPRRRYFTGYVINGGPIRDVRSKWYMPRDLYPDSNYPPFCSGTG
YIFSADVAELIYKTSLHTRLLHLEDVYVGLCLRKLGIHPFQNSGFNHWKMAYSLCRYRRV
ITVHQISPEEMHRIWNDMSSKKHLRC

HsB3GalT2

>B3GalT2
MLQWRRRHCCFAKMTWNAKRSLFRTHLIGVLSLVFLFAMFLFFNHHDWLPGRAGFKENPV
TYTFRGFRSTKSETNHSSLRNIWKETVPQTLRPQTATNSNNTDLSPQGVTGLENTLSANG
SIYNEKGTGHPNSYHFKYIINEPEKCQEKSPFLILLIAAEPGQIEARRAIRQTWGNESLA
PGIQITRIFLLGLSIKLNGYLQRAILEESRQYHDIIQQEYLDTYYNLTIKTLMGMNW VAT
YCPHIPYVMKTDSDMFVNTEYLINKLLKPDLPPRHNYFTGYLMRGYAPNRNKDSKWYMPP
DLYPSERYPVFCSGTGYVFSGDLAEKIFKVSLGIRRLHLEDVYVGICLAKLRIDPVPPPN
EFVFNHWRVSYSSCKYSHLITSHQFQPSELIKYWNHLQQNKHNACANAAKEKAGRYRHRK
LH

HsB4GalT1

>B4GalT1
MRLREPLLSGSAAMPGASLQRACRLLVAVCALHLGVTLVYYLAGRDLSRLPQLVGVSTPL
QGGSNSAAAIGQSSGELRTGGARPPPPLGASSQPRPGGDSSPVVDSGPGPASNLTSVPVP
HTTALSLPACPEESPLLVGPMLIEFNMPVDLELVAKQNPNVKMGGRYAPRDCVSPHKVAI
IIPFRNRQEHLKYWLYYLHPVLQRQQLDYGIYVINQAGDTIFNRAKLLNVGFQEALKDYD
YTCFVESDVDLIPMNDHNAYRCFSQPRHISVAMDKFGFSLPYVQYFGGVSALSKQQFLTI
NGFPNNYWGWGGEDDDIFNRLVFRGMSISRPNAVVGRCRMIRHSRDKKNEPNPQRFDRIA
HTKETMLSDGLNSLTYQVLDVQRYPLYTQITVDIGTPS

HsB4GalT2

>B4GalT2
MSRLLGGTLERVCKAVLLLCLLHFLVAVILYFDVYAQHLAFFSRFSARGPAHALHPAASS
SSSSSNCSRPNATASSSGLPEVPSALPGPTAPTLPPCPDSPPGLVGRLLIEFTSPMPLER
VQRENPGVLMGGRYTPPDCTPAQTVAVIIPFRHREHHLRYWLHYLHPILRRQRLRYGVYV
INQHGEDTFNRAKLLNVGFLEALKEDAAYDCFIFSDVDLVPMDDRNLYRCGDQPRHFAIA
MDKFGFRLPYAGYFGGVSGLSKAQFLRINGFPNEYWGWGGEDDDIFNRISLTGMKISRPD
IRIGRYRMIKHDRDKHNEPNPQRFTKIQNTKLTMKRDGIGSVRYQVLEVSRQPLFTNITV
DIGRPPSWPPRG

HsB4GalT3

>B4GalT3
MLRRLLERPCTLALLVGSQLAVMMYLSLGGFRSLSALFGRDQGPTFDYSHPRDVYSNLSH
LPGAPGGPPAPQGLPYCPERSPLLVGPVSVSFSPVPSLAEIVERNPRVEPGGRYRPAGCE
PRSRTAIIVPHRAREHHLRLLLYHLHPFLQRQQLAYGIYVIHQAGNGTFNRAKLLNVGVR
EALRDEEWDCLFLHDVDLLPENDHNLYVCDPRGPRHVAVAMNKFGYSLPYPQYFGGVSAL
TPDQYLKMNGFPNEYWGWGGEDDDIATRVRLAGMKISRPPTSVGHYKMVKHRGDKGNEEN
PHRFDLLVRTQNSWTQDGMNSLTYQLLARELGPLYTNITADIGTDPRGPRAPSGPRYPPG
SSQAFRQEMLQRRPPARPGPLSTANHTALRGSH

HsB4GalT4

>B4GalT4
MGFNLTFHLSYKFRLLLLLTLCLTVVGWATSNYFVGAIQEIPKAKEFMANFHKTLILGKG
KTLTNEASTKKVELDNCPSVSPYLRGQSKLIFKPDLTLEEVQAENPKVSRGRYRPQECKA
LORVAILVPHRNREKHLMYLLEHLHPFLQRQQLDYGIYVIHQAEGKKFNRAKLLNVGYLE
ALKEENWDCFIFHDVDLVPENDFNLYKCEEHPKHLVVGRNSTGYRLRYSGYFGGVTALSR
EQFFKVNGFSNNYWGWGGEDDDLRLRVELQRMKISRPLPEVGKYTMVFHTRDKGNEVNAE
RMKLLHQVSRVWRTDGLSSCSYKLVSVEHNPLYINITVDFWEFGA

HsB4GalT5

>B4GalT5
MRARRGLLRLPRRSLLAALFFFSLSSSLLYFVYVAPGIVNTYLFMMQAQGILIRDNVRTI
GAQVYEQVLRSAYAKRNSSVNDSDYPLDLNHSETFLQTTTFLPEDFTYFANHTCPERLPS
MKGPIDINMSEIGMDYIHELFSKDPTIKLGGHWKPSDCMPRWKYV AILIPFRNRHEHLPVL
FRHLLPMLQRQRLQFAFYVVEQVGTQPFNRAMLFNVGFQEAMKDLDWDCLIFHDVDHIPE
SDRNYYGCGQMPRHFATKLDKYMYLLPYTEFFGGVSGLTVEQFRKINGFPNAFWGWGGED
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DDLWNRVQNAGYSVSRPEGDTGKYKSIPHHHRGEVQFLGRYALLRKSKERQGLDGLNNLN
YFANITYDALYKNITVNLTPELAQVNEY

HsB4GalT6

>B4GalT6
MSVLRRMMRVSNRSLLAFIFFFSLSSSCLYFIYVAPGIANTYLEMVQARGIMLRENVKTI
GHMIRLYTNKNSTLNGTDYPEGNNSSDYLVQTTTYLPENFTYSPYLPCPEKLPYMRGFLN
VNVSEVSFDEIHQLFSKDLDIEPGGHWRPKDCKPRWKVAVLIPFRNRHEHLPIFFLHLIP
MLQKQRLEFAFYVIEQTGTQPFNRAMLFENVGFKEAMKDSVWDCVIFHDVDHLPENDRNYY
GCGEMPRHFAAKLDKYMYILPYKEFFGGVSGLTVEQFRKINGFPNAFWGWGGEDDDLWNR
VHYAGYNVTRPEGDLGKYKSIPHHHRGEVQFLGRYKLLRYSKERQYIDGLNNLIYRPKIL
VDRLYTNISVNLMPELAPIEDY

HsB-ABO

>B-ABO
MAEVLRTLAGKPKCHALRPMILFLIMLVLVLFGYGVLSPRSLMPGSLERGFCMAVREPDH
LORVSLPRMVYPQPKVLTPCRKDVLVVTPWLAPIVWEGTENIDILNEQFRLONTTIGLTV
FAIKKYVAFLKLFLETAEKHFMVGHRVHYYVFTDQPAAVPRVTLGTGRQLSVLEVRAYKR
WQDVSMRRMEMISDFCERRFLSEVDYLVCVDVDMEFRDHVGVEILTPLFGTLHPGFYGSS
REAFTYERRPQSQAYIPKDEGDFYYLGGFFGGSVQEVQRLTRACHQAMMVDQANGIEAVW
HDESHLNKYLLRHKPTKVLSPEYLWDQQLLGWPAVLRKLRFTAVPKNHQAVRNP

HsUGTS

>UGTS8
MKSYTPYFILLWSAVGIAKAAKIIVPPIMFESHMYIFKTLASALHERGHHTVFLLSEGR
DIAPSNHYSLQRYPGIFNSTTSDAFLQSKMRNIFSGRLTAIELFDILDHYTKNCDLMVGN
HALIQGLKKEKFDLLLVDPNDMCGFVIAHLLGVKYAVESTGLWYPAEVGAPAPLAYVPEF
NSLLTDRMNLLQRMKNTGVYLISRLGVSFLVLPKYERIMQKYNLLPEKSMYDLVHGSSLW
MLCTDVALEFPRPTLPNVVYVGGILTKPASPLPEDLQRWVNGANEHGFVLVSFGAGVKYL
SEDIANKLAGALGRLPQKVIWRFSGPKPKNLGNNTKLIEWLPQNDLLGHSKIKAFLSHGG
LNSIFETIYHGVPVVGIPLEGDHYDTMTRVQAKGMGILLEWKTVTEKELYEALVKVINNP
SYRQRAQKLSEIHKDQPGHPVNRTIYWIDYIIRHNGAHHLRAAVHQISFCQYFLLDIAFV
LLLGAALLYFLLSWVTKFIYRKIKSLWSRNKHSTVNGHYHNGILNGKYKRNGHIKHEKKVK

HsC1GLT

>CIGLT
MASKSWLNFLTFLCGSAIGFLLCSQLFSILLGEKVDTQPNVLHNDPHARHSDDNGQNHLE
GQMNFNADSSQHKDENTDIAENLYQKVRILCWVMTGPQNLEKKAKHVKATWAQRCNKVLF
MSSEENKDFPAVGLKTKEGRDQLYWKTIKAFQYVHEHYLEDADWFLKADDDTYVILDNLR
WLLSKYDPEEPIYFGRRFKPYVKQGYMSGGAGYVLSKEALKRFVDAFKTDKCTHSSSIED
LALGRCMEIMNVEAGDSRDTIGKETFHPFVPEHHLIKGYLPRTFWYWNYNYYPPVEGPGC
CSDLAVSFHYVDSTTMYELEYLVYHLRPYGYLYRYQPTLPERILKEISQANKNEDTKVKLGNP

HsCOSMC

>COSMC
MLSESSSFLKGVMLGSIFCALITMLGHIRIGHGNRMHHHEHHHLQAPNKEDILKISEDER
MELSKSFRVYCIILVKPKDVSLWAAVKETWTKHCDKAEFFSSENVKVFESINMDTNDMWL
MMRKAYKYAFDKYRDQYNWFFLARPTTFAIIENLKYFLLKKDPSQPFYLGHTIKSGDLEY
VGMEGGIVLSVESMKRLNSLLNIPEKCPEQGGMIWKISEDKQLAVCLKYAGVFAENAEDA
DGKDVENTKSVGLSIKEAMTYHPNQVVEGCCSDMAVTENGLTPNQMHVMMYGVYRLRAFG
HIFNDALVFLPPNGSDND

HsAlgl

>ALG1
MAASCLVLLALCLLLPLLLLGGWKRWRRGRAARHVVAVVLGDVGRSPRMQYHALSLAMHG
FSVTLLGFCNSKPHDELLQNNRIQIVGLTELQSLAVGPRVFQYGVKVVLQAMYLLWKLMW
REPGAYIFLQONPPGLPSIAVCWFVGCLCGSKLVIDWHNYGYSIMGLVHGPNHPLVLLAKW
YEKFFGRLSHLNLCVTNAMREDLADNWHIRAVTVYDKPASFFKETPLDLQHRLFMKLGSM
HSPFRARSEPEDPVTERSAFTERDAGSGLVTRLRERPALLVSSTSWTEDEDFSILLAALE
KFEQLTLDGHNLPSLVCVITGKGPLREYYSRLIHQKHFQHIQVCTPWLEAEDYPLLLGSA
DLGVCLHTSSSGLDLPMKVVDMFGCCLPVCAVNFKCLHELVKHEENGLVFEDSEELAAQL
QMLESNFPDPAGKLNQFRKNLRESQQLRWDESWVQTVLPLVMDT

HsAlg2

>ALG2
MAEEQGRERDSVPKPSVLFLHPDLGVGGAERLVLDAALALQARGCSVKIWTAHYDPGHCF
AESRELPVRCAGDWLPRGLGWGGRGAAVCAYVRMVFLALYVLFLADEEFDVVVCDQVSAC
IPVFRLARRRKKILFYCHFPDLLLTKRDSFLKRLYRAPIDWIEEYTTGMADCILVNSQFT
AAVFKETFKSLSHIDPDVLYPSLNVTSFDSVVPEKLDDLVPKGKKFLLLSINRYERKKNL
TLALEALVQLRGRLTSQDWERVHLIVAGGYDERVLENVEHYQELKKMVQQSDLGQYVTFL
RSFSDKQKISLLHSCTCVLYTPSNEHFGIVPLEAMYMQCPVIAVNSGGPLESIDHSVTGF
LCEPDPVHFSEAIEKFIREPSLKATMGLAGRARVKEKFSPEAFTEQLYRYVTKLLV
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HsAlg3

>ALG3
MAAGLRKRGRSGSAAQAEGLCKQWLQRAWQERRLLLREPRYTLLVAACLCLAEVGITFWV
IHRVAYTEIDWKAYMAEVEGVINGTYDYTQLQGDTGPLVYPAGFVYIFMGLYYATSRGTD
IRMAQNIFAVLYLATLLLVFLIYHQTCKVPPFVFFEMCCASYRVHSIFVLRLFNDPVAMV
LLFLSINLLLAQRWGWGCCFFSLAVSVKMNVLLFAPGLLFLLLTQFGFRGALPKLGICAG
LQVVLGLPFLLENPSGYLSRSFDLGRQFLFHWTVNWRFLPEALFLHRAFHLALLTAHLTL
LLLFALCRWHRTGESILSLLRDPSKRKVPPQPLTPNQIVSTLFTSNFIGICFSRSLHYQF
YVWYFHTLPYLLWAMPARWLTHLLRLLVLGLIELSWNTYPSTSCSSAALHICHAVILLQL
WLGPQPFPKSTQHSKKAH

HsAlgll

>ALG11
MAAGERSWCLCKLLRFFYSLFFPGLIVCGTLCVCLVIVLWGIRLLLQRKKKLVSTSKNGK
NOMVIAFFHPYCNAGGGGERVLWCALRALQKKYPEAVYVVYTGDVNVNGQQILEGAFRRF
NIRLIHPVQFVFLRKRYLVEDSLYPHFTLLGQSLGSIFLGWEALMQCVPDVYIDSMGYAF
TLPLFKYIGGCQVGSYVHYPTISTDMLSVVKNQNIGFNNAAFITRNPFLSKVKLIYYYLF
AFIYGLVGSCSDVVMVNSSWTLNHILSLWKVGNCTNIVYPPCDVQTFLDIPLHEKKMTPG
HLLVSVGQFRPEKNHPLQIRAFAKLLNKKMVESPPSLKLVLIGGCRNKDDELRVNQLRRL
SEDLGVQEYVEFKINIPFDELKNYLSEATIGLHTMWNEHFGIGVVECMAAGTIILAHNSG
GPKLDIVVPHEGDITGFLAESEEDYAETIAHILSMSAEKRLQIRKSARASVSRESDQEFE
VTFLSSVEKLFK

HsAlg12

>ALG12
MAGKGSSGRRPLLLGLLVAVATVHLVICPYTKVEESFNLQATHDLLYHWQDLEQYDHLEF
PGVVPRTFLGPVVIAVESSPAVYVLSLLEMSKFYSQLIVRGVLGLGVIFGLWTLQKEVRR
HFGAMVATMFCWVTAMQFHLMFYCTRTLPNVLALPVVLLALAAWLRHEWARFIWLSAFAI
IVFRVELCLFLGLLLLLALGNRKVSVVRALRHAVPAGILCLGLTVAVDSYFWRQLTWPEG
KVLWYNTVLNKSSNWGTSPLLWYFYSALPRGLGCSLLFIPLGLVDRRTHAPTVLALGFMA
LYSLLPHKELRFITYAFPMLNITAARGCSYLLNNYKKSWLYKAGSLLVIGHLVVNAAYSA
TALYVSHENYPGGVAMQRLHQLVPPQTDVLLHIDVAAAQTGVSRFLQVNSAWRYDKREDV
QPGTGMLAYTHILMEAAPGLLALYRDTHRVLASVVGTTGVSLNLTQLPPENVHLQTKLVL
LERLPRPS

HsAlgl3

>ALG13MKCVFVTVGTTSFDDLIACVSAPDSLQKIESLGYNRLILQIGRGTVVPEPFSTESFTLDV
YRYKDSLKEDIQKADLVISHAGAGSCLETLEKGKPLVVVINEKLMNNHQLELAKQLHKEG
HLFYCTCSTLPGLLQSMDLSTLKCYPPGQPEKFSAFLDKVVGLQK

HsAlgl4

>ALG14
MVCVLVLAAAAGAVAVFLILRIWVVLRSMDVTPRESLSILVVAGSGGHTTEILRLLGSLS
NAYSPRHYVIADTDEMSANKINSFELDRADRDPSNMYTKYYITHRIPRSREVQQSWPSTVF
TTLHSMWLSFPLIHRVKPDLVLCNGPGTCVPICVSALLLGILGIKKVIIVYVESICRVET
LSMSGKILFHLSDYFIVQWPALKEKYPKSVYLGRIV

HsDPM1

>DPM1
MASLEVSRSPRRSRRELEVRSPRQNKYSVLLPTYNERENLPLIVWLLVKSFSESGINYEI
MIDDGSPDGTRDVAEQLEKIYGSDRILLRPREKKLGLGTAYIHGMKHATGNYIIIMDAD
LSHHPKFIPEFIRKQKEGNFDIVSGTRYKGNGGVYGWDLKRKIISRGANFLTQILLRPGA
SDLTGSFRLYRKEVLEKLIEKCVSKGYVFQMEMIVRARQLNYTIGEVPISFVDRVYGESK
LGGNEIVSFLKGLLTLFATT

HsPIGM

>PIGM
MGSTKHWGEWLLNLKVAPAGVFGVAFLARVALVFYGVFQDRTLHVRYTDIDYQVFTDAAR
FVTEGRSPYLRATYRYTPLLGWLLTPNIYLSELFGKFLFISCDLLTAFLLYRLLLLKGLG
RRQACGYCVFWLLNPLPMAVSSRGNADSIVASLVLMVLYLIKKRLVACAAVFYGFAVHMK
IYPVTYILPITLHLLPDRDNDKSLRQFRYTFQACLYELLKRLCNRAVLLFVAVAGLTFFA
LSFGFYYEYGWEFLEHTYFYHLTRRDIRHNFSPYFYMLYLTAESKWSFSLGIAAFLPQLI
LLSAVSFAYYRDLVFCCFLHTSIFVTFNKVCTSQYFLWYLCLLPLVMPLVRMPWKRAVVL
LMLWFIGQAMWLAPAYVLEFQGKNTFLFIWLAGLFFLLINCSILIQIISHYKEEPLTERIKYD

HsPIGB

>PIGB
MRRPLSKCGMEPGGGDASLTLHGLQNRSHGKIKLRKRKSTLYFNTQEKSARRRGDLLGEN
IYLLLFTIALRILNCFLVQTSFVPDEYWQSLEVSHHMVFENYGYLTWEWTERLRSYTYPLI
FASIYKILHLLGKDSVQLLIWIPRLAQALLSAVADVRLYSLMKQLENQEVARWVFFCQLC
SWEFTWYCCTRTLTNTMETVLTIHALFYYPLEGSKSMNSVKYSSLVALAFIIRPTAVILWT
PLLFRHFCQEPRKLDLILHHFLPVGFVTLSLSLMIDRIFFGQWTLVQFNFLKFNVLONWG
TFYGSHPWHW YFSQGFPVILGTHLPFFIHGCYLAPKRYRILLVTVLWTLLVYSMLSHKEF
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RFIYPVLPFCMVFCGYSLTHLKTWKKPALSFLFLSNLFLALYTGLVHQRGTLDVMSHIQK
VCYNNPNKSSASIFIMMPCHSTPYYSHVHCPLPMRFLQCPPDLTGKSHYLDEADVFYLNP
LNWLHREFHDDASLPTHLITFSILEEEISAFLISSNYKRTAVFFHTHLPEGRIGSHIYVY
ERKLKGKFENMKMKF

HsPIGZ

>PIGZ
MQICGSSVASVAAGTSFQVLGPVCWQQLDLKMAVRVLWGGLSLLRVLWCLLPQTGYVHPD
EFFQSPEVMAEDILGVQAARPWEFYPSSSCRSVLFPLLISGSTFWLLRLWEELGPWPGLV
SGYALLVGPRLLLTALSFALDGAVYHLAPPMGADRWNALALLSGSYVTLVFYTRTFSNTI
EGLLFTWLLVLVSSHVTWGPTRKEPAPGPRWRSWLLGGIVAAGFFNRPTFLAFAVVPLYL
WGTRGATNPGLKSLTREALVLLPGAALTAAVFVATDSWYFSSPATSRNLVLTPVNFLHYN
LNPONLARHGTHARLTHLAVNGFLLFGVLHAQALQAAWQRLQVGLQASAQMGLLRALGAR
SLLSSPRSYLLLLYFMPLALLSAFSHQEARFLIPLLVPLVLLCSPQTQPVPWKGTVVLEN
ALGALLFGCLHQGGLVPGLEYLEQVVHAPVLPSTPTHYTLLFTHTYMPPRHLLHLPGLGA
PVEVVDMGGTEDWALCQTLKSFTRQPACQVAGGPWLCRLFVVTPGTTRRAVEKCSFPFKN
ETLLFPHLTLEDPPALSSLLSGAWRDHLSLHIVELGEET

HsAlg5

>ALG5
MAPLLLQLAVLGAALAAAALVLISIVAFTTATKMPALHRHEEEKFFLNAKGQKETLPSIW
DSPTKQLSVVVPSYNEEKRLPVMMDEALSYLEKRQKRDPAFTYEVIVVDDGSKDQTSKVA
FKYCQKYGSDKVRVITLVKNRGKGGAIRMGIFSSRGEKILMADADGATKFPDVEKLEKGL
NDLQPWPNQMAIACGSRAHLEKESIAQRSYFRTLLMYGFHFLVWFLCVKGIRDTQCGFKL
FTREAASRTFSSLHVERWAFDVELLYIAQFFKIPIAEIAVNWTEIEGSKLVPFWSWLQMG
KDLLFIRLRYLTGAWRLEQTRKMN

HsAlg6

>ALG6
MEKWYLMTVVVLIGLTVRWTVSLNSYSGAGKPPMFGDYEAQRHWQEITFNLPVKQWYENS
SDNNLQYWGLDYPPLTAYHSLLCAYVAKFINPDWIALHTSRGYESQAHKLFMRTTVLIAD
LLIYIPAVVLYCCCLKEISTKKKIANALCILLYPGLILIDYGHFQYNSVSLGFALWGVLG
ISCDCDLLGSLAFCLAINYKQMELYHALPFFCFLLGKCFKKGLKGKGFVLLVKLACIVVA
SFVLCWLPFFTEREQTLQVLRRLFPVDRGLFEDKVANIWCSFNVFLKIKDILPRHIQLIM
SFCSTFLSLLPACIKLILQPSSKGFKFTLVSCALSFFLFSFQVHEKSILLVSLPVCLVLS
EIPFMSTWFLLVSTFSMLPLLLKDELLMPSVVTTMAFFIACVTSFSIFEKTSEEELQLKS
FSISVRKYLPCFTFLSRIIQYLFLISVITMVLLTLMTVTLDPPQKLPDLFSVLVCFVSCL
NFLFFLVYFNIIMWDSKSGRNQKKIS

HsAlg8

>ALG8
MAALTIATGTGNWFSALALGVTLLKCLLIPTYHSTDFEVHRNWLAITHSLPISQWYYEAT
SEWTLDYPPFFAWFEYILSHVAKYFDQEMLNVHNLNYSSSRTLLFQRFSVIFMDVLFVYA
VRECCKCIDGKKVGKELTEKPKFILSVLLLWNFGLLIVDHIHFQYNGFLFGLMLLSIARL
FQKRHMEGAFLFAVLLHFKHIYLYVAPAYGVYLLRSYCFTANKPDGSIRWKSFSEVRVIS
LGLVVFLVSALSLGPFLALNQLPQVFSRLFPFKRGLCHAYWAPNFWALYNALDKVLSVIG
LKLKFLDPNNIPKASMTSGLVQQFQHTVLPSVTPLATLICTLIAILPSIFCLWFKPQGPR
GFLRCLTLCALSSFMFGWHVHEKAILLAILPMSLLSVGKAGDASIFLILTTTGHYSLFPL
LFTAPELPIKILLMLLFTTYSISSLKTLFRKEKPLFNWMETFYLLGLGPLEVCCEFVFPF
TSWKVKYPFIPLLLTSVYCAVGITYAWFKLYVSVLIDSAIGKTKKQ

HsAlgl0

>AIG10
MAQLEGYCFSAALSCTFLVSCLLFSAFSRALREPYMDEIFHLPQAQRYCEGHEFSLSQWDP
MITTLPGLYLVSVGVVKPAIWIFAWSEHVVCSIGMLRFVNLLFSVGNFYLLYLLFHKVQP
RNKAASSIQRVLSTLTLAVFPTLYFFNFLYYTEAGSMFFTLFAYLMCLYGNHKTSAFLGF
CGFMFRQTNIIWAVFCAGNVIAQKLTEAWKTELQKKEDRLPPIKGPFAEFRKILQFLLAY
SMSFKNLSMLFCLTWPYILLGFLFCAFVVVNGGIVIGDRSSHEACLHFPQLFYFFSFTLF
FSFPHLLSPSKIKTFLSLVWKHGILFLVVTLVSVFLVWKFTYAHKYLLADNRHYTFYVWK
RVFQRYAILKYLLVPAYIFAGWSIADSLKSKPIFWNLMFFICLFIVIVPQKLLEFRYFIL
PYVIYRLNITLPPTSRLVCELSCYAIVNFITFYIFLNKTFQWPNSQDIQRFMW

HsUGCG

>UGCG
MALLDLALEGMAVFGFVLFLVLWLMHFMAITYTRLHLNKKATDKQPYSKLPGVSLLKPLK
GVDPNLINNLETFFELDYPKYEVLLCVQDHDDPAIDVCKKLLGKYPNVDARLFIGGKKVG
INPKINNLMPGYEVAKYDLIWICDSGIRVIPDTLTDMVNQMTEKVGLVHGLPYVADRQGF
AATLEQVYFGTSHPRYYISANVTGFKCVTGMSCLMRKDVLDQAGGLIAFAQYIAEDYFMA
KAIADRGWRFAMSTQVAMQNSGSYSISQFQSRMIRWTKLRINMLPATIICEPISECFVAS
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LIGWAAHHVFRWDIMVFEMCHCLAWEFIFDYIQLRGVQGGTLCFSKLDYAVAWFIRESMT
IYIFLSALWDPTISWRTGRYRLRCGGTAEEILDV

HsB3GLCT

>B3GLCT
MRPPACWWLLAPPALLALLTCSLAFGLASEDTKKEVKQSQDLEKSGISRKNDIDLKGIVF
VIQSQSNSFHAKRAEQLKKSILKQAADLTQELPSVLLLHQLAKQEGAWTILPLLPHESVT
YSRNSSWIFFCEEETRIQIPKLLETLRRYDPSKEWFLGKALHDEEATIIHHYAFSENPTV
FKYPDFAAGWALSIPLVNKLTKRLKSESLKSDFTIDLKHEIALYIWDKGGGPPLTPVPEF
CTNDVDFYCATTFHSFLPLCRKPVKKKDIFVAVKTCKKFHGDRIPIVKQTWESQASLIEY
YSDYTENSIPTVDLGIPNTDRGHCGKTFAILERFLNRSQDKTAWLVIVDDDTLISISRLQ
HLLSCYDSGEPVFLGERYGYGLGTGGYSYITGGGGMVFSREAVRRLLASKCRCYSNDAPD
DMVLGMCFSGLGIPVTHSPLFHQARPVDYPKDYLSHQVPISFHKHWNIDPVKVYFTWLAP
SDEDKARQETQKGFREEL

HsGLYG

>GLYG
MTDQAFVTLTTNDAYAKGALVLGSSLKQHRTTRRLVVLATPQVSDSMRKVLETVFDEVIM
VDVLDSGDSAHLTLMKRPELGVTLTKLHCWSLTQYSKCVEMDADTLVLANIDDLFDREEL
SAAPDPGWPDCFNSGVFVYQPSVETYNQLLHLASEQGSFDGGDQGILNTFFSSWATTDIR
KHLPFIYNLSSISIYSYLPAFKVFGASAKVVHFLGRVKPWNYTYDPKTKSVKSEAHDPNM
THPEFLILWWNIFTTNVLPLLQQFGLVKDTCSYVNVLSDLVYTLAFSCGFCRKEDVSGAI
SHLSLGEIPAMAQPFVSSEERKERWEQGQADYMGADSFDNIKRKLDTYLQ

HsPOGLUT1

>POGLUT1
MEWWASSPLRLWLLLFLLPSAQGRQKESGSKWKVFIDQINRSLENYEPCSSQNCSCYHGV
IEEDLTPFRGGISRKMMAEVVRRKLGTHYQITKNRLYRENDCMFPSRCSGVEHFILEVIG
RLPDMEMVINVRDYPQVPKWMEPAIPVFSESKTSEYHDIMYPAWTFWEGGPAVWPIYPTG
LGRWDLFREDLVRSAAQWPWKKKNSTAYFRGSRTSPERDPLILLSRKNPKLVDAEYTKNQ
AWKSMKDTLGKPAAKDVHLVDHCKYKYLFNFRGVAASFRFKHLFLCGSLVFHVGDEWLEF
FYPQLKPWVHYIPVKTDLSNVQELLQFVKANDDVAQEIAERGSQFIRNHLQMDDITCYWE
NLLSEYSKFLSYNVTRRKGYDQIPKMLKTEL

HsGnT1

>MGAT1
MLKKQSAGLVLWGAILFVAWNALLLLFFWTRPAPGRPPSVSALDGDPASLTREVIRLAQD
AEVELERQRGLLQQIGDALSSQRGRVPTAAPPAQPRVPVTPAPAVIPILVIACDRSTVRR
CLDKLLHYRPSAELFPIIVSQDCGHEETAQAIASYGSAVTHIRQPDLSSIAVPPDHRKFQ
GYYKIARHYRWALGQVFRQFRFPAAVVVEDDLEVAPDFFEYFRATYPLLKADPSLWCVSA
WNDNGKEQMVDASRPELLYRTDFFPGLGWLLLAELWAELEPKWPKAFWDDWMRRPEQRQG
RACIRPEISRTMTFGRKGVSHGQFFDQHLKFIKLNQQFVHFTQLDLSYLQREAYDRDFLA
RVYGAPQLQVEKVRTNDRKELGEVRVQYTGRDSFKAFAKALGVMDDLKSGVPRAGYRGIV
TFQFRGRRVHLAPPLTWEGYDPSWN

HsGnT2

>MGAT2
MRFRIYKRKVLILTLVVAACGFVLWSSNGRQRKNEALAPPLLDAEPARGAGGRGGDHPSV
AVGIRRVSNVSAASLVPAVPQPEADNLTLRYRSLVYQLNFDQTLRNVDKAGTWAPRELVL
VVQVHNRPEYLRLLLDSLRKAQGIDNVLVIFSHDFWSTEINQLIAGVNFCPVLQVFFPES
IQLYPNEFPGSDPRDCPRDLPKNAALKLGCINAEYPDSFGHYREAKFSQTKHHWWWKLHF
VWERVKILRDYAGLILFLEEDHYLAPDFYHVFKKMWKLKQQECPECDVLSLGTYSASRSF
YGMADKVDVKTWKSTEHNMGLALTRNAYQKLIECTDTFCTYDDYNWDWTLQYLTVSCLPK
FWKVLVPQIPRIFHAGD CGMHHKKTCRPSTQSAQIESLLNNNKQYMFPETLTISEKFTVV
AISPPRKNGGWGDIRDHELCKSYRRLQ

HsGnT3

>MGAT3
MKMRRYKLFLMFCMAGLCLISFLHFFKTLSYVTFPRELASLSPNLVSSFFWNNAPVTPQA
SPEPGGPDLLRTPLYSHSPLLQPLPPSKAAEELHRVDLVLPEDTTEYFVRTKAGGVCFKP
GTKMLERPPPGRPEEKPEGANGSSARRPPRYLLSARERTGGRGARRKWVECVCLPGWHGP
SCGVPTVVQYSNLPTKERLVPREVPRRVINAINVNHEFDLLDVRFHELGDVVDAFVVCES
NFTAYGEPRPLKFREMLTNGTFEYIRHKVLYVFLDHFPPGGRQDGWIADDYLRTFLTQDG
VSRLRNLRPDDVFIIDDADEIPARDGVLFLKLYDGWTEPFAFHMRKSLYGFFWKQPGTLE
VVSGCTVDMLQAVYGLDGIRLRRRQYYTMPNFRQYENRTGHILVQWSLGSPLHFAGWHCS
WCFTPEGIYFKLVSAQNGDFPRWGDYEDKRDLNYIRGLIRTGGWFDGTQQEYPPADPSEH
MYAPKYLLKNYDRFHYLLDNPYQEPRSTAAGGWRHRGPEGRPPARGKLDEAEV

HsGnT4a

>MGAT4A
MRLRNGTVATALAFITSFLTLSWYTTWQNGKEKLIAYQREFLALKERLRIAEHRISQRSS
ELNTIVQQFKRVGAETNGSKDALNKFSDNTLKLLKELTSKKSLQVPSIYYHLPHLLKNEG
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SLQPAVQIGNGRTGVSIVMGIPTVKREVKSYLIETLHSLIDNLYPEEKLDCVIVVFIGET
DIDYVHGVVANLEKEFSKEISSGLVEVISPPESYYPDLTNLKETFGDSKERVRWRTKQNL
DYCFLMMYAQEKGIYYIQLEDDIIVKQNYFNTIKNFALQLSSEEWMILEFSQLGFIGKMF
QAPDLTLIVEFIFMFYKEKPIDWLLDHILWVKVCNPEKDAKHCDRQKANLRIRFRPSLEQ
HVGLHSSLSGKIQKLTDKDYMKPLLLKIHVNPPAEVSTSLKVYQGHTLEKTYMGEDFFWA
ITPIAGDYILFKFDKPVNVESYLFHSGNQEHPGDILLNTTVEVLPFKSEGLEISKETKDK
RLEDGYFRIGKFENGVAEGMVDPSLNPISAFRLSVIQNSAVWAILNEIHIKKATN

HsGCNT1

>GCNT1
MLRTLLRRRLESYPTKYYFMVLVLSLITESVLRIHQKPEFVSVRHLELAGENPSSDINCT
KVLQGDVNEIQKVKLEILTVKFKKRPRWTPDDYINMTSDCSSFIKRRKYIVEPLSKEEAE
FPIAYSIVVHHKIEMLDRLLRATYMPQNFYCIHVDTKSEDSYLAAVMGIASCESNVFVAS
RLESVVYASWSRVQADLNCMKDLYAMSANWKYLINLCGMDFPIKTNLEIVRKLKLLMGEN
NLETERMPSHKEERWKKRYEVVNGKLTNTGTVKMLPPLETPLFSGSAYFVVSREYVGYVL
QNEKIQKLMEWAQDTYSPDEYLWATIQRIPEVPGSLPASHKYDLSDMQAVARFVKWQYFE
GDVSKGAPYPPCDGVHVRSVCIFGAGDLNWMLRKHHLFANKFDVDVDLFAIQCLDEHLRH
KALETLKH

HsGCNT2

>GCNT2
MMGSWKHCLFSASLISALIFVFVYNTELWENKRFLRAALSNASLLAEACHQIFEGKVFYP
TENALKTTLDEATCYEYMVRSHYVTETLSEEEAGFPLAYTVTIHKDFGTFERLFRAITYMP
QNVYCVHLDQKATDAFKGAVKQLLSCFPNAFLASKKESVVYGGISRLQADLNCLEDLVAS
EVPWKYVINTCGQDFPLKTNREIVQYLKGFKGKNITPGVLPPDHAVGRTKYVHQELLNHK
NSYVIKTTKLKTPPPHDMVIYFGTAYVALTRDFANFVLQDQLALDLLSWSKDTYSPDEHF
WVTLNRIPGVPGSMPNASWTGNLRAIKWSDMEDRHGGCHGHY VHGICIYGNGDLKWLVNS
PSLFANKFELNTYPLTVECLELRHRERTLNQSETAIQPSWYF

HsB3GNT2

>B3GNT2
MSVGRRRIKLLGILMMANVEFIYFIMEVSKSSSQEKNGKGEVIIPKEKFWKISTPPEAYWN
REQEKLNRQYNPILSMLTNQTGEAGRLSNISHLNYCEPDLRVTSVVTGFNNLPDRFKDFL
LYLRCRNYSLLIDQPDKCAKKPFLLLAIKSLTPHFARRQAIRESWGQESNAGNQTVVRVF
LLGQTPPEDNHPDLSDMLKFESEKHQDILMWNYRDTFFNLSLKEVLFLRWVSTSCPDTEF
VFKGDDDVFVNTHHILNYLNSLSKTKAKDLFIGDVIHNAGPHRDKKLKYYIPEVVYSGLY
PPYAGGGGFLYSGHLALRLYHITDQVHLYPIDDVYTGMCLQKLGLVPEKHKGFRTFDIEE
KNKNNICSYVDLMLVHSRKPQEMIDIWSQLQSAHLKC

HsB3GNT6

>B3GNT6
MAFPCRRSLTAKTLACLLVGVSFLALQQWFLQAPRSPREERSPQEETPEGPTDAPAADEP
PSELVPGPPCVANASANATADFEQLPARIQDFLRYRHCRHFPLLWDAPAKCAGGRGVFLL
LAVKSAPEHYERRELIRRTWGQERSYGGRPVRRLFLLGTPGPEDEARAERLAELVALEAR
EHGDVLQWAFADTFLNLTLKHLHLLDWLAARCPHARFLLSGDDDVFVHTANVVRFLQAQP
PGRHLFSGQLMEGSVPIRDSWSKYFVPPQLFPGSAYPVYCSGGGFLLSGPTARALRAAAR
HTPLFPIDDAYMGMCLERAGLAPSGHEGIRPFGVQLPGAQQSSFDPCMYRELLLVHRFAP
YEMLLMWKALHSPALSCDRGHRVS

HsPIGA

>PIGA
MACRGGAGNGHRASATLSRVSPGSLYTCRTRTHNICMVSDFFYPNMGGVESHIYQLSQCL
IERGHKVIIVTHAYGNRKGIRYLTSGLKVYYLPLKVMYNQSTATTLFHSLPLLRYIFVRE
RVTITHSHSSFSAMAHDALFHAKTMGLQTVFTDHSLFGFADVSSVLTNKLLTVSLCDTNH
IICVSYTSKENTVLRAALNPEIVSVIPNAVDPTDFTPDPFRRHDSITIVVVSRLVYRKGI
DLLSGIIPELCQKYPDLNFIIGGEGPKRIILEEVRERYQLHDRVRLLGALEHKDVRNVLV
QGHIFLNTSLTEAFCMAIVEAASCGLQVVSTRVGGIPEVLPENLIILCEPSVKSLCEGLE
KAIFQLKSGTLPAPENIHNIVKTFYTWRNVAERTEKVYDRVSVEAVLPMDKRLDRLISHC
GPVTGYIFALLAVENFLFLIFLRWMTPDSIIDVAIDATGPRGAWTNNYSHSKRGGENNEI
SETR

HsXXLT1

>XXLT1
MGLLRGGLPCARAMARLGAVRSHYCALLLAAALAVCAFYYLGSGRETFSSATKRLKEARA
GAPAAPSPPALELARGSVAPAPGAKAKSLEGGGAGPVDYHLLMMFTKAEHNAALQAKARV
ALRSLLRLAKFEAHEVLNLHFVSEEASREVAKGLLRELLPPAAGFKCKVIFHDVAVLTDK
LFPIVEAMQKHFSAGLGTYYSDSIFFLSVAMHQIMPKEILQIIQLDLDLKEKTNIRELFE
EFDSFLPGAIIGIAREMQPVYRHTFWQFRHENPQTRVGGPPPEGLPGFNSGVMLLNLEAM
RQSPLYSRLLEPAQVQQLADKYHFRGHLGDQDFFTMIGMEHPKLFHVLDCTWNRQLCTWW
RDHGYSDVFEAYFRCEGHVKIYHGNCNTPIPED
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HsUGT1A1

>UGT1A1
MAVESQGGRPLVLGLLLCVLGPVVSHAGKILLIPVDGSHWLSMLGAIQQLQQRGHEIVVLAPD
ASLYIRDGAFYTLKTYPVPFQREDVKESFVSLGHNVFENDSFLQRVIKTYKKIKKDS
AMLLSGCSHLLHNKELMASLAESSFDVMLTDPFLPCSPIVAQYLSLPTVFFLHALPCSLE
FEATQCPNPFSYVPRPLSSHSDHMTFLQRVKNMLIAFSQNFLCDVVYSPYATLASEFLQR
EVTVQDLLSSASVWLFRSDFVKDYPRPIMPNMVFVGGINCLHQNPLSQEFEAYINASGEH
GIVVFSLGSMVSEIPEKKAMAIADALGKIPQTVLWRYTGTRPSNLANNTILVKWLPQNDL
LGHPMTRAFITHAGSHGVYESICNGVPMVMMPLEGDQMDNAKRMETKGAGVTLNVLEMTS
EDLENALKAVINDKSYKENIMRLSSLHKDRPVEPLDLAVFWVEFVMRHKGAPHLRPAAHD
LTWYQYHSLDVIGFLLAVVLTVAFITFKCCAYGYRKCLGKKGRVKKAHKSKTH

HsB4GAT1

>B4GAT1
MQMSYAIRCAFYQLLLAALMLVAMLQLLYLSLLSGLHGQEEQDQYFEFFPPSPRSVDQVKAQL
RTALASGGVLDASGDYRVYRGLLKTTMDPNDVILATHASVDNLLHLSGLLERWEGPLSVSVFA
ATKEEAQLATVLAYALSSHCPDMRARVAMHLVCPSRYEAAVPDPREPGEFALLR
SCQEVFDKLARVAQPGINYALGTNVSYPNNLLRNLAREGANYALVIDVDMVPSEGLWRGL
REMLDQSNQWGGTALVVPAFEIRRARRMPMNKNELVQLYQVGEVRPFYYGLCTPCQAPTN
YSRWVNLPEESLLRPAYVVPWQDPWEPFYVAGGKVPTFDERFRQYGFNRISQACELHVAG
FDFEVLNEGFLVHKGFKEALKFHPQKEAENQHNKILYRQFKQELKAKYPNSPRRC

HsUGT1A3

>UGT1A3
MATGLQVPLPWLATGLLLLLSVQPWAESGKVLVVPIDGSHWLSMREVLRELHARGHQAVVLT
PEVNMHIKEENFFTLTTYAISWTQDEFDRHVLGHTQLYFETEHFLKKFFRSMAMLNNMSLVYH
RSCVELLHNEALIRHLNATSFDVVLTDPVNLCAAVLAKYLSIPTVFFLRNIPCDL
DFKGTQCPNPSSYIPRLLTTNSDHMTEMQRVKNMLYPLALSYICHAFSAPYASLASELFQ
REVSVVDILSHASVWLFRGDFVMDYPRPIMPNMVFIGGINCANRKPLSQEFEAYINASGE
HGIVVFSLGSMVSEIPEKKAMAIADALGKIPQTVLWRYTGTRPSNLANNTILVKWLPQND
LLGHPMTRAFITHAGSHGVYESICNGVPMVMMPLEGDQMDNAKRMETKGAGVTLNVLEMT
SEDLENALKAVINDKSYKENIMRLSSLHKDRPVEPLDLAVFWVEFVMRHKGAPHLRPAAH
DLTWYQYHSLDVIGFLLAVVLTVAFITFKCCAYGYRKCLGKKGRVKKAHKSKTH

GjCsTII

>CjCSTII
MKNNITTAGNGSSLKEIDYSRLPNDFDVFRCNQFYFEDKYYLGKKCKAVFYNSTLFFEQYYTLKH
LIQNQEYETELIMCSNFNQAHLENENFLKNFYDYFPDAHLGYDFFKQLKDFNAYFKFHEIYFNQ
RITSGIYMCAVAIALGYKEIYLSGIDFYQNGSSYAFDTKQKNLLKLAPNFKNDNSHYIGHSKNTD
IKALEFLEKTYKIKLYCLCPNSLLANFIELAPNLNSNFTIQEKNNYTKDILIPSKEAYKKFTKMTKT
QEILKNNIYYKLTKDLLRLPSDIKHYFKGK

NmPolysiaT

>NmPST
MGLKKIKKALFQPKKFFQDSMWLTTSPFYLTPPRNNLFVISNLGQLNQVQSLIKIQKLTNNLLVI
LYTSKNLKMPKLVHQSANKNLFESIYLFELPRSPNNITPKKLLYIYRSYKKILNIIQPAHLYMLSFT
GHYSYLISIAKKKNITTHLIDEGTGTYAPLLESFSYHPTKLERYLIGNNLNIKGYIDHFDILHVPFPE
YAKKIFNAKKYNRFFAHA GGISINNNIANLQKKYQISKNDYIFVSQRYPISDDLYYKSIVEILNSIS
LQIKGKIFIKLHPKEMGNNYVMSLFLNMVEINPRLVVINEPPFLIEPLIYLTNPKGIIGLASSSLIYTP
LLSPSTQCLSIGELIINLIQKYSMVENTEMIQEHLEIIKKFNFINILNDLNGVISNPLFKTEETFETLL
KSAEFAYKSKNYFQAIFYWQLASKNNITLLGHKALWYYNALYNVKQIYKMEY SDIFYIDNISVD
FHSKDKLTWEKIKHYYYSADNRIGRDR

CjCgtB

>CjCgtB
MGEFKISIILPTYNVEQYIARAIESCIKQTFKDIEIIVVDDCGNDNSINIAKEYSKKDKRIKIIHNEKNI
GLLRARYEGVKVANSPYIMFLDPDDYLELNACEECIKILDEQDEVDLVFFNAIVESNVISYKKFDF
NSGFYSKKEFVKKIIAEKNLYWTMW GKLIRKKLYLEAFASLRLEKDVKINMAEDVLLYYPMLSQ
AQKIAYMNCNLYHYVPNNNSICNTKNEVGVKNNIQDLQLVLNYLRQNYILNKYCSVLYVLIKY
LLYIQIYKIKRTKLMVTLLAKINILTLKILFKYKKFLKQC

HpLgtB

>HpLgtB
MRVFIISLNQKVCDQFGLVFRDTTTLLHNINATHHKAQIFDAIYSKTFESELHPLVKKHLHPYFIT
QNIKDMGITTNLISRVSKFYYALKYHAKFMSFGELGCYASHYSLWEKCIELNEP
ICILEDDITLKEDFKEGLDFLEKHIQELGYARLMYLLYDANVKSEPLSHKNHEIQERVGI
IKAYSHGVGTQGYVITPKIAKVFKKCSRKWVVPVDTIMDATFIHGVKNLVLQPFVIADDE
QISTIARKEEPYSSKIALMRKLHFKYLKYWQFV

NmLgtB

>NmLgtB
MQNHVISLASAAERRAHIADTFGRHGIPFQFFDALMPSERLEQAMAELVPGLSAHPYLSGVEKA
CFMSHAVLWKQALDEGLPYITVFEDDVLLGEGAEKFLAEDAWLQERFDPDTAFIVR
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LETMFMHVLTSPSGVADYCGRAFPLLESEHWGTAGYIISRKAMRFFLDRFAALPPEGLHP
VDLMMEFSDFFDREGMPVCQLNPALCAQELHYAKFHDQNSALGSLIEHDRLLNRKQQRRDS
PANTFKHRLIRALTKISREREKRRQRREQFIVPEQ

NgLgtB

>NgLgtB
MQNHVISLASAAERRAHIAATFGSRGIPFQFFDALMPSERLERAMAELVPGLSAHPYLSGVEKA
CFMSHAVLWEQALDEGVPYIAVFEDDVLLGEGAEQFLAEDTWLQERFDPDSAFVVR
LETMFMHVLTSPSGVADYGGRAFPLLESEHCGTAGYIISRKAMRFFLDRFAVLPPERLHP
VDLMMFGNPDDREGMPVCQLNPALCAQELHYAKFHDQNSALGSLIEHDRRLNRKQQWRDS
PANTFKHRLIRALTKIGREREKRRQRREQLIGKIIVPFQ

EcFUT

>EcFUT
MSIIRLQGGLGNQLFQFSFGYALSKINGTPLYFDISHYAENDDHGGYRLNNLQIPEEYLQ
YYTPKINNIYKFLVRGSRLYPEIFLFLGFCNEFHAYGYDFEYIAQKWKSKKYIGYWQSEH
FFHKHILDLKEFFIPKNVSEQANLLAAKILESQSSLSIHIRRGDYIKNKTATLTHGVCSL
EYYKKALNKIRDLAMIRDVFIFSDDIFWCKENIETLLSKKYNIYYSEDLSQEEDLWLMSL
ANHHITANSSFSWWGAYLGTSASQIVIYPTPWYDITPKNTYIPIVNHWINVDKHSSC

EcWecA

>EcWecA
MNLLTVSTDLISIFLFTTLFLFFARKVAKKVGLVDKPNFRKRHQGLIPLVGGISVYAGIC
FTFGIVDYYIPHASLYLACAGVLVFIGALDDRFDISVKIRATIQAAVGIVMMVFGKLYLS
SLGYIFGSWEMVLGPFGYFLTLFAVWAAINAFNMVDGIDGLLGGLSCVSFAAIGMILWFD
GQTSLAIWCFAMIAAILPYIMLNLGILGRRYKVFMGDAGSTLIGFTVIWILLETTQGKTH
PISPVTALWIIAIPLMDMVAIMYRRLRKGMSPFSPDRQHIHHLIMRAGFTSRQAFVLITL
AAALLASIGVLAEYSHFVPEWVMLVLFLLAFFLYGYCIKRAWKVARFIKRVKRRLRRNRG
GSPNLTK

LpSetA

>LpSetA

MYKIYSYLGWRIDMKTENLPQA GQEAQIDKKIHFIWVGHIMPQKNIQVVSEWAEKNPGYETII
WVDKKIAPAKELDLFILDMKSKGITVKDINEEGVCRDSIRHELDQESPNYGMVSDML
RLNILAAEGGIYLDSDILCSAPFPDEIYAPFGFLLSPWSQGANNTLCNDIILCSKGNQII
QQLADAIEQSYIARDSFEFTHEYASMKETKGERIAKTLGVTGPGFLFHQLKKMGILNDKS
EMEATHWELQDQRYLIDGSVKEPDYFYVPQNNTNDASWVPSIKRPGIENMSFQERLENAV
QLIAFDIQKTGLFNLDHYANELKVKQNSWCIAAETSPELKPDSYLLIRPRDKTGEWTLYY
VDEDKKLNPVTLPVIKGAIKLSEVSDPLRKFHTLLSQVSDPVNPTAHELKQIGRALIELK
PROQDEWHCKNKWSGAEETAQELWQRITSNETLRAQIKQCFTQFESLKPRVAELGLTRASG
AGTEVEAHESTVKEQEIISQNTVGEEGTKEKNSVQLASENSSDEKIKTAHDLIDEIIQDV
IQLDGKLGLLGGNTRQLEDGRVINIPNGAAMIFDDYKKYKQGELTAESALESMIKIAKLS
NQLNRHTFFNQRQPETGQFYKKVAAIDLQTTIAAEYDNNHGLRI

NmSynE

>NmSynE
MLQKIRKALFHPKKFFQDSQWFATPLFSSFAPKSNLFIISTFAQLNQAHSLTKMQKLKNNLLVIL
YTTQNMKMPKLIQKSVDKELFSVTYMFELPRKPGIVSPKKFLYIQRGYKKLLKTI
QPAHLYVMSFAGHYSSLLSLAKKMNITTHLVEEGTATYAPLLESFTYKPTKFEQRFVGNN
LHQKGYFDKFDILHVAFPEY AKKIFNANEYHRFFAHSGGISTSQSIAKIQDKYRISQNDY
IFVSQRYPVSDEVYYKTIVETLNQMSLRIEGKIFIKLHPKEMENKNIMSLFLNMVTINPR
LVVINEPPFLIDPLIYLTTPKGIIGLTSTSIVYTPLLSPTTQCLSIGQIVIDSTHHTAQQ
ENTALIEEHLEIVKQFDFIKILSSIEDGIDTNSFKTEETLEMLLKSAEY AYKNKNFYQAT
FYWQLASNNDLSVLGYKSLWYYNALNKVKQNYKMKYLEINYIERISLYFNDKDKMIWQNI
KNDFFKYSLCNQ

ScAlgl

>ScAlgl

MFLEIPRWLLALILYLSIPLVVYYVIPYLFYGNKSTKKRIIFVLGDVGHSPRICYHAI
SFSKLGWQVELCGYVEDTLPKIISSDPNITVHHMSNLKRKGGGTSVIFMVKKVLFQVLSI
FKLLWELRGSDYILVQNPPSIPILPTAVLYKLTGCKLIIDWHNLAY SILQLKFKGNFYHP
LVLISYMVEMIFSKFADYNLTVTEAMRKYLIQSFHLNPKRCAVLYDRPASQFQPLAGDIS
RQKALTTKAFIKDYIRDDFDTEKGDKIIVTSTSFTPDEDIGILLGALKIYENSYVKFDSS
LPKILCFITGKGPLKEKYMKQVEEYDWKRCQIEFVWLSAEDYPKLLQLCDYGVSLHTSSS
GLDLPMKILDMFGSGLPVIAMNYPVLDELVQHNVNGLKFVDRRELHESLIFAMKDADLYQ
KLKKNVTQEAENRWQSNWERTMRGLKLIH

ScAlgll

>ScAlgll

MGSAWTNYNFEEVKSHFGFKKYVVSSLVLVYGLIKVLTWIFRQW VYSSLNPFSKKSSLLNRAVA
SCGEKNVKVFGFFHPYCNAGGGGEKVLWKAVDITLRKDAKNVIVIYSGDFVNGENV
TPENILNNVKAKFDYDLDSDRIFFISLKLRYLVDSSTWKHFTLIGQAIGSMILAFESIIQ
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CPPDIWIDTMGYPESYPIIARFLRRIPIVTYTHYPIMSKDMLNKLFKMPKKGIKVYGKIL
YWKVFMLIYQSIGSKIDIVITNSTWTNNHIKQIWQSNTCKIIYPPCSTEKLVDWKQKFGT
AKGERLNQAIVLAQFRPEKRHKLIIESFATFLKNLPDSVSPIKLIMAGSTRSKQDENYVK
SLODWSENVLKIPKHLISFEKNLPFDKIEILLNKSTFGVNAMWNEHFGIAVVEYMASGLI
PIVHASAGPLLDIVTPWDANGNIGKAPPQWELQKKYFAKLEDDGETTGFFFKEPSDPDYN
TTKDPLRYPNLSDLFLQITKLDYDCLRVMGARNQQYSLYKFSDLKFDKDWENFVLNPICK
LLEEEERG

NtGnTI

>NtGnT1
MRGNKFCCDFRYLLILAAVAFIYTQMRLFATQSEYADRLAAAIEAENHCTSQTRLLIDQISLQQG
RIVALEEQMKRQDQECRQLRALVQDLESKGIKKLIGNVQOMPVAAVVVMACNRADY
LEKTIKSILKYQISVASKYPLFISQDGSHPDVRKLALSYDQLTYMQHLDFEPVHTERPGE
LIAYYKIARHYKWALDQLFYKHNFSRVIILEDDMEIAPDFFDFFEAGATLLDRDKSIMAI
SSWNDNGOMQFVQDPYALYRSDFFPGLGWMLSKSTWDELSPKWPKAYWDDWLRLKENHRG
RQFIRPEVCRTYNFGEHGSSLGQFFKQYLEPIKLNDVQVDWKSMDLSYLLEDNYVKHFGD
LVKKAKPIHGADAVLKAFNIDGDVRIQYRDQLDFENIARQFGIFEEWKDGVPRAAYKGIV
VFRYQTSRRVFLVGHDSLQQLGIEDT

NtGnTII

>NtGnT2

MASCKKARIKDAAFRRLVSLALITVSGVVLLLILLRTNTVSNLINSYTNESSESFESIEE
AKVSNTHLTRIPKLPLQNELSILLSKRNQMPPRNLNLYSKLAKDHVVIVLYVHNRPQYLQ
IVIDSLSRVEGISETLLIVSHDGYFEEMNKIVESIKFCQVKQIFAPYSPHIFSDSFPGVS
PKDCKEKDDPVEKHCEGMPDQYGNHRSPKIVSLKHHWWWMMNTVWDGLEVTRHHSGHILF
IEEDHFIYPNAYRNMQLLAELKSKKCPDCYAANLAPSEVKLRGEGWECLVAERMGNVGYA
FNRTVWRKIHKKAAEFCSFDDYNWDITMWSTVYPSEGSPVYTLRGSRTSAVHFGKCGLHQ
GHNRNVACMDNGGVNIVVDEIDKVANIKPEWEVRKYEHQAGYKAGFKGWGGWGDVRDREL
CMEFAKMYI

BtGGTA1

>BtGGTA1

MNVKGKVILSMLVVSTVIVVFWEYIHSPEGSLFWINPSRNPEV GGSSIQKGWWLPRWFNNGYHE
EDGDINEEKEQRNEDESKLKLSDWFENPFKRPEVVTMTKWKAPVVWEGTYNRAVLDNYYAKQ
KITVGLTVFAVGRYIEHYLEEFLTSANKHFMVGHPVIFYIMVDDVSRMPLIELGP
LRSFKVFKIKPEKRWQDISMMRMKTIGEHIVAHIQHEVDFLFCMDVDQVFQDKFGVETLG
ESVAQLQAWWYKADPNDFTYERRKESAAYIPFGEGDFYYHAAIFGGTPTQVLNITQECFK
GILKDKKNDIEAQWHDESHLNKYFLLNKPTKILSPEYCWDYHIGLPADIKLVKMSWQTKE
YNVVRNNV

MmGGTA1

>MmGGTA1
MITMLQDLHVNKISMSRSKSETSLPSSRSGSQEKIMNVKGKVILLMLIVSTVVVVEWEYVNRIPEV
GENRWQKDWWFPSWFKNGTHSYQEDNVEGRREKGRNGDRIEEPQLWDWFNPKNRPDVLTV
TPWKAPIVWEGTYDTALLEKYYATQKLTVGLTVFAVGKYIEHYLEDFLESADMY
FMVGHRVIFYVMIDDTSRMPVVHLNPLHSLQVFEIRSEKRWQDISMMRMKTIGEHILAHI
QHEVDFLFCMDVDQVFQDNFGVETLGQLVAQLQAWWYKASPEKFTYERRELSAAYIPFGE
GDFYYHAAIFGGTPTHILNLTRECFKGILQDKKHDIEAQWHDESHLNKYFLFNKPTKILS
PEYCWDYQIGLPSDIKSVKVAWQTKEYNLVRNNV

RnGGTA1

>RnGGTA1
MVTMPQDLHVKVSMSRSKSETSLLSSRSGSQEKIMNVKGKIILSVLMVSTVLVVFWEYVNRTHSY
QEEDIERAREKGRNGDSIVEPQLWDWFNPKNRPEVLTVIPWKAPIVWEGTYDTAL
LEKYYARQKITVGLTVFAVGKYIEHYLEDFLESANKYFMVGHRVIFYVMMDDTSRMPAVH
LSPLHSLQVFEIRSEKRWQDISMMRMKTIGEHILDHIQHEVDFLFCMDVDQVFQDNFGVE
TLGQLVAQLQAWWYKASPDEFTYERRELSAAYIPFGEGDFYYHAAVFGGTPVHILNLTRE
CFKGILQDKKHDIEAQWHDESHLNKYFLENKPTKILSPEYCWDYHIGLPSDIKNVKIAWQ
TKEYNLVRSNV

BtB4GalT1

>B4GT1
MKFREPLLGGSAAMPGASLQRACRLLVAVCALHLGVTLVYYLAGRDLRRLPQLVGVHPPLQGS
SHGAAAIGQPSGELRLRGVAPPPPLQNSSKPRSRAPSNLDAYSHPGPGPGPGSNLTS
APVPSTTTRSLTACPEESPLLVGPMLIEFNIPVDLKLVEQQNPKVKLGGRYTPMDCISPH
KVAIIIPERNRQEHLKYWLYYLHPILQRQQLDYGIYVINQAGESMFNRAKLLNVGFKEAL
KDYDYNCFVFSDVDLIPMNDHNTYRCFSQPRHISVAMDKEGFSLPYVQYFGGVSALSKQQ
FLSINGFPNNYWGWGGEDDDIYNRLAFRGMSVSRPNAVIGKCRMIRHSRDKKNEPNPQRF
DRIAHTKETMLSDGLNSLTYMVLEVQRYPLYTKITVDIGTPS




CHAPTER 9

APPENDIX D¢

Technical notes and the detailed protocols for the development of

cell-free synthetic glycobiology system.

9.1 Materials

Media

1. Luria-Bertani (LB) broth: 1.0% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v)
NaCl, autoclave sterile.

2. LB agar: add 1.5% (w/v) agar to LB prepared as above. Aliquot 30 mL of LB agar
per 150 mm petri dish into a plastic conical tube. Add appropriate antibiotics and
sterile 0.2% (w/v) D-glucose. Mix and pour into petri dishes. For induction plates,
omit glucose and add sterile 0.2% (w/v) L-arabinose and 0.1 mM isopropyl-f3-D-
thiogalactopyranoside (IPTG).

3. Terrific broth (TB): 1.2% (w/v) tryptone, 2.4% (w/v) yeast extract, 0.4% (v/v)

glycerol, 10% (v/v) phosphate buffer (0.17 M KH2POs, 0.72 M KoaHPOs), autoclave

16 Parts of this chapter appeared in the Methods in Enzymology journal:

Jaroentomeechai, T., Stark, J.C., Jewett, M.C. and DeLisa, M.P. (2017) A pipeline for studying and
engineering single-subunit oligosaccharyltransferases. Methods Enzymol 597: 55-81.

Several other parts in this chapter are under preparation for submission to Natuer Protocol journal.
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sterile. Autoclave phosphate buffer separately from other components and add to
the broth prior use.

2xYTPG broth: 1.6% (w/v) tryptone, 1.0% (w/v) yeast extract, 0.5% (w/v) NaCl, 1.8%
(w/v) glucose, 0.7% (w/v) K2HPOs, 0.3% (w/v) KH2POs, adjust pH to 7.3 with 5 N
KOH and autoclave sterile. Autoclave 40% (w/v) glucose stock separately and add

to the broth prior use.

Media supplements

Transformation and storage solution (1xTSS): supplement LB broth with 10% (w/v)
polyethylene glycol (PEG)-8000, 5% (v/v) dimethylsulfoxide (DMSO), and 20 mM
MgSOs; adjust pH to 6.5 with HCl, and autoclave sterile.

Antibiotics: Ampicillin (Amp) is used at 100 pg/mL. To make a 1,000x stock, mix 1
g in 10 mL nanopure water. Chloramphenicol (Cam) is used at 20 ug/ mL. To make
a 1,000x stock, dissolve 0.2 g in 10 mL ethanol. Trimethoprim (Tp) is used at 100
ug/mL. To make a 500x stock, dissolve 0.5 g in 10 mL DMSO. Kanamycin (Km) is
used at 50 mg/mL. To make a 1,000x stock, dissolve 0.5 g in 10 mL nanopure water.
All antibiotic stock is filter sterile.

Inducers/repressors: 20% (w/v) L-arabinose stock, 20% (w/v) D-glucose, and 0.1 M
Isopropyl B-D-1-thiogalactopyranoside (IPTG) stock. All inducer/repressor stocks

are made in nanopure water and filter sterilize.
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S30 extract preparation

Avestin EmulsiFlex B15 (volumes < 15 mL) or C3 (>15 mL) high-pressure
homogenizer.

High-speed centrifuge and rotor capable of spinning at 30,000xg.

1x S30 extract buffer: 10 mM TrisOAc, 14 mM Mg(OAc)2, 60 mM KOAc, pH 8.2,
filter sterile.

Sterile 50 mL falcon tube, 15 mL disposable conical tubes, and 1.5 mL
microcentrifuge tube.

Aluminum foil.

Liquid nitrogen and dewar.

Producing ssOST in CFPS supplemented with POPC-nanodiscs

1.

S30 extract
Stock solutions: All stock solution is dissolved in nanopure water and filter sterile.
The aliquots of the stocks are flash-frozen and stored at -80°C. Keep working stocks
at -20°C for several months.
a. 15x salt solution (SS): 180 mM Mg(Glu)z2, 150 mM NH4(Glu), and 1.950 M
K(Glu).
b. 15x master mix (MM) stock: 18 mM adenosine triphosphate (ATP), 12.75 mM

guanosine triphosphate (GTP), 12.75 mM uridine triphosphate (UTP), 12.75
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mM cytidine triphosphate (CTP), 0.51 mg/mL folinic acid, and 2.559 mg/mL E.
coli tRNA (Roche).

c. 15x reagent mix (RM) stock: 50 mM amino acids mix, 1 M phosphoenolpyruvate
(PEP, Roche), 100 mM nicotinamide adenine dinucleotide (NAD), 50 mM
coenzyme-A (CoA), 1 M oxalic acid, 250 mM putrescine, 250 mM spermidine,
and 1 M HEPES.

Purified 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) nanodiscs at
15 mg/mL stock concentration, prepared according to the standard protocol
(Bayburt et al., 2002).
Nuclease-free water.

Sterile 1.5 mL microcentrifuge tube.

Protein purification and crude membrane extracts containing ssOST or LLOs
Buffer A Resuspend buffer: 50 mM HEPES, 250 mM NaCl, pH 7.5, filter sterile with
0.2 um bottle-top filter.

Pierce™ Protease Inhibitor Tablets, EDTA-free.

RNase-Free DNase I from EpiCentre.

Avestin EmulsiFlex C5 homogenizer.

Buffer B: buffer A supplied with 10% (v/v) Glycerol and 1% (w/v) n-Dodecyl 3-D-
maltoside (DDM), at pH 7.5 and filter sterile.

Centrifuge and ultracentrifuge with rotor capable of spinning at 100,000xg.
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7. Potter-Elvehjem tissue homogenizer.
8. Ni-NTA affinity resin.
9. Gravity column for affinity purification.

10. Nickel affinity purification buffers:

For preparing ssOST:

Buffer C: 1 M Imidazole in buffer B.

Buffer D: 20 mM Imidazole in buffer B.

Buffer E: 60 mM Imidazole in buffer B.

Buffer F: 250 mM Imidazole in buffer B.

For preparing scFv13-R4:

Buffer P: 1 M Imidazole in buffer A.

Buffer Q: 10 mM Imidazole in buffer A.

Buffer R: 60 mM Imidazole in buffer A.

Buffer S: 250 mM Imidazole in buffer A.

11. AKTA fast protein purification (FPLC) system with SuperDex-200 size exclusion

chromatography column.

12. Size exclusion buffers using with AKTA system:

For preparing ssOST:

Buffer G: 50 mM HEPES, 100 mM NaCl,
5% (v/v) glycerol, 0.01% (w/v) DDM, pH

7.5, filter sterile and degas for 5 min.

For preparing scFv13-R4:

Buffer T: 50 mM HEPES, 100 mM
NaCl, 1 mM EDTA, pH 7.5, filter

sterile and degas for 5 min.
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13. 3K MWCO protein concentrator column.
14. BioRad Bradford protein concentration assay.
15. BioRad RC DC™ (reducing agent and detergent compatible) protein

concentration assay.

Extraction of LLOs

1. Lyophilizer.

2. 30 mL PTFE-conical tube.

3. Extracting solution: 10:20:3 (v/v/v) chloroform:methanol:water. Measure and mix
all solvent in glassware since chloroform will dissolve plastic. Store the solution in
a capped bottle at all time to prevent concentration change due to evaporation of

chloroform and methanol.

Caution! Always wear gloves and use fume hood when handling the extracting
solution since chloroform is toxic.

4. Clean metal spatula.

5. 15 mL clean glass vial.

6. Vacuum concentrator machine that withstands organic solvent.
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IVG reaction

Sterile 1.5 mL microcentrifuge tube.

10x IVG buffer stock: 100 mM HEPES, 100 mM MnClz, 1% (w/v) DDM, pH 7.5 in
nanopure water and filter sterile.

Sterile nanopure water.

30°C stationary water bath.

CFGpS reaction

Sterile 1.5 mL microcentrifuge tube.

Sterile nanopure water.

Similar buffer as CFPS set up in previous section

N-glycosylation activation solution: To prepare 50 mL of the solution, dissolve
0.247 g of manganese chloride tetrahydrate and 0.05 g n-Dodecyl B-D-maltoside in
40 mL MilliQ water. Mix well and adjust the final volume to 50 mL with MilliQ
water. This buffer is stable at 4 °C for 2 months. For longer term storage, store at -
20 °C.

O-glycosylation activation solution: To prepare 50 mL of the solution, dissolve 1.71
g sucrose and 11.25 mg tetracycline in 40 mL MilliQ water. Mix well and adjust the

final volume to 50 mL with MilliQ water. Store this buffer at -20 °C.
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Lectin blot and Western blot analysis of glycosylation products

Standard apparatus for SDS-PAGE and immunoblotting analysis.

Immobilon-P PVDF 0.45pum membrane.

Tris-buffered saline (TBS): dissolve 80.0 g of NaCl, 20.0 g of KCl, and 30.0 g of Tris
base in 800 mL of nanopure water, bring volume to 1 L and autoclave.
Tris-buffered saline, 0.05 % Tween-20 (TBST): Add 100 mL of 10x TBS to 900 mL of
nanopure water. Add 500 pL Tween-20.

Albumin from bovine serum (BSA): 5% (w/v) in TBST for blocking solution, 3%
(w/v) in TBST for lectin blotting. When using lectin, BSA/TBST is a preferred
blocking solution than milk/TBST to prevent interaction between lectin and milk
oligosaccharides.

Non-fat dry milk Nestle®: 5% (w/v) in TBST for blocking solution for all other
antibodies.

Anti-6xHis Tag® antibody peroxidase conjugate (His-HRP, from Abcam): 0.5
ug/mL in 5% milk/TBST.

Soybean agglutinin peroxidase conjugate (SBA-HRP): 0.5 ug/mL in 1% BSA/TBST
(or other lectin or antibody specific for the glycan of choice).

Rabbit serum containing anti-C.jejuni heptasaccharide glycan antibody (HR6P-
Rabbit) [Note 1]: 0.5 pg/mL in 5% milk/TBST.

Goat Anti-Rabbit IgG H&L peroxidase conjugate (Rabbit-HRP, from Abcam): 0.05

pg/mL in 5% milk/TBST.
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11. BioRad Clarity™ Western ECL Substrate.

12. % Coomassie Brilliant Blue membrane stain solution: dissolve 0.1 g of Coomassie
Blue R250 in 50 mL of methanol (MeOH), 7 mL of acetic acid, and 43 mL of
nanopure water. Stain can be saved and reused multiple times.

13. Destain solution: 50 % MeOH in nanopure water. Discard destain following
hazardous waste protocols.

14. BioRad ChemiDoc™ XRS+ System.

9.2 Methods
9.2.1 Preparation of ssOST by CFPS
530 extract preparation

Days 0-2

1. Grow E. coli strain BL21 Star (DE3) in a shake flask or fermenter to ODewo ~3 in
2xYTPG media. Add 1 mM IPTG at ODsoo 0.6-0.8 to induce expression of T7 RNA
polymerase.

2. Harvest cells by centrifugation at 5000xg for 15 min at 4°C. Wash cells 3x in 25 mL
of S30 buffer (vortex to resuspend) and pellet by centrifugation at 5000xg for 10 min
at 4°C. After the last resuspension, pellet cells at 8000xg for 10 min at 4°C and flash-
freeze on liquid nitrogen. Pellet can be stored at -80°C or used directly.

Day 3 preparing extract
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Keep the extract on ice at all times unless noted otherwise. Work seamlessly. All equipment in
contact with lysate should be pre-equilibrated to 4°C.

3. Remove cell pellet from -80°C and add 1 mL of S30 buffer per 1 g of wet cell mass.
Dislodge pellet from the wall of the bottle. Vortex to resuspend to homogeneity.

4. Disrupt cells using Avestin EmulsiFlex-B15 (lysis volumes <15 mL) or C3 (>15
mL) high-pressure homogenizer at 20,000-25,000 psi. Pass the cells only once. Cell
lysis is the key step in extract preparation and could be alternatively performed
using sonication (Kwon and Jewett, 2015b).

5. Centrifuge lysate at 30,000xg for 30 min at 4°C to remove cell debris.

6. Immediately pipette the supernatant into new centrifuge tubes and centrifuge
again at the same setting.

7. Immediately pipette supernatant into 1.5-mL microcentrifuge tubes.

8. Pre-incubation: wrap the microcentrifuge tubes in aluminum foil and incubate at
37°C in a shaker (~120-250 rpm) for 60 min.

9. Clarification: centrifuge at 15,000xg for 15 min at 4°C. Immediately pipette the
supernatant into 15 mL disposable conical tubes and place on ice.

10. Immediately make 50 uL aliquot and 1-2 mL volume stocks of the cell extract.
Flash freeze in liquid nitrogen and store at -80°C.

11. Perform a Bradford assay to measure total protein concentration (usually ~40
g/L). S30 extract performance is maintained for approximately 3 freeze-thaw

cycles.
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9.2.2 Producing ssOST in CFPS supplied with POPC-nanodiscs

Calculate the appropriate volumes of each reagent according to total number of
reactions. Ensure that all components are at the concentrations listed.

Thaw all the reagents on ice. Set up microcentrifuge tubes on ice, one for each cell-
free reaction and one for reaction premix.

CFPS reaction is performed with a modified, reducing PANOx-SP system (Jewett

and Swartz, 2004d):
I
15x SS 1
15x MM 1
15x RM 1
pJL1 plasmid encoding ssOST 200 ng
S30 extract 4
15 mg/mL POPC nanodiscs 1
Nuclease-freee water Bring final volume to 15 uL

a. To make a premix, combine the appropriate amounts of 15xSS,
15xMM, 15xRM, plasmid and nuclease-free water in reaction premix

tube. Vortex and quickly spin down the tube [Note 4].
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b. Then add the appropriate amounts of POPC nanodiscs and S30
extract.
c. Gently pipette the mixture up and down to thoroughly mix all

components, but make sure to minimize bubble formation.

4. Aliquot 15 uL premix into individual microcentrifuge tube.

5. Briefly centrifuge CFPS-reaction tubes to ensure all liquid is held at the bottom of

the tube.

6. Incubate reaction at 30°C for 6 h in a stationary water bath. The CFPS reaction
containing ssOST in nanodisc can be loaded directly into IVG reaction for rapid
glycosylation screening.

9.2.3 Preparation of purified and crude membrane extract glycosylation
components
Preparation of crude membrane extract or purified ssOST enzyme

Days 0-1

1. Grow E. coli strain CLM24 carrying pSN18 plasmid in 50 mL LB supplied with
ampicillin and 0.2% D-glucose overnight at 37°C.

2. Subculture 1:20 from the overnight culture into a fresh 1.0 L TB supplied with
ampicillin. Grow with shaking at 220 rpm until ODew reaches 0.4-0.5.

3. Adjust incubation temperature to 16°C and leave the culture with shaking for an

hour.
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Induce protein expression with 0.02% L-arabinose. Incubate at 16°C overnight.

Day 2 prepare membrane extract containing active CjOST

5.

10.

The next day, harvest cell by centrifugation at 8,000xg for 10 min at 4°C. Wash cell
pellet by resuspending with 200 mL buffer A and centrifuge again at the same
setting. Discard supernatant. Collect pellet and determine wet cell mass. Pellet can
be saved in -80°C fridge for a month or used directly.

Resuspend cell pellet using 10 mL buffer A per 1 g wet cell mass. Add EDTA-free
protease inhibitor to prevent protein degradation. Add DNAse to reduce sample
viscosity. Use standard manufacturer’s protocol.

Pre-equilibrate Avestin homogenizer with ice-cold buffer A. Disrupt cells using
Avestin C5 EmulsiFlex homogenizer at 17,000 psi for 3 passes.

Centrifuge lysate at 30,000xg for 30 min at 4°C to remove cell debris.

Collect and ultracentrifuge supernatant at 100,000xg for 2 h at 4°C to isolate
membrane fraction.

Collect pellet containing membrane fraction and CjOST. Resuspend pellet in 20 mL
buffer B using Potter-Elvehjem tissue homogenizer. Make sure to fully resuspend
the pellet [Note 5]. Transfer homogenized sample into sterile 50 mL conical tube.
Add protease inhibitor cocktail into sample and incubate with shaking (120 rpm)
at room temperature for an hour. The DDM detergent in buffer B will extract and

solubilize CjOST from bacterial membrane.



357

11. Ultracentrifuge sample at 100,000xg for an hour at 4°C. The supernatant now
contains detergent-solubilized CjOST enzyme.

Alternatively: To prepare crude membrane extract containing active CjOST, centrifuge
sample at 20,000xg for an hour at 4°C. Collect and immediately add protease
inhibitor into supernatant after centrifugation. The crude membrane extract is
active at 4°C for one week. We have demonstrated the use of this method to prepare
several active ssOSTs that can modifty targeted protein acceptor. In addition, crude
membrane extract containing active LLOs can be prepared in a similar method
[Note 6].

12. Add 0.4 mL buffer C into supernatant to adjust imidazole concentration to 20 mM.

13. Equilibrate 0.5 mL Ni-NTA resin by washing with ice-cold buffer D at 5 times bed
volume. Add pre-equilibrated Ni-NTA resin into supernatant, incubate with
rolling overnight at 4°C.

Day 3 purification by affinity and size exclusion chromatography (SEC)

Keep sample on ice at all times unless noted otherwise. All equipment in contact with sample
should be pre-equilibrated to 4°C.

14. Load sample into clean gravity column at the flowrate of 0.5 mL/min.

15. Wash resin with 5 bed volumes of buffer D, followed by 5 bed volumes of buffer E.
Then elude protein with 7 bed volumes of buffer F. Keep all the fractions for

analysis by Coomasie blue.
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Pre-equilibrate SuperDex-200 SEC column connecting AKTA-FPLC system with
ice-cold buffer G. Load eluent fraction into sample loop. Inject sample through SEC
column. Collect and combine fractions with size corresponding to CjOST (84 kDa)
together.

Concentrate protein to 1-2 mg/mL final concentration using 3K MWCO protein
concentrator column. Add glycerol to the sample at 20% (v/v) concentration.
Aliquot and store CjOST at -80°C for 4-5 months.

Determine protein concentration and sample purity with RC/DC assay and
Coomassie blue protein stain, respectively.

Purification of acceptor protein scFv13-R4(N34L, N77L)PONAT-6xHis

1-8 These steps are essentially the same as protocol described in section 3.2.1 above,

10.

with a few exceptions. E. coli strain BL21 Star (DE3) carrying pET28a(+)-scFv13-
R4(N34L, N77L)PNAT-extis plasmid is used. The inducer for pET-based vector is
IPTG at 0.1 mM final concentration. Kanamycin antibiotic is used at 100 ug/mL.
Adjust the imidazole concentration in the supernatant to 10 mM Imidazole with
buffer P.

Equilibrate 0.25 mL Ni-NTA resin by washing with ice-cold buffer Q at 5 times bed
volume. Add pre-equilibrated Ni-NTA resin into supernatant, incubate with

rolling at room temperature for an hour.

Keep sample on ice at all times unless noted otherwise. All equipment in contact with sample

should be pre-equilibrated to 4°C.
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Load sample into clean gravity column at the flowrate of 0.5 mL/min.

Wash resin with 5 bed volumes of buffer Q, followed by 5 bed volumes of buffer R.
Then elude protein with 7 bed volumes of buffer S. Keep all the fractions for
analysis by Coomasie blue.

Pre-equilibrate SuperDex-200-SEC column connecting AKTA-FPLC system with
ice-cold buffer T. Load eluent fraction into sample loop. Inject sample through SEC
column. Collect and combine fractions with size corresponding to scFv13-R4 (29
kDa) together.

Concentrate protein to 1-2 mg/mL final concentration using 3K MWCO protein
concentrator column. Add glycerol to the sample at 10% (v/v) concentration.
Aliquot and store scFv13-R4 at -80°C for 6 months.

Determine protein concentration and sample purity with Bradford assay and
Coomassie blue protein stain, respectively.

Extraction of LLOs bearing C. jejuni glycan (adapted from (Guarino and DeLisa, 2012b))

Days 0-2

1-5 These steps are essentially the same as protocol described in section 3.2.1, with a

few exceptions. E. coli strain CLM24 carrying pMWO07-pglAB plasmid is used. The
inducer for this plasmid is L-arabinose at 0.2% final concentration.

Chloramphenicol antibiotic is used at 20 ug/mL.
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6. Use clean spatula to scrap cell pellet and transfer to clean 50 mL conical tubes.
Freeze-dry cell pellets to complete dryness at -70°C with lyophilizer (usually takes
~2 days).

Day 4

7. Weigh and combine lyophilisate into a sterile 30 mL PTFE-conical tube. Use clean
spatula to break dried pellet into small fractures.

8. Add 20 mL 10:20:3 (v/v/v) chloroform:methanol:water extracting solution into the
tube and incubate with shaking for 30 min at room temperature.

9. Centrifuge the mixture at 4000xg for 15 min at 4°C.

10. Transfer organic fraction (bottom layer) to a clean 15 mL glass vial. Remove
chloroform and methanol with vacuum concentrator at room temperature (usually
take ~4-5 h).

11. Place the vial into freeze-dry unit to remove residue water at -70°C overnight.

Day 5

12. Lyophilisate now contains active lipid-linked oligosaccharide (CjLLOs). Weigh
lyophilisate mass. Dried LLOs can be stored at -80°C for 6 months.

13. Resuspend lyophilisate at 1.0 mL 1x IVG buffer per 1.0 mg lyophilisate dried
weight. The resuspension should look yellowish. Transfer the mixture to a sterile
microcentrifuge tube, spin down briefly, aliquot and store soluble fraction

containing active CjLLOs in -20°C for up to 2 months.
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9.2.4 IVG setup
Day 1
1. In asterile 1.5-mL microcentrifuge tube, add following reagents:
a. 3 pg purified antibody fragment scFv13-R4. Alternatively, N-terminal TAMRA-
labelled peptide at 8.5 uM can be used as an acceptor substrate [Note 7].
b. 2 ug purified CjOST or 25 uL crude membrane extract containing active CjOST
or 25 uL CFPS-nanodisc reaction containing active CjOST.
c. 5 ug extracted CjLLOs.
d. 5 uL 10x IVG buffer.
e. Bring final volume to 50 pL with sterile nanopure water.
2. In addition, it is necessary to set up control reactions to prevent fault-positive

result. A typical reaction set is as follow:

Protein/peptide acceptor * * * )
GjOST * * i} *
CjLLOs * - * *

3. Incubate the reaction tube in stationary water bath at 30°C for 16 h.
Day 2

4. Centrifuge reaction tube at 10,000xg for 15 min at 4°C.
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5. Collect soluble fraction. Reaction is stopped by adding Laemmli sample buffer.

Keep sample at -20°C for analysis by SDS-PAGE followed by immunoblotting.

9.2.5 Cell-free reaction assembly and lyophilization

1.

Assemble reactions for in wvitro glycoprotein expression. For expression of
aglycosylated proteins (e.g., conjugate vaccine carrier proteins), lysate from CLM24
AlpxM lacking either the CjPglB oligosaccharyltransferase and/or a glycan
biosynthetic pathway should be used [cell-free protein synthesis (CFPS) reactions].
Conversely, for production of glycoproteins, lysate from CLM24 AlpxM cells
expressing both oligosaccharyltransferase and/or an O antigen biosynthetic
pathway should be used. Reactions can be run at 15.0 pL scale in 1.5 mL
microcentrifuge tubes, 1.0 mL in 15.0 mL conical tubes, or 5.0 mL scale in 50 mL
conical tubes. (Note 9)

Reactions are run using a modified PANOx-SP system. All reagents and assembled
reactions should be kept on ice at all times. Recipe for assembly of a 15 uL reaction

is given below:

a. Optional: Reagent mix, master mix, and salt solution can be pre-
assembled in large quantities to speed reaction assembly and reduce error

from pipetting small volumes.



363

Volume (ul)-

Reagents [Stock] [Reagents]s
1X
15X SS 15 x 1.00 1.00 x
Mg(Glu): 180 mM 12 mM
NHu(Glu) 150 mM 10 mM
K(Glu) 1950 mM 130 mM
Master mix 15 x 1.00 1.00 x
ATP 18 mM 1.2 mM
GTP 12.75 mM 0.850 mM
uTp 12.75 mM 0.850 mM
CTP 12.75 mM 0.850 mM
Folinic acid 0.51  mg/mL 0.034  mg/mL
tRNA 2.559  mg/mL 0.171  mg/mL
Reagent mix 2.30
20 amino acids 50 mM 0.60 2.00 mM
PEP 1000 mM 0.50 33.33 mM
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NAD 100 mM 0.06 0.33 mM
CoA 50 mM 0.08 0.27 mM
Oxalic acid 1000 mM 0.06 4.00 mM
Putrescine 250 mM 0.06 1.00 mM
Spermidine 250 mM 0.09 1.50 mM
HEPES 1000 mM 0.86 57.00 mM
T7 RNA
5 mg/mL 0.30 0.10  mg/mL
polymerase

Lysate 4.00

Nuclease-free water 4.40

V1= 15.00

Note on optimizing cell-free reaction conditions for specific proteins.
a)  For expression of proteins containing disulfide bonds?’, reactions can be carried

out under oxidizing conditions, as previously reported?. To achieve oxidizing

17 Protein databases such as UniProt and PDB can be used to determine whether a target protein contains
disulfide bonds in its native state. If this information is not available a priori, prediction tools such as
Disulfind (https://bio.tools/disulfind) and DiANNA (http://clavius.bc.edu/~clotelab/DiANNA/) can be
used.
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conditions, pre-condition lysate with 750 uM iodoacetamide at room temperature
for 30 min to covalently bind free sulthydryls (-SH), including the active site
cysteines of the thioredoxin reductase (trxB) and glutathione reductase (gor)
enzymes that represent the primary disulfide bond reducing enzymes in the E.
coli cytoplasm. The CFPS reaction mix was then supplemented with 200 mM
glutathione at a 4:1 ratio of oxidized and reduced forms and 10 uM recombinant
E. coli DsbC.

b) For expression of membrane proteins, hydrophobic transmembrane domains can
be stabilized by supplementing the cell-free reaction with nanodiscs or other
membrane mimics. For example, we typically express PorA protein using cell-
free lysate that is supplemented with nanodiscs at 1 pg mL™' (Cube Biotech).
Importantly, an appropriate size of the nanodisc is critical for a successful cell-
free expression of the membrane proteins and, therefore, should be

predetermined.

9.2.6 Lyophilization of cell-free reactions

1. Once assembled, flash-freeze reactions on liquid nitrogen. Poke holes in the lid of
the tube or cover the tube with foil with holes in it to allow for proper
lyophilization. Lyophilize reactions at 100 mTorr and —80 °C overnight or until fully

freeze-dried.
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9.2.7 Cell-free protein synthesis

1.

Rehydrate lyophilized reactions with plasmid encoding the protein of interest at
6.67 pg mL™ in the original reaction volume of nuclease-free water. (Note 10)
Incubate at 25-37 °C for 1-20 hours. For best results, incubate reactions in a pre-
warmed heat block with water in the wells to ensure consistent incubation
temperature and optimal heat transfer.

Centrifuge reactions at 20,000 xg for 10 min and transfer the supernatant to a clean

microcentrifuge tube.

9.2.8 Glycoprotein and conjugate vaccine synthesis

1.

Rehydrate lyophilized iVAX reactions with plasmid encoding the protein of
interest at 6.67 ug mL" in the original reaction volume of nuclease-free water.
Incubate at 25-37 °C for 10-15 min. (Note 11)

For N-glycoprotein and conjugate vaccine biosynthesis, add 1 uL. N-glycosylation
activation solution per 15 uL of cell-free reaction. Mix well and return samples to
an incubator for a total reaction time of 1 hour. Similarly, add 1 uL of O-
glycosylation activation solution per 15 uL of cell-free reaction to initiate O-
glycoprotein biosynthesis. Mix well and return samples to an incubator for a total
reaction time of 16 hour. (Note 12)

Centrifuge reactions at 20,000 xg for 10 min and transfer the supernatant to a clean

microcentrifuge tube.
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9.2.9 Western blot analysis

1.

Run reaction soluble fraction on 4-12% Bis-Tris SDS-PAGE gels (Invitrogen).
Transfer onto Immobilon-P polyvinylidene difluoride (PVDF) membranes (0.45
um) using a semi-dry transfer cell (Bio-Rad) or similar.

Wash membranes with PBS and incubate in Odyssey® Blocking Buffer (LI-COR) at
room temperature for 1 hour or overnight at 4 °C.

Wash membranes 6 times with PBST for 5 min.

Probe membranes with both an anti-6xHis tag antibody and an antibody specific
to the glycan/O antigen of interest, if available for at least 1 hour at room
temperature or overnight at 4 °C.

Wash membranes 6 times with PBST for 5 min.

Probe with appropriate fluorescently labeled secondary antibodies for at least 1
hour at room temperature.

Wash membranes 6 times with PBST for 5 min.

Image using an Odyssey® Fc imaging system (LI-COR), or similar. CRM197 and
TT can also be detected antibodies recognizing diphtheria or tetanus toxin,

respectively.
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9.3 Notes.

1.

Rabbit serum containing C.jejuni heptasaccharide glycan-specific antibody (hR6P)
is made in-house and generously provided from Prof. Markus Aebi at ETH-Ziirich,
Switzerland.

Usually at least two transformations were done for each set to allow for plating of
different cell densities or to ensure at least one plate with even spreading (the best
one or both can be chosen to proceed with the assay).

This rinsing step was found to be important for cleaner blots so do not skip. For all
blotting steps, it is important that the shaking evenly covers the membrane with
the buffers. Insufficient shaking will result in uneven signal that will make it
difficult to pick positive hits.

If different targeted ssOSTs will be produced in CFPS-nanodisc reaction, omit
plasmid in premix and add each plasmid into individual reaction later.
Solubilization is a critical step in extracting active ssOST from the E. coli membrane.
It is important to completely homogenize the sample and allow sufficient
incubation time with DDM detergent to maximize extracting efficiency.

Similarly, crude membrane extract LLOs can be prepared the same way. Prepare 1
L TB culture with E. coli strain CLM24 carrying pMWO07-pglAB plasmid. After
protein expression and cell harvesting, disrupt cell with Emulsiflex C5
homogenizer. Ultracentrifuge supernatant to isolate membrane fraction. Following

solubilization membrane fraction with DDM detergent, centrifuge resuspend at
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20,000xg for an hour at 4°C. Collect supernatant containing active LLOs. The crude
membrane extract is active at 4°C for one week.

We use commercial N-terminal-TAMRA-GDQNATAF peptide substrate in our
assay. In-house synthesized peptide with similar sequence can also be used as a
glycosylation acceptor molecule.

The glycosylated protein will migrate slower in the SDS-PAGE gel due to the
additional mass of the attached glycan, and on the anti-His immunoblot it will
appear as a band slightly higher than the unmodified protein (if glycosylation
efficiency is less than 100%, two bands will be apparent). The glycosylated form
can be confirmed by appearance of a corresponding band on the glycan blot.
Reactions can also be run at the 15.0 pL scale in PCR tubes to increase throughput.
However, as this changes the surface area to volume ratio of the reaction, initial
rates and total yields can be lower. Yields should be assessed for each protein of
interest.

Plasmid DNA purity can significantly affect in vitro protein synthesis yields. Midi-
or maxi-prepped DNA is preferred. Elute DNA following purification in nuclease-
free water. We recommend measuring and documenting 260 nm/280 nm and 260
nm/230 nm absorbance ratios to assess DNA purity.

Optimization: The length of this initial incubation period can impact glycosylation
efficiencies by determining how much carrier protein is expressed before

glycosylation. The glycosylation efficiency differs for S12 and S30 lysates due to the
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concentration of membrane vesicles containing glycosylation machinery present in
the lysate. Initial incubation times for S12 extracts can be extended out to 60
minutes.

12. Optimization: Incubation time can be extended up to 16 hours with a minimum of

45 minutes following addition of N-glycosylation activation solution.



