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Abstract

Glycan-binding proteins (GBPs) are commonly used reagents for the study of glycans.
They do not require specialized equipment or time-consuming experimental methods, making
them widely used tools for basic research and clinical applications. Existing glycan recognition
reagents,antibodies and lectins, are limited, and discovery or creation of reagents with novel
specificities is time consuming and difficult.

This thesis details the generation of novel GBPs from a small, hyperthermostable DNA
binding protein by directed evolution. A yeast surface display method for evolution of GBPs was
developed and used to generate GBPs for the recognition of mammalian glycans sialic acid and
the cancer-associated disaccharide Thomsen-Friedenreich (TF) antigen. Characterization of these
proteins shows them to have specificities and affinities on par with currently available lectins. The
proteins can be functionalized to create reagents that prove useful for glycoprotein blotting and
cell staining applications.

Carbohydrate-protein interactions are often low affinity. Naturally occurring GBPs often
oligomerize to make multivalent interaction with glycan ligands, increasing the avidity of the
interaction. Fusion of the evolved GBPs to the coiled-coil trimerization domain of the lectin
surfactant protein D (SP-D) leads to the formation of a trimeric GBP. These trimers are properly
folded, stable, and have increased binding affinity compared to monomeric GBPs. Generation of
trimeric Sso7d-based GBPs is a strategy for increasing the functional affinity of the evolved
proteins, thereby making the proteins useful for a wider range of applications.

The overall goal is to create GBPs for glycans with no existing GBPs for their study. One
area that can benefit from more GBP reagents is bacterial glycobiology. Many pathogens have
glycans involved in virulence. One such organism is Campylobacter jejuni. The N-linked protein
glycosylation pathway in Campylobacter jejuni is needed for pathogenicity of the organism, as
loss of glycosylation decreases adhesion and invasion to intestinal epithelial cells and differentially
modulates inflammatory responses in a gut-immune co-culture model. Future application of the
developed GBP evolution platform toward bacterial glycans will have great impact on the field of
bacterial glycobiology through powerful tools for studying the interactions of human pathogens,
commensals and symbionts and their hosts together with novel diagnostic and analytical reagents.

Thesis supervisor: Barbara Imperiali
Title: Class of 1922 Professor of Biology and Chemistry
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Chapter 1: Strategies and tactics for the development of
selective glycan-binding proteins

This chapter has been adapted and reprinted with permission from:

Ward, E.M., Kizer, M.E., Imperiali, B. (2021). Strategies and Tactics for the Development of
Selective Glycan-Binding Proteins, ACS Chem. Biol. 16, 1795-1813.
doi.org/10.1021/acschembi0.0c00880. Copyright © 2021 American Chemical Society.

Contributions:

Introduction written by Elizabeth Ward and Megan Kizer

Applications of glycan-binding proteins written by Elizabeth Ward

Glycan-binding proteins written by Elizabeth Ward and Megan Kizer

Glycan protein interactions written by Elizabeth Ward

Strategies and tactics in protein engineering — methodology written by Megan Kizer
Current scope of lectin engineering written by Elizabeth Ward

Current scope of CBM engineering written by Elizabeth Ward

Current scope of antibody engineering written by Megan Kizer

Conclusions written by Elizabeth Ward and Megan Kizer
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1.1 Abstract

Glycans influence all biological processes, disease states and pathogenic interactions. Glycan-
binding proteins (GBPs) are decisive tools for interrogating glycan structure and function because
of their ease of use and ability to selectively bind defined carbohydrate epitopes and glycosidic
linkages. GBP reagents are prominent tools for basic research, clinical diagnostics, therapeutics,
and biotechnological applications. However, the study of glycans is hindered by the lack of
specific and selective protein reagents to cover the massive diversity of carbohydrate structures
existing in nature. In addition, existing GBP reagents often suffer from low affinity or broad
specificity, complicating data interpretation. There have been numerous efforts to expand the GBP
toolkit beyond those identified from natural sources through protein engineering to improve the
properties of existing GBPs or to engineer novel specificities and potential applications. In this
thesis, the de novo generation of GBPs from a non-GBP scaffold protein is explored using yeast
surface display. This chapter reviews the current scope of proteins that bind carbohydrates and the
engineering methods that have been applied to enhance affinity, selectivity, and specificity of these

proteins.
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1.2 Introduction

Carbohydrates are ubiquitous molecules requisite for many biological processes, such as
mediating interactions between cells, acting as regulatory elements in cellular signaling, and
mediating membrane organization.” Glycans can exist as glycopolymers, but are often found as
glycoconjugates appended to proteins and lipids, influencing the structure and function of these
biomolecules. The importance of glycans in biology has long been known, but significant
challenges in their manipulation and analysis have hampered their study from being incorporated
into general biological research.

The study of glycans is complicated by the amazing diversity of these structures, both at
the monosaccharide level and at the glycoside-bond level. Unlike nucleic acids or amino acids,
which are linearly polymerized by a single linkage type, glycans can form glycosidic linkages
between any of several hydroxyl groups as either the a- or B-anomers. This also allows for
branching structures. The diversity of individual monosaccharide building blocks also dwarfs that
of nucleic acids and amino acids, with estimates of unique monosaccharides in bacteria being on
the order of 800.” 3 Glycans are not template-encoded, and their synthesis depends on the
sequential action of multiple glycosyltransferase enzymes, making complete structures impossible
to predict based only on genetic information. Furthermore, the presence of highly related
stereoisomers can confound detection and analysis.

Many research groups focus on diverse glycan-recognition methods, including mass
spectrometry, nucleic acid aptamers, boronolectins, pyrrole receptors and oligomeric aromatic
molecules. These methods each have their respective disadvantages, broadly including time-

consuming enzymatic digestion, large sample requirements, expensive and specialized equipment,

12



the need for highly trained personnel for operation or synthesis, and potential degradation during
analysis.”?

Carbohydrate-binding reagents are important tools for the study and detection of glycans.
Unlike many of the techniques mentioned above, these reagents do not require specialized
equipment and can be readily utilized by the wider biological research community. Ideally, these
reagents bind selectively to specific glycan epitopes, allowing for qualitative structure analysis
without extensive sample pre-processing. Carbohydrate-binding reagents fall into several
categories: glycan-binding proteins (GBPs),” nucleic acid aptamers,” ¢ and small-molecule lectin
mimetics.® / /! GBPs are the most commonly used carbohydrate-binding reagent, with many
commercially available.

Although many GBPs have been identified and characterized, they fail to cover the
immense diversity of glycans present in nature, and often lack the affinity and specificity needed
to be useful as reagents. For this reason, GBP engineering has been a growing area of research
paced to match major unmet needs. In this thesis, the de novo generation of GBPs from a non-
GBP scaffold protein is explored using yeast surface display. This chapter serves to introduce the
current state of protein binders that recognize carbohydrates and the engineering methods to
develop superior GBPs. Engineering efforts on the GBP groups highlighted here have been
employed to increase affinity and/or specificity for a carbohydrate target, decrease affinity for an
off-target carbohydrate, develop novel specificity or develop protein scaffolds for glycan-binding
engineering. To understand the strategies utilized for GBP engineering, it is imperative to first
discuss general protein engineering approaches, screening methods, and the molecular

determinants for protein-carbohydrate interactions.
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1.3 Applications of glycan-binding proteins

GBPs are routinely utilized in many different ways (Figure 1-1). They enable a
fundamental understanding of carbohydrate-protein interactions, and are used as tools to isolate or
identify specific glycans or glycan-modified biomolecules.’”’ In biotechnology, GBPs are
important domains of biomass degrading enzymes, and are frequently used to purify or immobilize
glycosylated targets.”* Because characteristic glycans are found on cell surfaces, GBPs are also
used in clinical settings for diagnostics, including histology, blood typing, and microorganism
detection.”*!” GBPs are important cancer diagnostics as well, as the aberrant glycosylation patterns
found on malignant tissues can act as disease biomarkers.!” Therapeutic application of GBPs is
also an active area of research, with GBPs being explored for cellular targeting of therapeutic
molecules.’®?" Certain GBPs have also been identified with direct anti-microbial, anti-viral and

anti-cancer activity.”/-?#
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Figure 1-1. Applications of glycan-binding proteins (GBPs).

GBPs find many uses in therapeutic, clinical, biotechnological and basic research applications.
Some of the prominent methods in which they have been utilized are depicted for each application
area.

1.4 Glycan-binding proteins

There are a number of different types of proteins that recognize carbohydrates. The most
represented GBPs in glycobiology can be categorized into three major groups: lectins,
carbohydrate-binding modules (CBMs), and adaptive immune proteins (antibodies and variable
lymphocyte receptors). Lectins describe a more general class of proteins that bind carbohydrates,

while CBMs represent the carbohydrate-recognition domain of a larger processing enzyme, and
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adaptive immune proteins include proteins with variable regions that evolve to bind glycan
antigens through immune system function. Though differentiated by their classic descriptors, all

three classes exhibit the commonality of binding glycans.

1.4.1 Lectins

Lectins are proteins that preferentially bind carbohydrates. First discovered in plants, they
have since been identified throughout the natural world in animals, fungi, bacteria, and viruses.
There are several ways lectins are classified: by the natural source from which they are identified,
by the types of carbohydrates they bind, by amino acid sequence, or by structure. When grouped
by three-dimensional structures, lectins are categorized into 48 different families.”> Many lectins
are rich in B-structure, adopting folds such as B-sandwich, B-trefoil and B-propeller, although -
structure is not a necessity.?’ This breadth of structural features provides lectins with the ability to
recognize a panoply of carbohydrate targets with varying monosaccharide units, types of linkages
and number of branches. Many lectins have shallow and solvent-exposed binding sites, and as
mentioned previously often have low affinity for their carbohydrate targets, with apparent Kp
values in the high uM to mM range. Because of this, lectins are frequently oligomeric, thereby
increasing avidity. However, such requisite oligomerization only complicates the in vitro
production of this type of GBP.?*?” Lectins also suffer from broad specificity toward carbohydrate
epitopes, making data interpretation difficult. Regardless, many lectins have been identified and

their binding characteristics defined.?®

1.4.2 Carbohydrate-binding modules

Carbohydrate-binding modules (CBMs) are distinct from lectins as they are sugar-binding
domains of a larger sugar-processing enzyme involved in the synthesis, transport, or metabolism

of carbohydrates and glycan polymers. CBMs act to increase the catalytic efficiency of the
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enzymatic domain by either trafficking the enzyme to specific regions of the carbohydrate
substrate, by increasing the concentration of the enzyme in the vicinity of the carbohydrate
substrate, or by disrupting the polysaccharide structure to allow for easier enzyme access.’*?
CBMs fall into three types.* Type A CBMs bind to the surface of crystalline polysaccharides, and
have a planar binding face rich in aromatic residues. Type B CBMs are endo-type CBMs that
recognize internal glycan chains with a binding cleft or groove that can accommodate multiple
monosaccharides. Type C CBMs bind glycan termini with a small binding pocket that can only
accommodate 1-3 monosaccharide units. Because of this, Type C CBMs are said to be more
“lectin-like”. According to the Carbohydrate-Active Enzymes Database (CAZy), these three CBM
types are grouped into 87 families based on amino acid sequence.’* They have also been grouped
into seven families based on structure.* Like lectins, the most common fold is the B-sandwich, but

B-trefoil, cysteine knot, oligonucleotide/oligosaccharide-binding (OB), and hevein folds are also

found.?’

1.4.3 Antibodies

Antibodies (Abs) are part of the mammalian immune system and form the foundation for
the adaptive response to foreign antigens, including carbohydrate antigens. Although the
mammalian immune system also requires lectin-type GBPs (selectins, galectins, and siglecs) to
function, these proteins are not part of an adaptive system.’ ¢ Engineering efforts on these
immune-related proteins are therefore discussed in Section 1.9. Ab proteins contain a constant (Fc)
region and two variable (Fv) domains composed of heavy (H) and light (L) chains (Figure 1-5A).
The Fv domains provide clonal diversity for specific antigen recognition; the Ab repertoire
includes more than 10'2 different variants in humans.>” Such diversity typically generates Abs with

diverse structural features, which exhibit high specificity and affinity to their target.
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While Abs are exceptional for detecting protein antigens, they are not as robust in detecting
carbohydrates for many reasons.’® ¥ Anti-glycan immune responses are less T-cell dependent, as
polysaccharides do not always recruit T-cell assistance for B-cell maturation.?” / As a result, the
immunoglobulin G (IgG) and M (IgM) Ab isotypes elicit the greatest response to glycan antigens,
and their somatic mutation to mature Abs is decreased compared to other antigenic groups. The
IgG isotype is bivalent, with binding regions approximately 50-100 A apart (Figure 1-5A). The
IgM isotype is a pentavalent arrangement of the Ab scaffold, where the individual binding domains
exhibit lower affinities than IgG, but the Ab-glycan avidity is increased through ten possible
binding sites.”” Abs also preferentially target larger, more complex antigens, and therefore tend to
recognize the non-glycan (e.g. peptidic or lipidic) portion of a biomolecule antigen rather than the
carbohydrate. Carbohydrates are not very immunogenic in traditional monoclonal Ab (mAb)
production hosts due to the similarity of glycans from mammalian sources and many bacteria
employ antigenic mimicry to evade mammalian host immune systems.? Accessibility of pure
glycans further hinders mAb development. Glycans may not be easily synthesized or isolated from

the host organism, rendering many interesting glycans from pathogens and symbionts inaccessible.

1.5 Glycan-protein interactions

Understanding the interaction between a protein and its carbohydrate target provides a
great opportunity for site-directed mutagenesis in GBP engineering. Analysis of residues proximal
to bound carbohydrates in structures deposited in the Protein Data Bank reveals several trends.”
The first is a striking enrichment of the aromatic amino acids Trp, Tyr, and His in carbohydrate
binding sites. This seems to contradict the highly hydrophilic nature of carbohydrates, but aromatic
amino acids are one of the most important drivers of carbohydrate-protein interactions. The

polarized C-H bonds of carbohydrates are able to form CH-rn interactions with the electron rich nt-
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systems of aromatic amino acids.?” Trp in particular is highly abundant in carbohydrate-binding
sites. This can be explained by the electronics of the aromatic system. The Trp indole system is
more electron-rich than other aromatic amino acids, even when the additional surface area is
factored in.*’ In addition to aromatic residues, the polar residues Asp, Asn, Gln, and Arg show
some enrichment in carbohydrate-binding sites. Many glycans differ only in the positioning of
certain hydroxyl groups, therefore these polar residues are positioned to make direct contacts with
these distinguishing hydroxyl groups. An example of this is shown in galactose- or mannose-
binding lectins, which discriminate at the C4 hydroxyl group.”’ These selective interactions can
also be promoted by a coordinated Ca** ion instead of an amino acid, as is the case for C-type
lectins.” Aliphatic amino acids are particularly disfavored in carbohydrate-binding sites,
indicating that the hydrophobic effect does not play a major role in binding.
Carbohydrate-protein interactions are often low affinity, with a single carbohydrate-
binding site interacting with a monovalent ligand having Kp values in the uM — mM range.
However, GBPs are often oligomeric or contain multiple carbohydrate-binding sites per protein
and thus exploit multivalent interactions, thereby increasing the overall strength of the
interaction.?” This increased strength, or avidity, is presented as an apparent Kp and can be orders
of magnitude stronger than a monovalent interaction. There also exists multivalency on the glycan
side, either manifested as repeating units in one polysaccharide or as multiple proximal
carbohydrates, for example on the dense glycan-covered cell surface. GBP binding is highly
dependent on the presentation mode of the glycan, as most GBPs preferentially bind densely-
glycosylated glycoconjugates and cell surfaces over free monosaccharides and small
oligosaccharides.” The gain in avidity from interaction of GBPs with multivalent carbohydrate

ligands is known as the “cluster glycoside effect”.” A summary of reports of GBPs with
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multivalent saccharide ligands shows that in all cases a multivalent ligand will show enhanced
avidity, though the magnitude of this enhancement is highly variable.® This effect does not require
homogenous glycans either. The glycans presented on cell surfaces and even on single
glycoproteins and glycolipids are diverse. There is evidence that these mixed glycans interact to
form clustered saccharide patches, whereby heterogenous glycans are spatially organized in such
a way that multiple may interact with a GBP.?’ As such, incorporating multivalency is frequently

employed in GBP engineering.

1.6 Strategies and tactics in protein engineering — methodology

GBP engineering focuses on the modification of existing protein scaffolds to exhibit more
desirable properties, such as increased specificity or higher affinity towards the carbohydrate
target. This can be accomplished by rational design, directed evolution or a combination of the
two. In brief, rational design begins with a protein scaffold of interest, which is manipulated in a
low-throughput manner by targeting specific residues to change.’’ Directed evolution involves
mutagenesis of the protein scaffold to generate a degenerate protein library, followed by iterative
rounds of selection for the desired properties, amplification of the selected variants, and further
mutagenesis (Figure 1-2A).°" 2 Generating library diversity can be executed in two ways: site-
directed mutagenesis and random mutagenesis. The former is a low-throughput approach where
defined residues are changed to specific or randomized amino acids. This usually requires some
prerequisite knowledge of the protein structure or, even better, the protein-glycan interaction. The
latter approach involves mutation of a portion or entirety of the encoding gene randomly. Since
there is no bias from structural information, this method can reveal changes distal to the interaction

surface that may have otherwise been overlooked.
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Appropriate display and screening methods are paramount to obtaining a GBP with the
desired properties. Large protein libraries (diversity ca. 107 — 10'%) are displayed using a method
that links the phenotype of a selected protein to its genotype (Figure 1-2B). This underscores the
ability to evolve a population of desired GBP variants in vitro. Surface-based methods
compartmentalize the genetic material inside of a cell (mammalian,” bacterial,’ or yeast’”) or
phage particle,’® which encodes for the protein variant fused to a cell-surface protein. Conjugation-
based methods have a physical linkage between the protein variant and the genetic material, and
includes techniques such as ribosome display®” *® and mRNA display.’® To effectively enrich the
displayed proteins, high-throughput screening methods are routinely employed. Sorting-based
methods include magnetic-activated cell sorting (MACS) and fluorescence-activated cell sorting
(FACS), where a target glycan is conjugated to a magnetic bead or fluorophore, allowing for target
GBPs to be isolated by the respective glycan-conjugated handle. These methods are desirable for
initial screens of protein libraries, where a simple reduction in diversity (e.g. MACS) or detection
and collection of small populations of binders (e.g. FACS) can be achieved. Other high- throughput
methods, usually utilized later in the GBP engineering work flow, include plate-based screens such
as ELISA with colorimetric or fluorescent readouts and carbohydrate microarrays (Figure 1-

zc).60, 61
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Figure 1-2. Evolutionary and screening methods.

A) The directed-evolution process includes an iteration of three main stages: mutagenesis,
screening, and amplification. B) Many display methods have been developed for linking
phenotype to genotype in directed evolution experiments. C) High throughput screening enhances
the feasibility of directed evolution by efficient separation or detection of binders to intended
targets.

Microarray technologies have revolutionized the way in which GBP screening is
performed.’”%/ They have been employed in many studies involving lectins, viral protein
interactions, immunological investigations, anti-glycan antibodies, and vaccine development.® %
% Production involves the modification of synthetically or chemoenzymatically-prepared glycans
(sequence-defined), and glycans isolated from natural sources (shotgun) with a reactive handle and
subsequent immobilization on functionalized glass surfaces.®” % % % The chemical combinations
for immobilization are diverse and have been summarized in recent reviews.”” Glycan
immobilization is performed by printing micrometer-sized spots, reducing both carbohydrate and
GBP sample requirements. Such a miniaturization into a microarray format not only reduces
sample amount, but also allows for multiple glycan epitopes to be screened at once, ultimately
minimizing the time and effort to obtain glycan-binding information.

The predominant glycan microarrays available include those developed by the Consortium

for Functional Glycomics (CFG) and the National Center for Functional Glycomics (NCFG). The
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CFG has a mammalian glycan array (in its fifth generation) which has about 611 unique glycans
as well as a pathogen array which contains over 300 glycans from various pathogens. The NCFG
also has mannose-6-phosphate, modified sialic acid (Sia, N-acetylneuraminicacid/NeuSAc),
schistosome glycan, Tn antigen glycopeptide, and soybean agglutinin (SBA) glycan arrays for
more targeted investigations. Another array developed in the Seeberger group utilized a
combination of automated glycan assembly, solution-phase glycan synthesis, chemoenzymatic
synthesis, and biological isolation to generate a library with over 300 mono- to eicosaccharides.”’
This array, called the Max Planck Society (MPS) glycan array, has a microbial focus, but also
includes mammalian and plant glycan fragments and epitopes. Many shotgun microarrays
(microarrays consisting of biologically isolated and functionalized glycans) are available,
including the schistosome egg glycan and human milk oligosaccharide (HMO) arrays from the
NCFG, as well as many lab-specific developed shotgun glycan arrays.”” ”? Finally, a neoglycolipid
(NGL)-based microarray system is available from the Glycosciences Laboratory
(https://glycosciences.med.ic.ac.uk/glycanLibrarylndex.html) and contains about 800 glycan
targets including N-glycans, O-glycans, glycolipids, glycosaminoglycans, blood group glycans,
Lewis antigen glycans, neutral and sialylated glycans, as well as oligosaccharides from plant and
microbial sources.?”

With various glycan arrays available, cross-comparisons of some of the more prominently
utilized arrays have been employed to investigate glycan determinant diversity and validate array
binding and consistency across different platforms.”” 7> These studies reveal important
considerations for GBP analysis using glycan arrays. While GBPs with known ligands were shown
to recognize their reported substrates across various arrays, several factors led to discrepancies in

weak binding events across platforms. The major influences include linkage type and glycan
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density, while factors such as reducing end form (ring open or closed), presentation geometry (flat
or spherical), slide type, and number of washes also play a role in generating inconsistencies across
platforms.”* 77 These differences in weak-binding events should therefore not be overlooked, as
they may actually represent more physiologically relevant interactions. Improvements in chemical
conjugation and the breadth of glycans sampled are therefore of great importance. One microarray
development employs a chemoenzymatic approach to access N-linked glycosyl-asparagines that
better mimic N-linked glycan epitopes.”® Another conjugates glycans to polymers and peptides for
clustered glycan presentation. Progress in multiplexing with Luminex® beads,”” DNA-based

78.79 and cell-based arrays have also been investigated.®” 5 Still, the presentation of glycans

arrays,
on the solid array support is not entirely representative of their biological context. Therefore, GBP-
glycan interactions observed on an array should be validated by an orthogonal, biologically-
relevant method.

Furthermore, the current array landscape does not accurately represent the glycan
complexity and diversity of both mammals and microbes. It has been estimated that there are 3,000
unique glycan species on glycoproteins and glycolipids in mammals,* meanwhile the bacterial
glycome is even more diverse.®’ Yet many of these glycans are difficult to obtain in large quantities
for biochemical assays, many biologically-isolated glycans are not sequence defined, and synthetic
routes can be resource intensive and low-yielding. Efforts to overcome these limitations are in
progress, and utilization of complementary arrays could provide useful information about cross-
kingdom GBP-glycan interactions. For example, the MPS array has a diversity similar to that of
the CFG array and the Imperial College London/Feizi array, is highly complementary.”’ Despite

these limitations, the microarray remains an incredibly powerful tool for glycan-protein interaction

analysis and GBP screening.
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1.7 Current scope of lectin engineering

The glycobiology field over the past 30 years has embraced natural lectin engineering to
overcome the aforementioned limitations and maintain these GBPs as useful tools for
glycobiological research. Increased specificities, higher-affinity interactions, and novel
carbohydrate-recognition properties have been attained through lectin engineering efforts.
Common methods used for lectin engineering are described and specific examples for each are
highlighted. This does not include the computer-assisted directed evolution of inactivated
carbohydrate-processing enzymes, called Lectenz®.®* For other lectin engineering reviews, I

direct the reader to Hu et al. and Hirabayashi and Arai®” %

1.7.1 Site-directed mutagenesis

Site-directed mutagenesis is the most frequently applied approach in lectin engineering.
This method can be as simple as mutagenesis of a single residue to one or several other amino
acids, or as complex as generating randomized mutations of many selected residues to create large
libraries.

Creation of chimeric lectins is a rational, site-directed design technique that was performed
early on in lectin engineering efforts. This is done by mutating the binding-site residues of one
lectin to those of another lectin in order to influence the binding specificity. This method requires
knowledge of the residues responsible for carbohydrate interactions, and two lectins that are
predicted to have highly similar folds. Structural data is useful for this method, but not essential,
and biochemical or sequencing information alone can be used for identification of binding-site
residues in certain families of lectins. This has been explored thoroughly in mannose (Man)- and
galactose (Gal)-binding C-type lectins, a family of lectins that utilize a coordinated Ca" for protein

stability and enhancing carbohydrate binding.®” Man-binding lectins have a conserved Glu-Pro-
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Asn motif in the carbohydrate binding site, while Gal-binding lectins instead have a GIn-Pro-Asp
motif. Galactose binding was engineered in C-type Man-binding lectin (MBL) by mutagenesis of
Glul85 and Asn187 to create the GIn-Pro-Asp motif of C-type Gal-binding lectins.®® Although
Gal binding was achieved, the affinity was much lower than that of the native Gal-binding lectins,
indicating other residues outside of the GIn-Pro-Asp motif are involved. To strengthen this
interaction, additional binding-site residues of MBL were mutated. The C-type Gal-binding lectin
asialoglycoprotein receptor (ASGPR) from rat liver contains a Trp residue and a five-residue
glycine-rich insertion following the GIn-Pro-Asp motif that is not present in MBL (Figure 1-3A).%
Addition of these residues into the Gln-Pro-Asp mutant of MBL led to increased affinity and
selectivity of the mutant MBL for galactose to near ASGPR levels. Manipulation of this region
has also been applied to create Man recognition in the Gal/N-acetylgalactosamine (GalNAc)
specific C-type lectin Bahinia purpurea agglutinin (BPA). BPA was engineered to recognize Man
by replacement of nine amino acids in the metal ion binding region with homologous residues

).?” The creation of chimeric

found in the legume Man-binding Lens culinaris agglutinin (LCA
lectins by swapping out one lectin binding site for another has shown some utility, but is only
applicable to certain lectin families containing lectins of differing specificity with similar folds,
and highly- characterized binding sites.

A lectin with high affinity for a tumor-associated epitope was the subject of site-directed
engineering by mutagenesis of a single residue.”’ Peanut agglutinin (PNA) is a legume lectin with
clinical importance due to its affinity to the tumor-associated O-glycan Galp1-3GalNAc, known
as the Thomsen-Friedenreich (TF) antigen. The residue Asn41 is critical for TF antigen specificity

as it makes a water-mediated hydrogen-bonding contact with the GaINAc portion of the sugar.”’

Replacement of this residue with several different amino acids revealed that the Asn41GIln mutant
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shows enhanced affinity for the TF antigen, likely due to a direct hydrogen-bonding interaction
with GalNAc, made possible by the increased side-chain length of Gln compared to Asn.”’
Saturation mutagenesis, or the replacement of a residue with all other amino acids, was used
successfully on the Agrocybe cylindracea galectin (ACG) to improve its selectivity. The WT ACG
exhibits broad specificity as it recognizes B-galactosides like N-acetyllactosamine (LacNAc) and
the TF antigen, as well as 02-3Sia-containing glycans such as 3’-sialyllactose (3°-SL). Sialic acid
recognition is mediated by several key interactions with residues Ser44, Arg77, and Trp83 (Figure
1-3B).”? In order to improve the specificity for 02-3Sia, residue Glu86, which makes important
contacts with the Gal moiety of B-galactosides, was mutated to all other residues.’ The resulting
proteins were assessed by surface plasmon resonance (SPR) with immobilized multivalent
glycopolymers; a Glu86Asp variant retained binding to 3’-SL, but lost affinity for the (-
galactosides LacNAc and the TF antigen. It was confirmed that this mutant preferentially binds
a2-3Sia-containing N-glycans over asialo N-glycans using frontal affinity chromatography, a
biophysical technique which is used to determine the affinity of immobilized lectins to various
glycans in a flow-based system.”” A simple method to analyze the contributions of several residues
to protein function is through the sequential mutation of residues to alanine, called alanine-
scanning mutagenesis. This method was applied to the Gal binding site residues of the same ACG
and produced proteins with high specificity for certain B-galactosides. Mutant Asn46Ala showed
enhanced affinity for glycans terminating in GalNAcal-3Galf such as blood group A
tetrasaccharide, and lost affinity to all other B-galactosides, as well as sialyl- and asialo-N-glycans.
This specificity change can be explained by a cis/trans interconversion of Pro45 when the
Asn46Ala mutant is made (Figure 1-3B).”> *” Another mutant, Glu86Ala, lost binding affinity for

all glycans tested except those containing a 3’-sulfo-GalB1-4GlcNAc structure.”®

27



A powerful method for protein engineering is creation of combinatorial libraries by random
mutagenesis of selected residues. This allows for the rapid production of many protein variants
that can then be screened for functional binding sequences. A combinatorial library was made with
the Gal/GalNAc-specific lectin BPA, mentioned previously for development of a Man-binding
chimera, and phage display was utilized for selection of variants with affinity for Man (Figure 1-
3A).” The nine amino-acid binding site of BPA was randomized, holding important Ca**-binding
residues and a conserved Trp constant. Affinity panning using Man-bovine serum albumin (BSA)
coated plates isolated phage clones with a strong preference for Man-BSA compared to fucose
(Fuc)-, Gal-, GalNAc-, or GIcNAc-BSA. Surprisingly, none of the clones examined contained the
sequence of the BPA/LCA chimeric Man-binding lectin, underscoring the utility of unbiased,
randomized mutagenesis of a lectin binding site.”’ Phage display has also been used to pan a library
of the a2-3Sia-specific plant lectin Maackia amurensis hemagglutinin (MAH) with human
erythrocytes.’”” Although multiple binding-site residues were randomly mutated, selected clones
varied at only two residues. These clones showed wild-type-like affinity to a2-3Sia-containing
glycans, but some had also gained a novel affinity to a2-6Sia. In another example, mammalian cell
display (Figure 2B) was used for engineering 02-6Sia specificity into the Gal-specific peanut
agglutinin (PNA).”> Mutagenesis of carbohydrate-interacting loops was performed, both to
randomly change the amino acid sequence and to vary the length of each loop. An isolated clone
gained the ability to bind 02-6Sia-containing glycans after positive selections with Siaa2-6(Galf1-

3)GalNAc, though it still possessed some recognition of a terminal Gal.
1.7.2 Random mutagenesis

Random mutagenesis over entire proteins i1s much less frequently used for lectin

engineering, but this method has been successful for engineering of the Gal-binding earth worm
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lectin EW29. The C-terminal domain of this lectin, referred to as EW29Ch, underwent error-prone
PCR to generate a mutant library, which was then used to isolate Sia and 6’-sulfo-Gal binders.’?”
192 Sialic acid selections were carried out using the high throughput method known as ribosome
display (Figure 1-2B).”% /3 Agarose beads modified with the glycoprotein Fetuin were used as
the selection bait as this protein contains a2-6-sialylated tri-antennary N-glycan as a major glycan
determinant. Analysis of individual clones identified an 02-6Sia-binding mutant containing six
amino acid changes. Structural studies of this variant show that one of two Gal-binding
subdomains was modified by a dramatic flip in a loop region, allowing for formation of a hydrogen
bond between Sia and mutated residue Gly239Ser (Figure 1-3C). Such a change would be difficult
to engineer by site-directed mutagenesis, highlighting the utility of the random mutagenesis
method. Frontal affinity chromatography shows this new lectin, named SRC, maintains some Gal
recognition of the parental EW29Ch, but specificity shifts significantly towards a2-6-sialylated N-
glycans. This new specificity does come with some loss of affinity, as EW29Ch has a Kp value
with Gal of about 10 pM, and SRC of about 100 uM. EW29Ch has also undergone selection for
6’-sulfo-Gal, again using ribosome display, but with agarose beads conjugated to biotinylated
polyacrylamide polymers bearing 6’-sulfo-LacNAc. Clones bearing the Glu20Lys mutation
showed 6’-sulfo-LacNAc binding, with Kp values determined using frontal affinity
chromatography of ~3 — 4 uM but maintaining a wild-type level of binding to Gal-terminated
glycans with a Kp of 20 uM. The mutation is located close to the 6’-hydroxyl group and is expected

to make favorable electrostatic interactions with the sulfate group.

1.7.3 Engineered multivalency

Because lectins often show low affinity for their targets, efforts have been made to boost

avidity not by engineering of the binding site itself, but by engineering multivalency. The

29



previously described C-terminal domain of the earthworm lectin EW29 engineered for Sia binding
(referred to as SRC for sia-recognition) had affinity too low to be useful as a reagent in a
monovalent state. The parent lectin, EW29, is a tandem repeat-like lectin with two homologous
Gal-binding domains separated by a short linker.”’ The authors genetically fused two SRC
domains together using a modified linker and found a 10-fold increase in affinity toward a2-6-
sialylated glycans compared to the monovalent SRC (Figure 1-3C).’% This affinity is comparable
to that of the commercially available 02-6-Sia specific lectin from Sambucus sieboldiana (SSA),
and was successfully used as a reagent for flow cytometry, fluorescence microscopy, lectin
chromatography, and lectin blotting. A similar strategy was used to increase the affinity of a
bacterial F-type lectin with Fuc specificity.’” Partial duplication of the binding site to mimic
eukaryotic Fuc-binding proteins led to a 12-fold greater binding affinity than the wild-type lectin
to multivalent fucosylated glycans. Although only one Fuc binding site was functional, the protein
gained avidity by oligomerizing into higher-order structures. Another method of engineering lectin
multivalency is to fuse the carbohydrate binding domain to a dimeric protein. To this end, a
modified high-Man specific lectin from actinomycete (actinohivin) was fused to the fragment
crystallizable (Fc) domain of human immunoglobulin G 1 (IgG1).”%” This dimeric “lectibody”
showed a 10-fold improvement in binding to high-Man type glycans and maintained the wild-type

specificity as assessed by glycan microarray (Figure 1-2C).
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Figure 1-3. Examples of lectin engineering.

A) Sequence alignment of rat mannose binding protein (MBP) and rat asialoglycoprotein receptor
(ASGPR) binding sites. Orange residues indicate mutations made in mutant MBP, and red arrows
indicate residues shown in structures. Wild-type (WT) MBP structure with bound mannose (green)
and interacting residues (orange) (PDB 1KX1). Red indicates GIn-Pro-Asp motif residues. Human
ASGPR with bound galactose (green) and interacting residues (orange) (PDB 5JPV). Red indicates
Glu-Pro-Asn motif residues. Chimeric MBP structure with bound Gal showing interacting residues
in orange (PDB 1AFA). B) WT A. cylindracea galectin (ACG) with bound 3’sialyllactose (green)
showing interacting residues (orange) (PDB 1WW4). Residues in red show interactions with sialic
acid. Alanine scanning found Asn46Ala mutant and Glu86Ala mutant with GalNAcal-3Galf
specificity and 3’sulpho-GalB1-4GlcNAc specificity. Saturation mutagenesis found Glu86Asp
with 3’sialyllactose specificity. C) Left: WT Earth worm galectin C-terminal domain (EW29Ch)
with bound lactose (green) and interacting residues (orange) (PDB 2ZQN). Center: Mutant sialic
recognition EW29Ch (SRC) with bound 6’sialyllactose (green), with interacting residues (orange),
mutant residue Ser239 shown in red (PDB 2DS0). Right: Multivalent tandem SRC with increased
affinity.

1.8 Current scope of carbohydrate-binding module engineering

CBMs often recognize plant and fungal cell wall polysaccharides like cellulose, xylose,

and chitin, but glycoside hydrolase enzymes with CBM domains are also secreted by pathogenic
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microorganisms that act on human glycans such as hyaluronan.’’® CBMs, like lectins, often have
low affinity for small oligosaccharides, but compensate with either multiple binding sites per
domain or multiple domains per enzyme for increased avidity.*> CBM engineering has mostly been
applied with respect to industrially- important polysaccharides to increase enzyme action toward
biomass, but may also be a good starting point for engineering of biotechnologically relevant
CBMs. Some examples of CBM engineering and the methods used are described here. For other

CBM engineering reviews, please see Armenta et al.’”

1.8.1 Site-directed mutagenesis

Like lectin engineering, site-directed mutagenesis has been the most frequently applied
approach for CBM engineering. The demand for cost-effective biofuel production has prompted
the engineering of high-affinity binders of cellulose, as efficient cellulolytic enzymes are needed.
Toward this goal, the cellulose-binding CBM1 of Trichoderma reesei cellobiohydrolase Cel7a has
undergone site-directed mutagenesis to increase cellulose affinity.’/’ This CBM is a small cysteine
knot protein with a flat binding face rich in aromatic amino acids. A homologous cellulose-binding
domain from an endoglucanase found in the same organism differs by only nine amino acids but
has higher affinity for cellulose. Four variants were constructed by mutagenesis of seven different
positions to the corresponding residues of the endoglucanase CBM to make two single and two
triple mutants. Only the single Tyr5Trp mutant had increased affinity for cellulose, likely due to
the differences in the m-systems in these aromatic amino acids (Figure 1-4A). This same CBM has
also undergone site-directed mutagenesis to increase the specificity for cellulose over lignin, the
major non-carbohydrate component of cellulosic biomass that can inhibit enzymatic hydrolysis.’!/
Four residues were mutated to several other amino acids to vary the charge and polarity at these

positions. The protein variants were produced as cellobiohydrolase-CBM complexes and their
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affinity for microcrystalline cellulose and lignin was quantified using partition coefficients
between adsorbed protein to solid or soluble polysaccharide substrate. Substitution of amino acids
Val and Pro with the negatively charged Glu at positions 27 and 30 both shifted specificity to
cellulose over lignin (Figure 1-4A). These residues, when paired with several mutations in the
linker between the CBM and cellobiohydrolase enzyme, has 2.5-fold reduction in lignin affinity
and had no lignin inhibition when assayed for cellulose degradation.

The CBM4-2 of the Rhodothermus marinus xylanase, Xynl0A, has been the subject of
many CBM engineering efforts. CBM4-2 is a type B CBM with affinity for xylans, B-glucans, and
amorphous cellulose. This broad binding specificity, paired with the high thermostability and ease
of production in E. coli, made this module an attractive candidate for protein engineering. Twelve
residues around the binding site were selected for limited substitution of related residues in order
to not destabilize the structure.’’”? Phage display was used to select binders to the carbohydrate
polymers birchwood xylan, Avicel (a microcrystalline cellulose) and ivory nut mannan, as well as
the human glycoprotein 1gG4. The clone selected for xylan, referred to as X-2, is highly specific
for xylan, having lost the wild-type CBM4-2 affinity for glucan-containing polysaccharides like
B-glucans and xyloglucans.’’* This clone is unique as one of the two binding site aromatic residues
(Phe110) was mutated to the aliphatic residue Leu, leaving only one m-stacking interaction with
the xylan chain. Clone X-2 with position 110 mutated back to the wild-type Phe is once again able
to bind carbohydrates with glucose-based backbones, regaining the broad specificity of the wild-
type CBM4-2 (Figure 1-4B).”’# The human IgG4-binding clone underwent a dramatic change in
specificity as it was shown to bind to the protein itself, not the attached glycans.’”’> This phage
library has also been screened for binders to xyloglucan, a plant cell wall polysaccharide which

lacks appropriate reagents for its study.’’® Xylan was used as a soluble competitor to remove phage
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displayed variants with wild-type specificity toward xylan. This competition strategy was
successful, as two selected clones showed remarkable specificity toward xyloglucan over xylan,
Avicel, arabinoxylan, and B-glucans. Structural studies of one clone, XG-34, shows the binding
cleft is more narrow than that of the wild-type protein, with Trp69Tyr and Tyr110His moving

closer by 5.5 A (Figure 1-4C)."7

1.8.2 Random mutagenesis

Random mutagenesis has been performed successfully to change CBM specificity. The
family 11 CBM of the Ruminoclostridium thermocellum enzyme CelH, RtCBM11, has undergone
randomized mutagenesis to create a combinatorial phage library.’/* The wild-type RtCBM11 binds
to linear polysaccharides such as glucans and Avicel with high affinity, but binds branched
polysaccharides like xyloglucan with low affinity. Structural studies of the wild-type RtCBM11
complexed with mixed-linked B-glucans show that CH-m stacking with Tyr residues and a
hydrogen-bonding network with multiple residues are responsible for ligand binding.’/? Phage
selection using xyloglucan revealed a double mutant binder with His102Leu and Tyr152Phe
mutations. This variant has about 22-fold higher affinity for xyloglucan compared to the wild-type
protein and has reduced affinity for B-glucan. Molecular dynamics simulations were employed to
rationalize this enhanced affinity toward the branched xyloglucan and reveal the creation of a
xylosyl binding cleft at His102Leu and modified hydrogen-bonding network. Importantly, fusion
of the mutant CBM to a xylanase enzyme increased catalytic efficiency of xyloglucan hydrolysis
by 38%. Randomized mutagenesis can greatly improve the binding characteristics of a protein that
has already been selected from a combinatorial library. This process, referred to as affinity
maturation, was performed on the xyloglucan-binding clone XG-34 isolated from the CBM4-2

combinatorial library described previously.’’® Error-prone PCR introduced random mutations
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throughout the length of the gene to generate a new phage display library.’?’ Selections for tight
xyloglucan binders produced several clones with higher affinity for xyloglucan than the parent
protein. These clones shared a single mutation in close proximity to the carbohydrate-binding site
that reverts Asp112 back to the wild-type residue Glul12 that is speculated to directly interact with
the bound ligand (Figure 1-4C). These clones showed specificity for galactose-decorated
xyloglucans, with no affinity for fucosylated xyloglucans. The evolved proteins were fluorescently
labeled and subsequently used to visualize the non-fucosylated xyloglucan found in tamarind seed,

performing better than the parent protein.
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Figure 1-4. Examples of CBM engineering.

A) Cel7a CBM1 engineering. Site directed mutagenesis used to increase affinity for cellulose, and
to decrease affinity for lignin. Structure shows residues involved in cellulose binding, and residues
involved in lignin binding (PDB 1CBH). B) Wild-type CBM4-2 showing the locations of residues
mutated to create a combinatorial phage display library (PDB 1K45). Xylan selections isolated
clone X-2, shown with bound xylotetraose (green) with interacting residues (orange) (PDB 2Y 6K).
Green spheres are bound Ca**. Box: Zoom in of interacting residues of clone X-2 with bound
xylotetraose, with key residue L110 shown in red. Clone X-2 with F110L mutation shows
decreased xylan specificity. Interacting residues (orange) shown with bound cellopentaose (green),
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key residue F110 shown in red (PDB 2Y6G). C) Xyloglucan selection of combinatorial CBM4-2
library produces xyloglucan binding clone XG-34. Structure of wild-type CBM4-2 structure
showing important residues W69 and F110 in blue (PDB 1K45) compared to clone XG-34
structure, with XG-34 showing a decreased binding cleft width. Mutations Y69 and H110 shown
in blue. After random mutagenesis and xyloglucan selection, E112D XG-34 has increased affinity
for xyloglucan.

1.9 Current scope of antibody engineering
The generation of Ab-based GBP reagents is a long and often unrewarding process. Despite

various limitations, anti-glycan mAbs have been developed against a number of different targets,

121-123 124

including cancer epitopes,’ glycosaminoglycans, human blood group

oligosaccharides,’?’ viral envelope proteins,’?%-/?% bacterial cell wall components,’??-/3

and many
more. Many studies exploring anti-glycan Abs, either generated as monoclonals or isolated directly
from host-derived samples, have been recently reviewed by Haji-Ghassemi et al., focusing on their
carbohydrate-antibody recognition mechanisms.?” Much of the current anti-glycan Ab landscape
has been collated in the Database of Anti-Glycan Reagents (DAGR).*® The common engineering
approaches used to improve anti-glycan Abs are summarized. Despite their prevalence in the
glycobiology field, anti-glycan Abs still suffer from the specificity, affinity and development

issues described above and, as a result, could benefit greatly from novel or orthogonal engineering

tactics.

1.9.1 Fragmentation and display-based directed evolution

Manipulations of the prototypic immunoglobulin form are prominent in Ab engineering.
Removal of the crystallizable fragment (Fc) results in the antigen binding fragment (Fab), which
is frequently employed for the development of Abs as reagents and for structure determination
(Figure 1-5B). The HIV-1 Ab PGT128 is one example of an anti-glycan Fab which recognizes the

high-Man region and a short B-strand segment of the gpl120 envelope protein.”*? Further

36



fragmentation to the single-chain variable fragments (scFv) (Figure 1-5B) generates another major
scaffold in Ab engineering as these variants may exhibit superior pharmacokinetic properties, are
smaller and more amenable to biochemical manipulations, and are generally easier to produce in
vitro compared to mAbs.”*? Due to their small size, they also present ideal scaffolds for display
libraries. However, scFvs also exhibit prominent disadvantages including decreased stability,
aggregation and misfolding when recombinantly produced in E. coli.’3* 13 Therefore, it is
common to conjugate scFvs with a crystallizable fragment (Fc) to recapitulate some of the IgG
structure (scFv-Fc) (Figure 1-5B) and regain stability.”* Nevertheless, the development of anti-
glycan scFvs has been commonly explored through the general procedure of immunization, scFv
gene isolation, phage expression system incorporation and phage display enrichment. This is
exemplified by an scFv that recognizes Man-6-phosphate (M6P), a glycan determinant required
for transport of lysosomal hydrolases.”*” Rabbits immunized with a pentamannose phosphate
afforded an Ab library that was subsequently enriched by phage display to provide a single scFv
variant that displayed an apparent Kp of 28 pM for the M6P substrate and does not exhibit affinity
for Man or Glc-6-phosphate. After interrogation with a phosphorylated glycan array, it was found
that this scFv Ab binds specifically mono- and diphosphorylated Mans glycans and
diphosphorylated Man7 glycans, all containing the M6P determinant. Structural studies of the
scFv:M6P complex reveal six hydrogen-bonding contacts with the Man ring and two salt bridge
contacts with the phosphate group imparting specificity.’?*

In another example, Kubota et al. utilized this method to target an a-linked GalNAc, also
known as the Tn antigen, a prominent cancer epitope.’*’ The phage library was developed using
extracted RNA from mouse spleen cells immunized with the Tn-positive Jurkat cells. The resulting

scFv library was then incubated with a biotin-conjugated Tn antigen; clones were isolated using
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streptavidin-coated magnetic beads and binding was verified by ELISA. Selected variants were
then genetically fused to an Fc domain to promote Ab-dependent cellular cytotoxicity. Two scFv-
Fc variants, 3-9 and 3-18, were obtained with high specificity for the Tn antigen. The marked
specificity was presumed to result from the mouse pre-immunization and a negative- panning step
against blood group A (BGA) trisaccharide (another prevalent antigen with the same terminal o-
GalNAc determinant). Although binding affinities were not determined, the two variants obtained
from this study were confirmed to selectively recognize the Tn antigen-expressing cell lines Jurkat
and CHO-Lec8.

This approach was routinely utilized in many studies to develop anti-glycan antibodies
against the glycosaminoglycans (GAGs) chondroitin sulfate (CS), dermatan sulfate (DS), heparan
sulfate (HS) and heparin epitopes.’?’ Since GAGs are non-immunogenic in traditional mAb hosts,
a semisynthetic human library with 50 VH genes conjugated to the same VL gene then fused to a
phage coat protein was utilized for the scFv library. Binders to the GAG epitopes were selected in
an iterative manner using glass-surface immobilized GAGs. After multiple rounds of panning, the
resulting scFvs were then subcloned into bacteria for soluble expression and analysis. One
particular study that followed this procedure to isolate scFvs to HS afforded three variants, one of
which, HS3G8, was obtained after negative-selection screens against CS and DS.’# An apparent
binding affinity of HS3G8 to HS was determined to be 0.15 uM by ELISA. The HS specificity
was characterized by immunofluorescence after incubation with GAG-digested and undigested
tissue sections. Immunostains of these tissues with HS3G8 showed affinity for the HS target while
showing no affinity for other GAGs and polyanionic species, including CS, DS and DNA.

Interestingly, the use of this scFv Ab was able to discern heterogeneity of HS in different tissues.
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More recently, Amon et al., utilized a yeast surface display approach to obtain scFVs
binders to sialyl Lewis a (NeuSAca2-3Galf1-3(Fucal-4)GIcNAcP; SLe?), a pancreatic and
colorectal cancer-associated carbohydrate epitope.’*? Yeast expressed a randomized library of
scFv scaffolds and were incubated with the SLe® antigen on a polyacrylamide support (SLe*-PAA).
Clones that exhibited antigen binding were selected by FACS; three rounds of binding with
successively decreased antigen concentration and increased gating stringency afforded five
mutated scFv clones of interest. The scFv scaffolds of these isolated clones were then reconstituted
as full-length IgG Abs for further characterization. One particular reconstituted full-length clone,
RA9-23, was determined to have an apparent affinity of 12 nM by biolayer interferometry. This is
a 3.5-fold enhancement of affinity compared to the native (non-randomized) scFv scaffold. RA9-
23 also showed great specificity for SLe* over some closely related glycans by ELISA, yet
exhibited cross reactivity with GeSLe?, 9-O-AcSLe?, and 9-O-GceSLe? by sialoglycan microarray
analysis. Incorporation of counter selections against these sialyated glycans would aid in imparting
greater specificity to the RA9-23 Ab. Finally, this study showed the utility of the full-length RA9-
23 Ab by showing its ability to bind SLe®-expressing cancer cells (WiDr and Capan2) and increase
cytotoxicity of the cell lines in vitro.

Together, these examples highlight the use of Ab scaffold fragments, namely scFvs, and
display systems to provide Ab-based GBPs. The procedures further emphasize that orthogonal
counter selections are key for imparting greater specificity for the target glycan. However, these
studies did not incorporate affinity maturation steps in between selection rounds, which could

potentially instill greater affinity for the glycan.
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1.9.2 Mutagenesis and engineered multivalency

Anti-glycan Abs from an immunized host exhibit reduced mutagenesis, as the immune
response to glycan targets presents as a lack of rearranged variable-region genes.’#* This results in
essentially the germline sequence, providing a dearth of clonal diversity and generally low affinity,
broadly-specific Abs. Therefore, in vitro mutagenesis techniques, as discussed for lectins and
CBMs, should effectively re-install desired binding characteristics to existing anti-glycan Ab
scaffolds. Such mutagenesis has afforded varying success, usually resulting in anti-glycan Abs
with increased affinity but decreased specificity.’* A random codon-based mutagenesis strategy
was applied to the anti-Lewis Y (Fucal-2GalB1-4(Fucal-3)GIcNAc; LeY) Ab, BR96 (Figure 1-
5C).!% Originally expressed as an Fab, BR96 was first fragmented to an scFv for improved
expression. Mutagenesis of the three most exposed heavy chain loops, H1, H2 and H3, within the
complementarity-determining regions (CDRs) afforded variant M1; the single mutation of
Asp97Ala in the H3 region, provided 5 to 10-times greater binding than parent BR96. A double
mutant was then developed by site-directed mutagenesis to introduce Asp in the H2 region
(Gly53Asp) and bound even better than M1. Affinity maturation on the H1 region of M1 was
performed by repeating the codon-based mutagenesis; one triple mutant, M4, exhibited greater
binding affinity to LeY-coated ELISA plates but diminished binding to LeY-positive cells.
Although this study was able to produce some Abs with tighter binding properties relative to the
parent Ab, the specificities decreased (Figure 1-5C). An scFv was also derived from the anti-BGA
trisaccharide IgM , AC1001, and a combination of rational design and phage display was utilized
to explore increasing binding affinity.’?’ Site-directed mutants of the Leu at position H103 to Ile
and Val led to 15- to 30-fold increased binding to BGA compared to the parent scFv. This

mutation, though it had a dramatic effect on affinity, did not directly contact the antigen, rather
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stabilized a nearby loop to reduce entropic contributions to binding. The single mutant scFVs did
not show binding to blood group B (BGB) trisaccharide, maintaining some specificity, although a
thorough binding analysis with other targets was not performed.

As highlighted previously, protein-glycan binding interactions are characteristically weak
and rely on multivalency to increase binding avidity. Exploiting protein oligomerization for
multivalent interactions in Ab engineering is usually seen as a genetic fusion of an Ab fragment
back with its Fc domain (e.g. scFv-Fc). One study used a ligase chain reaction mutagenesis strategy
to develop scFvs against the O-polysaccharide of Salmonella.’*® Phage panning provided mutants
rich in substitutions that increased hydrogen-bonding contacts to the polysaccharide and
substitutions that removed steric clashes in distal loop regions. Interestingly, this library was
predominantly enriched with dimeric and higher order oligomeric scFvs with apparent Kps in the
low nanomolar region, confirming the importance of multivalency for greatest avidity.

One unique case of multivalency is exemplified by 2G12, another anti-HIV Ab which
recognizes the high-Man glycan of gp120.”*” In 2G12, a phenomenon called domain swapping
allows for an Ab conformation with four, proximal binding sites as opposed to two, distal ones
(Figure 1-5D). The two variable heavy chains, VH and VH’, cross to the opposite binding region,
which brings all four variable sites in close proximity for multivalent binding (Figure 1-5D). The
Lai group developed a phage display approach for engineering glycan-binding Abs utilizing this
domain-swapped chain arrangement.”# The phage library utilized a chimeric construct comprising
the stalk, hinge, and variable regions; the stalk and hinge regions were optimized to bring the
variable chains into the proper orientation and proximity for domain swapping. A survey of
existing anti-glycan Abs and the amino acids that contact the glycan with a van der Waals distance

<2.5 A, revealed that Tyr, Ser and Asp are prevalent in all anti-glycan Abs — in contrast, Arg, Asn
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and His prevalence are antigen-dependent. Two phage libraries were then developed with random
mutagenesis at the NMC codon (where N and M are any nucleic acid), which can encode Tyr, Asp,
Ser, His, Asn, Thr, Ala and Pro. Although this codon represents most of the high-frequency
residues identified in glycan-Ab interactions, it does not encode for Trp, the amino acid involved
in prominent CH-m interactions in GBP binding (See Section 1.3 and Figure 1-5D). This approach,
although conceptually sound and able to provide domain swap-engineered Abs against gp120, the
ECso values paled in comparison to the wild-type 2G12.

In summary, many factors contribute to relative lack of engineered Abs compared to lectin
and CBM GBPs. There has been relatively limited success in anti-glycan Ab development to
highly-selective and tight- binding proteins, likely due to the restricted number of genes that
comprise the variable region and the lack of T-cell helper functions for affinity maturation.’ It is
also challenging to develop ideal glycan antigens for mAb generation, especially for bacterial
glycans, which are more difficult to isolate or synthesize, and can mimic the mammalian host
glycans. Therefore, although there have been attempts at further engineering antibodies by
fragmentation, display libraries for evolution, and mutagenesis, these efforts have not resulted in

significant improvements in glycan-binding properties.
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Figure 1-5. Antibody (Ab) structure and engineering.

A) Schematic of immunoglobulin G Ab denoting the heavy (H) and light (L) chains, crystallizable
fragment (Fc), antigen binding fragment (Fab) and variable fragment (Fv). B) Engineered Ab
fragments include the Fab, single-chain variable fragment (scFv), and chimeric scFv with
crystallizable fragment (scFv-Fc). C) Engineering strategy for anti-glycan Ab development. A
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sequence of fragmentation, random mutagenesis and phage display, and site directed mutagenesis
on the anti-Le¥ Ab, BR96 (PDB 1CLY). Regions subjected to mutagenesis are colored orange,
magenta and salmon in the surface representation. Mutated residues denoted in red in the inset.
Ultimately, a gain of affinity for the LeY substrate was seen at the consequence of loss of
specificity. D) Domain swapping of IgG variable heavy chains (VH and VH’) brings binding sites
closer together for multivalent glycan binding to the Man-containing glycan epitope (green
circles). Detailed structure of the 2G12 Fab in complex with Man9 epitope of the gp120 target
(PDB 6N2X). The inset shows the residues mutated during random mutagenesis which contact the
Man9 glycan within van der Waals distance. In all 3D structures, the protein backbone is colored
tv blue and marine for heavy and light chains respectively. Green sticks represent the glycan
ligands and orange sticks represent main chain residues.

1.9.3 Lamprey variable lymphocyte receptors (VLRBs)

Lamprey, a jawless vertebrate, also exhibits an adaptive immune system, in this case via
variable lymphocyte receptors (VLRs).”#” Recent investigations into these variable antigen
receptors have facilitated the development of novel GBPs which exhibit strong binding
characteristics to carbohydrate antigens. VLRs gain specificity against foreign antigens through
somatic recombination of leucine-rich repeat (LRR) modules (Figure 1-6A), providing a diversity
of 10'* different proteins.’’” Lamprey have two VLR genes, VLRA and VLRB, which are expressed
by mutually exclusive lymphocyte populations. VLRB-related proteins have been shown to
recognize various foreign antigens and are more widely utilized in the development of binders as
they are the prevalent component of the humoral response of the VLR-based immune system.’?’

Carbohydrates are highly immunogenic in lampreys;’’? a few examples in recent years
show VLRBs with high affinity and specificity to glycan targets. In 2008, Alder et al. showed that
lamprey lymphocytes responded to carbohydrate and protein determinants on bacterial or
mammalian cells.””’ Lamprey immunized with human O erythrocytes produced VLRB antibodies
that recognized Chinese hamster ovary (CHO) cells expressing the blood group H (BGH)

trisaccharide (Fucal-2Galf1-4GlcNAc), the key antigen on O erythrocytes. This study also

established that VLRBs are composed of multiple VLRB monomers linked by disulfide bonds to
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form large oligomeric macromolecules; this is the nascent form in the sea lamprey, leading to the
high-binding avidities for glycans as they are naturally multivalent immune proteins. In addition,
the study showed VLRBs are unresponsive to the soluble proteins BSA or keyhole limpet
hemocyanin, two proteins commonly used as conjugates for vaccine development. The utility of
the lamprey VLRB system is further emphasized by a comparison of mouse and lamprey
glycosyltransferases, which suggests that the lamprey glycan-related genome and glycome are
distinct from those of humans and mice.’”* This is promising for the application of glycans and
glycoconjugates in lamprey immunization for anti-glycan VLRB development.

VLRBs are excellent candidates as next generation GBPs for many reasons. The lamprey
VLRB and mouse immunoglobulin responses to influenza A virus are extremely similar,’* yet
advantageous structural features provide the VLRB with a greater ability for glycan binding. A
structural analysis exemplified this by showing VLRB antigen contact area (~1500 A?) is similar
to that of Igs (1400 — 2300 A?), but results in a deeper binding pocket that promotes greater binding
affinity. Furthermore, the concave structure contains a “thumb” from the C-terminal LRR capping
region (LRRCT), which can effectively clamp down onto the carbohydrate antigen (black arrows
in Figure 1-6A).”* The VLRBs utilize the same non-covalent forces for binding (salt bridges,
hydrogen bonds, and van der Waals forces) as other GBPs, and sequence analysis also reveals an
enrichment of aromatic amino acids. Indeed, the variable positions on the concave surface, which
contact the carbohydrate antigen, are highly biased towards Tyr, Trp, Asn and Asp.”*? The
structural “thumb” specifically contains a conserved Trp residue that utilizes CH-x interactions at
the carbohydrate binding site. Understanding the molecular determinants for VLRB-carbohydrate

binding will inform mutagenesis efforts to engineer VLRBs with greater specificity and/or affinity.
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1.9.4 Yeast surface display

VLRBs have been shown to be amenable to engineering tactics to generate GBP reagents
with desirable characteristics. Yeast-surface display (YSD) has emerged as a predominant VLRB
engineering technique (Figure 1-6C). Tasumi et al. produced VLRBs in immunized lamprey and
consequently developed a YSD vector for screening of the VLRB library.’?? Two libraries were
developed: a hen egg lysozyme (HEL) library from HEL-immunized lamprey, and a composite
library from lamprey immunized with various antigens including -gal and sheep erythrocytes.
The libraries were incorporated into a YSD system and screened for binding to targets including
multivalent proteins as well as BGA and BGB trisaccharides. Seven VLRB binders to the
trisaccharides were identified, and 6 of the 7 exhibited 1.6- to 4.3-fold higher affinity for BGB
compared to BGA, with apparent Kps in the 10 — 900 nM range for all clones. Further, the anti-
trisaccharide VLRBs showed no inhibition of binding in the presence of BGH, indicating
specificity among the blood group antigens. This study also employed error-prone PCR and FACS
enrichment to increase affinity of the isolated protein VLRB.HEL.2D; although this was not a
glycan-binding protein, it still exemplifies the possibility of utilizing diversity-generating methods
for engineering anti-glycan VLRBs.

In 2013, Hong et al. utilized a YSD library expressing VLRs in a screen against
biomedically-relevant glycotopes including the Tn and TF antigens, Lewis A and Lewis X, N-
glycolylneuraminic acid, poly-Man9, HIV gp120, and glycoproteins asialo-ovine submaxillary
mucin (aOSM) and asialo-human glycophorin A (aGPA).”?’ Initial screens were performed with a
monomeric VLRB library, and the selected VLRBs were then fused with an Fc domain to provide
a dimeric VLRB-Fc protein. One of the isolated proteins, VLRB.aGPA.23, was shown to be

selective for the BGH trisaccharide, aGPA, and TF by flow cytometry and microarray analysis.
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Using SPR with its fusion construct, the apparent binding affinities to each glycan target were
determined to be in the low nM range. Isothermal calorimetry (ITC) performed on monomeric
proteins provided a Kp of 0.221 mM, suggesting that the previously determined nanomolar
apparent affinity resulted from multivalent interactions.’”® Tissue microarrays with this VLRB
selectively detected cancer-associated carbohydrate antigens in 14 different cancers. Later, the
crystal structure of the VLRB.aGPA.23-TF complex was determined at 2.2 A resolution.””® The
structural analysis reveals the basis of specificity for the tumor-associated antigen. Key hydrogen-
bonding contacts are made between residues Asn86, Asp134 and Ser87 and the TF disaccharide
hydroxyls. Trp residues 62, 84, 156 and 187 also contribute to specificity binding through the
aforemenmtioned CH-r interactions. Meanwhile, significantly fewer hydrogen-bonding, van der
Waals, and CH-n interactions are observed for the VLRB.aGPA.23-BGH. This structure also
corroborated the general molecular architecture for VLRB-based glycan binding. The TF
disaccharide is sandwiched between the LRRCT domain molecular thumb and the concave surface
formed by the short B-strands of the LRR and CP modules (Figure 1-6A). This is atypical
compared to lectins and Abs and allows for greater contacts along the B-strands by larger

oligosaccharide targets, potentially accommodating up to 6 monosaccharides.

1.9.5 Mutagenesis and microarray enrichment

Specificity for VLRB-based antibodies, like other GBPs, is predominantly determined
through the use of glycan microarrays. Lampreys immunized with O erythrocytes generated
VLRBs that recognize the BGH trisaccharide.””” YSD on the immunized library followed by
MACS and FACS generated specific VLRBs. The isolated VLRBs were then conjugated to an Fc
domain (Figure 1-6B) to generate the dimeric form for glycan microarray analysis, which revealed

a greater specificity for the BGH trisaccharide compared to plant lectin UEA-1. Purified
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monomeric VLRBs were utilized for isothermal calorimetry (ITC) studies, which found that one
VLRB, O-13, exhibited a Kp of 2.6 uM for the BGH trisaccharide. O-13 did not bind 2’-fucosyl-
Lac or LeY antigens and bound lacto-n-neotetraose (LNnT) with low affinity (Kp 160 uM). A
combination of affinity measurements, microarray analysis and crystal structure comparison
revealed a greater specificity of the O-13 VLRB for the BGH trisaccharide compared to other
selected VLRBs. Mutational studies of the VLRB O-13 then followed; mutants with further
enhanced specificity for H-trisaccharide were developed based on site-directed mutagenesis to
eliminate cross-reactivity with LNnT, while retaining high affinity interactions with the BGH
trisaccharide. One double mutant (Asn81His-Asn82Glu) decreased the size of O-13 binding
pocket and eliminated a water-mediated hydrogen bond between position 81, position 82 and C2
hydroxyl group of the internal Gal residue of LNnT (Figure 6B). ITC showed that this mutant
binds the BGH trisaccharide with the same affinity as WT O-13, but does not bind LNnT.
Finally, a combination of direct lamprey immunization, YSD, immunoglobulin Fc domain
conjugation and microarray analysis afforded a robust platform for generating libraries of VLRB-
based anti-glycan reagents (Figure 1-6C).”*® Identification of glycan-specific VLRBs after
immunization with whole fixed cells, tissue homogenates, and human milk was achieved with this
platform. The cDNA from lamprey lymphocytes was cloned into a YSD system for VLRB
enrichment. VLRB-Fc chimeras (smart anti-glycan reagents, SAGRs) were constructed and
specificity was determined by microarray analysis and immunohistochemistry. Fifteen VLRBs
were discovered that discriminated between various glycosidic linkages, functional groups and
unique presentation of terminal glycan motifs, providing a high throughput method for obtaining
binders to a variety of carbohydrate antigens. The VLRB/YSD system to recognize and enrich

glycan binders is a nascent yet promising tool for advancing the scope of GBPs.
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Figure 1-6. Variable lymphocyte receptor (VLRB) structure and engineering.

A) VLRBs are composed of leucine rich repeat (LRR) regions which fold to form a concave
variable binding surface. A schematic of the protein sequence, highlighting the LRR motif, and a
detailed structure of a monomeric protein in complex with glycan target are shown. Black arrows
denote the conserved tryptophan in the LRRCT domain, Trp228, which acts as a molecular
“thumb” in anti-glycan recognition. B) Engineering an anti-blood group H (BGH) trisaccharide
VLRB. The VLRB O-13 obtained after lamprey immunization and phage display exhibits affinity
to BGH and lacto-n-neotetraose (LNnT). WT O-13 in complex with BGH trisaccharide shows
residues involved in binding; mutated residues, denoted in red, maintain BGH binding while
preventing LNnT binding. Conjugation of VLRBs to antibody Fc domain generates a dimeric
construct utilized in yeast surface display (YSD), affinity measurements and specificity
determination. C) An initial YSD selection with VLRBs followed by glycan microarray
enrichment can provide VLRBs to any glycan present on the array. For all 3D structures, the
protein backbone is tv-blue and marine, contacting residues are colored orange, and glycan
substrate is green. PDB SUFI.
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1.10 Conclusions

Glycan binding proteins are critical reagents for biotechnology and biomedical research
and the engineering of novel GBPs is necessary to create reagents with properties superior to those
of naturally-existing GBPs, and to address the large diversity of carbohydrate structures found in
nature. The lectins, carbohydrate binding modules, antibodies, and lamprey variable lymphocyte
receptors (VLRBs) described within this chapter have expanded the landscape of GBPs well
beyond the scope of natural proteins as the foundation for reagents with greater specificity and
avidity for previously unaddressed glycan targets.

The utility of lectins in biomedical science has long been known. Many lectins, generally
of plant and fungal origin, are well characterized and commercially available, and many efforts to
modify these proteins have been published. The predominant engineering approaches for lectins
are based on structure-guided site-directed mutagenesis. These include approaches where the
diversity of protein variants explored is low, such as the creation of chimeras by swapping of
binding site residues from one lectin to another, and mutation of one or several residues to a subset
of other residues. Site-directed mutagenesis has also been used to make high-diversity
combinatorial libraries by creating variation at targeted residues at or near to the sugar binding
site. There are, however, fewer reports of library generation using extensive randomized
mutagenesis, but this technique has been successful for lectin EW29. Creation of synthetic
multimers by duplication or fusion to a multimerization domain is another strategic approach for
boosting lectin affinity and does not require modification of the lectin sequence itself.

There are fewer reports of CBM engineering than lectin engineering, however, like lectins,
structure-guided site-directed mutagenesis is the most commonly used method. CBM4-2 of R.

marinus has been the object of many CBM engineering efforts. A combinatorial library with
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variable residues proximal to the binding cleft of the protein has been used to isolate binders of
many structurally-distinct polysaccharides. Although most CBM engineering studies have targeted
plant polysaccharides, the development of CBMs that recognize other biotechnologically-relevant
polysaccharides is possible. For example, hyaluronan is structurally similar to other GAGs and the
CBMs that recognize it can serve as a starting point for the directed evolution of CBMs that
recognize heparan sulfate and other GAGs.

Adaptive immune proteins are also exciting starting points for the development of novel
GBP reagents. To date, antibody engineering has employed fragmentation techniques,
mutagenesis and phage display and multivalency is incorporated by recapitulating an Ab fragment
with an Fc domain. Additionally, a recent method of incorporating multivalency involved the
development of a domain-swapped Ab phage library. However, even after exploiting such tactics,
engineered Abs may be limited by poor affinity and/or specificity. On the other hand, lamprey
adaptive immune proteins, VLRBs, have recently provided highly-specific and tight-binding
GBPs. The VLRB development strategy includes lamprey immunization with a target glycan
followed by yeast surface display and site directed mutagenesis. With this strategy anti-BGH, anti-
Tn and anti-TF VLRBs have been obtained, suggesting that 1) the VLRBs represent a robust GBP
generation platform and 2) implementation of tactics, such as affinity maturation, could further
improve the affinity or specificity of these reagents.

Alternative scaffolds can be also explored for GBP development. Single-domain Abs
(sdAbs) can be obtained by isolating the variable heavy chain (VyH) of animals such as camelids
and cartilaginous fishes, or that of the mammalian IgG Ab. Such sdAbs have been utilized in
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various studies for antigen recognition, >~ although they have not yet been employed for anti-

glycan development. These small Abs, also called “nanobodies,” are good scaffolds for phage’®’
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and yeast display,’®’ and the single domain can be engineered into a multivalent display for greater
avidity. Designed ankyrin repeat proteins (DARPins), which are structurally similar to VLRBs,
represent another potential scaffold for GBP development.’%’

For all GBPs, the ability to obtain pure glycans is critical to all aspects of GBP engineering.
Whether through chemical/chemoenzymatic synthesis or isolation from nature, it is essential that
continued efforts to increase glycan accessibility are pursued. For immune-based GBPs,
developments in the synthesis of glycoconjugates are also important. Robust chemistries for
glycoconjugate generation exist, although creative methods for stimulating immune responses
could enhance many efforts.’ /%4 For example, glycan antigens have recently been appended to
virus-like particles to bring B- and T-cells in close proximity and increase helper T-cell function,
and therefore Ab maturation, during the immune response.?’

Together, the progress to date clearly advises that investigating alternate protein scaffolds,
improving glycan availability and glycoconjugation methods, and advancing microarray

technologies will greatly promote the success of future GBP engineering efforts leading to broadly-

available reagents for fundamental and applied research and interrogation of the “glyco-universe”.
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Chapter 2: Directed evolution of archaeal protein Sso7d as a
platform for development of novel glycan-binding proteins

Contributions:

Early sialic acid sort conditions with biotinylated ligands performed by Cristina Zamora
Alternating ligand selections performed by Elizabeth Ward and Cristina Zamora

Increased negative selections and competitive sorts with biotinylated TF ligands performed by
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Preparation and selections with magnetic beads performed by Cristina Zamora and Elizabeth Ward
Initial sialic acid sorts and affinity maturation with multivalent fluorescent sialic acid polymer
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Competitive selections using sialic acid and TF glycopolymers performed by Elizabeth Ward
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2.1 Abstract

Glycan-binding proteins (GBPs) are widely used for basic research and clinical
applications. GBPs allow for the identification of glycan determinants without specialized
equipment or time-consuming experimental methods. Existing GBPs, mainly antibodies and
lectins, are limited, and discovery or creation of reagents with novel specificities is time consuming
and difficult. Here I detail the generation of novel GBPs from a small, hyperthermostable DNA
binding protein by directed evolution. A yeast surface display method for enrichment of GBPs was
developed and used to generate sialic acid-binding proteins. Characterization of these proteins
show them to have specificities and affinities on par with currently available lectins. The facile
generation of GBPs that recognize specific saccharides of interest will have great impact on both

biomedical and glycobiological research.
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2.2 Introduction

All domains of life produce unique carbohydrates that can be secreted or appended to
biomolecules. These carbohydrates, or glycans, are directly involved in diverse processes such as
protein stability, cell adhesion, cell-cell communication, and host-cell interactions.’ Cell surface
glycans can also serve as important disease markers, as glycosylation is often aberrant in malignant
tissues.’ Despite the importance of glycans, there are significant difficulties in their study. This is
due in part to the massive diversity of glycans, both at the monosaccharide level and at the
glycosidic linkage level. Estimates of unique monosaccharides produced by bacteria are in the
order of 800, much higher than nucleic acids and amino acids.”  Also unlike DNA or proteins,
glycans are not linear polymers and can form glycosidic linkages at several hydroxyl groups in a
sugar building block and can adopt an a- or f-anomeric configuration. This also allows for the
formation of larger branched structures. Another major barrier to study of carbohydrates is that
they are not encoded in the genome, so classical genetic techniques to manipulate and modify them
cannot be employed. Many glycan structure analysis methods require release of the glycan from
the glycoconjugate and separation from the resulting complex mixture, followed by methods such
as mass spectrometry or NMR.’ These methods have disadvantages such as large sample
requirements, expensive equipment, and need for specialized personnel. Glycan-binding proteins
(GBPs) are another tool for qualitative glycan structure analysis. GBPs are reagents that bind to
specific glycan epitopes and allow for structure determination without the extensive processing or
specialized equipment that other techniques require. These reagents can be used in the lab as
affinity reagents for glycan/glycoconjugate purification and cell staining reagents, or used
diagnostically for blood typing, microorganism detection, and histology.5? Because of this, well-

characterized GBPs are crucial for glycobiological research.
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The predominant GBP reagents consist of fungal, plant, and animal derived lectins and
monoclonal antibodies. These GBPs are important tools for glycobiology, but they have
limitations. Lectins are non-enzymatic GBPs and are popular because they can recognize
monosaccharide determinants and glycosidic linkages and are relatively cheap to isolate or purify.
Commercially available lectins can recognize glycan determinants such as B-linked terminal Gal
(RCA-I), a-linked fucose (AAL), terminal sialic acid (WGA), and various core O-glycans (PNA,
Jacalin).’’ These proteins are very useful but the specificities of known lectins do not cover the
large diversity of glycans found in nature. Antibodies against sugars can be directly elicited in
animals by inoculation with free glycan (e.g. bacterial capsular polysaccharide), glycan-protein
conjugates (native glycoproteins or glycans coupled to carrier proteins like bovine serum albumin
or keyhole limpet hemocyanin), or whole cells (e.g. bacterial cells or tumor cells).”” Anti-glycan
antibodies have been developed for a number of glycan targets including O- and N-linked glycans,
human Lewis and blood group antigens, glycolipids, glycosaminoglycans, and bacterial and plant
cell wall components.’’ Antibody elicitation often produces unpredictable results due to the poor
immunogenicity of carbohydrates and similarities to the host species’ own glycome.’” Antibodies
are also expensive to produce, can have poor stability, and require large quantities of difficult-to-
obtain glycan for production.

There have been numerous attempts to generate novel GBPs with higher affinities or
different specificities by engineering of existing GBPs, as described in Chapter 1.”> /* These
attempts have employed techniques such as mutation of a single amino acid to increase affinity to
the native ligand as reported for residue Asn41 in peanut agglutinin, or more complicated directed-
evolution approaches to change the specificity of the GBP to structurally distinct sugars, such as

engineering of the Gal-binding earthworm lectin EW29 to a sialic acid-binding lectin./?’$
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Recently, lamprey variable lymphocyte receptors (VLRBs) have shown promise as glycan
recognition reagents.’” 2’ This scaffold, referred to as a “lambody”, is a leucine-rich repeat protein
that is part of the lamprey adaptive immune response. McKitrick and coworkers have shown that
glycan-binding properties can be engineered by directed evolution of naive libraries of VLRBs, or
by elicitation in lampreys by injection of whole fixed cells, tissue homogenates, and human milk
followed by rounds of in vitro selection.’*?? Despite these advances, VLRBs can have properties
nonideal for the creation of reagents, such as their large size and difficulties in purification in
bacterial systems.

This chapter and the next will focus on the creation of GBPs for two glycans. The first is
N-acetylneuraminic acid, known as NeuSAc or sialic acid. Sialic acids are a class of alpha-keto
acid sugars containing a nine-carbon sugar backbone, and Neu5Ac is the most common member
of the group. Sialic acids are primarily located at the terminal non-reducing end of N- and O-
glycans on glycoproteins and glycolipids, but are also common in bacterial polysaccharides and
lipooligosaccharides.?® Since they are terminal sugars of cell surface glycans, they interface with
the environment including host immune system and pathogens. Because of this, there are many
known lectins and adhesins that bind sialic acid. Sialic acid is an important molecule in human
physiology playing diverse roles such as cell-cell recognition, signaling, tumor growth, bacterial
and viral infections, and development.?*

The second is a glycan that has been the subject of several GBP engineering efforts called
the Thomsen-Friedenreich antigen, also known as the T or TF antigen.’” /% > 2 The TF antigen is
the core 1 structure of O-linked mucin-type glycans, consisting of the disaccharide GalP1-
3GalNAca linked to certain Ser or Thr residues. In healthy tissue, the core 1 structure is further

modified by the addition of sialic acids, sulfates, or other glycans, but is often unsialylated in
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cancerous and pre-cancerous tissue due to abnormal expression of glycotransferases and
glycosidases in tumor cells. The epitope is a tumor associated carbohydrate antigen found in 90%
of carcinomas, making it an important epitope for cancer diagnostics and immunotherapies.?” %
In this chapter I present the development of a novel platform to generate GBPs, utilizing
sialic acid and the TF antigen as model carbohydrate targets. The GBP development platform
leverages yeast surface display-based directed evolution, utilizing a novel protein scaffold as our
GBP library. The archaeal protein, Sso7d, is small, stable, and has features that show promise for
GBP generation. As this protein is not natively known to bind carbohydrates, it is prudent to
carefully develop our platform towards enriching Sso7d-based glycan-binding proteins and
include appropriate controls to ensure secondary reagent or linker binding is not developed. As
such, this chapter will rationalize the use of Sso7d as a GBP scaffold, and discuss the failures
encountered and ultimate successes for platform development. Briefly, multivalent biotinylated
versions of both sialic acid and TF antigen were used as the selection bait in the initial selection
attempts. These biotinylated ligands proved unsuccessful due to the prevalence of biotin-binding
variants being preferentially enriched over glycan binding variants in the population. A strategy
using non-biotinylated ligands was then successfully developed and applied to the directed

evolution of sialic acid binding variants. The result is a robust directed evolution platform that

enables the generation, and subsequent engineering, of Sso7d-based GBPs.
2.3 Sso7d as a diversity generating scaffold

All directed evolution projects begin with selection of the appropriate scaffold protein. The
term ‘scaffold’ refers to the protein framework that will be acted upon during the evolution process
to obtain variants with certain desired characteristics. In general, the scaffold protein must have a

defined tertiary structure that is amenable to mutations and insertions without loss of stability. This
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is equivalent to the hypervariable complementarity-determining regions (CDRs) of antibodies that
are capable of a high degree of sequence variability without compromising the overall folding and
stability of the antibody structure. Although antibodies are excellent for creating diverse protein
libraries, they suffer from many drawbacks that limit scalable recombinant production. The large,
multidomain proteins contain disulfide bonds and glycosylation sites, rendering prokaryotic
production problematic. Instead, mammalian expression systems must be implemented, increasing
the overall production times and costs. The large size also makes many surface display systems
challenging.

Alternate non-antibody scaffolds have shown great utility in the production of proteins for
molecular recognition that are free from the drawbacks of antibodies. These include DARPins
(ankyrin repeat proteins), knottins (highly stable cystine-rich miniproteins), affibodies (Z-domain
of S. aureus protein A), and anticalins (derived from human lipocalins).”* % The Sso7d DNA-
binding protein of the hyperthermophilic archaea Sulfolobus solfataricus is a scaffold protein that
has remarkable thermal stability with a melting temperature of nearly 100 °C.*’ The protein is
small at only 63 amino acids (Figure 2-1) and has no cysteine residues or glycosylation sites. It
folds into an SH3-like fold with an incomplete B-barrel, containing five B- stands and one a-helix.
The Sso7d scaffold has been used in many engineering efforts to bind proteins, small molecules
(e.g. fluorescein), peptides, and even iron oxide.’”*# Sso7d is highly stable under a wide pH range
and when exposed to denaturing agents, even after the protein has undergone extensive
mutagenesis.’” The protein is also highly expressed in the cytoplasm of E. coli. Due to these
properties, evolved Sso7d variants are superior affinity reagents to antibodies in terms of both cost

of production and protein stability.* 3
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Sso7d was chosen as a scaffold for GBP development because it meets the following
criteria: stable to a range of temperatures, efficient expression in E. coli, amenable to conjugation
with various tags for the creation of useful reagents, lack of disulfide bonds or glycosylation sites,
and binding site dimensions and features comparable to those seen in other GBPs. The Sso7d
scaffold contains a binding site with dimensions of approximately 1.3 nm by 2.0 (Figure 2-1) nm
that can accommodate disaccharides and nine-carbon nonulosonic acids. Sso7d shares many
features of native GBPs. First, the binding face of Sso7d is a relatively flat, solvent-exposed surface
comprising three B-sheets. Shallow, solvent-exposed binding surfaces are common in lectins.?’
Second, the evolved Sso7d protein can be highly enriched in aromatic amino acids in its binding
face without a subsequent loss in thermostability, expression level, and solubility.’® Analysis of
the amino acid residues involved in natural carbohydrate-protein interactions reveals a striking
enrichment of aromatic amino acids.*” #’ The polarized C-H bonds of carbohydrates are able to

form CH-r interactions with the electron rich -systems of aromatic amino acids.?’ Due to these

properties the Sso7d was utilized as a scaffold for development of new GBPs.
2.4 Features of rcSso7d library

The Sso7d library used in this work was generated by Traxlmayr and coworkers in the
Wittrup Lab at Massachusetts Institute of Technology.?® Since Sso7d is a DNA-binding protein, it
has a high degree of surface positive charge with the binding face surrounded by a ring of lysine
residues. This positive charge can cause nonspecific interactions with negatively charged surfaces
and potentially block interactions with positively charged targets. To decrease complication from
these features, Traxlmayr and coworkers engineered a reduced-charge variant of Sso7d (rcSso7d)
by making mutations K6T, K8Q, K27Q, K39A, and truncating the protein after Q61 to remove the

terminal two lysine residues (see Figure 2-1). This reduced the net charge from +7 to +1 without
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significantly changing the melting temperature of the protein (rcSso7d Tm of 95.5 °C vs the WT
Sso7d Tm of 98 °C). This charge reduction significantly decreased nonspecific binding to
mammalian HeLa cells compared to WT Sso7d which is important for downstream applications
of the evolved rcSso7d variants.

Nine solvent-exposed residues in the three f-sheet binding face of rcSso7d, referred to as
the paratope, were selected for randomization (Figure 2-1). Two libraries were created. The first
containing amino acids found in protein-protein interactions using two data sets: an alanine
scanning study by Bogan and Thorn that identified enriched amino acids in protein-protein
interaction hot spots, and a study by Zemlin and coworkers that identified the frequency of amino
acids in CDR-3 loops of human and mouse antibody heavy chains.?” #* This library, referred to as
rcSso7d-11, contains an equal frequency (9.1%) of 11 different amino acids at all nine positions
(amino acids Ala, Asp, Gly, His, Ile, Lys, Asn, Arg, Ser, Trp, Tyr). A second library, rcSso7d-18,
was created with all amino acids except Pro and Cys at an equal frequency (5.6%). Trinucleotide
synthesis was performed to control the frequency of amino acids in a precise manner. To allow for
yeast surface display of the scaffold variants, the N-terminus of the rcSso7d variants were fused
to the C-terminus of yeast protein Aga2P which forms disulfide bonds to the cell membrane
anchored AgalP (Figure 2-2A). An HA tag was fused to the N-terminus of the rcSso7d variant
and a c-Myc tag fused to the C-terminus for confirmation of expressed, full length proteins. Both
libraries were determined to have a high level of surface expression, indicating the majority of
proteins are full length and properly folded.

Each library contained 1.5 x 10° members. To select glycan binding variants from the
libraries, two types of sorts were performed. The first is magnetic-activated cell sorting (MACS)

where ligands are adsorbed or coupled to the surface of superparamagnetic particles consisting of
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iron oxide in a polymer shell, incubated with the yeast library, then used to separate binding cells
from non-binding cells.?/ Positive selections have the glycan ligand immobilized to the magnetic
bead surface and the selected yeast are grown to enrich the population in binding variants. Negative
selections are utilized to remove yeast that bind to the bead itself or to the linker region of the
glycan ligand, and the selected yeast are moved to waste to deplete the population in off-target
binders. MACS is useful for quickly processing large libraries and is the first step in sorting the
naive Sso7d libraries. In all future experiments, the first selections with the naive library are
magnetic bead sorts of both library rcSso7d-11 and rcSso7d-18 sorted individually and then pooled
once the theoretical diversity drops below 107 cells. After the magnetic bead sorts the library
diversity was low enough to be processed with the second type of sorts, based on fluorescence-
activated cell sorting (FACS) where fluorescent glycan ligands are incubated with the yeast library
and a cell sorter is used to isolate fluorescent cells bound to the ligand. FACS is performed with
dual labeling for both protein expression with an anti-HA antibody and ligand binding with the
fluorescently labeled streptavidin. This allows not only for higher affinity variants to be isolated
but for more stable variants to be isolated as expression efficiency is correlated to protein
stability.” Many directed evolution projects utilize biotin on their ligands due to the ease of use

and availability of streptavidin reagents, so initial selections proceeded with biotinylated ligands.

2.5 Library selections using biotinylated ligands

2.5.1 Early sort conditions

Early sort conditions were explored in collaboration with Dr. Cristina Zamora. Initially,
sorts were carried out with a commercially available sialic acid glycosylated directly to a short
hydrocarbon spacer (sp) with a terminal biotin, termed Sia-sp-biotin (Figure 2-2B). The control

ligand containing just the sp linker and biotin (sp-biotin) was synthesized and characterized by
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Teresa Naranjo Sanchez (Figure 2-2B). Biotin binder Dynabeads, 2.8 um superparamagnetic
beads coated in streptavidin, were incubated with Sia-sp-biotin or sp-biotin. Two positive
selections with immobilized Sia-sp-biotin, and three negative selections with sp-biotin were
performed on each library, bringing the diversity from 10° to 10° for each as determined by plate
counts of isolated yeast. Libraries were then combined for further FACS selections.

Binding to the monovalent Sia-sp-biotin ligand was too weak to be detected at
concentrations practical for use in solution. To improve this, pre-complexation of Sia-sp-biotin
with the tetrameric secondary reagent streptavidin-AF647 was performed (Figure 2-2D). This
creates a higher effective concentration when in proximity to the yeast surface and can be used to
isolate weak binders. This preloading step is considered to create an intermediate concentration
between the highest practical in-solution concentration of ligand one is willing to use and the
effective concentration on magnetic beads. After three rounds of FACS, capturing all binding cells
over background in each round, there was a significant enrichment in Sia-sp-biotin binding
variants. However, these variants did not distinguish between Sia-sp-biotin and sp-biotin preloaded

to streptavidin, while no binding above background was seen to apo streptavidin (Figure 2-2E).
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Figure 2-2. Early sort conditions

A) Yeast surface display system showing Sso7d fused to yeast protein Aga2P that makes disulfide
bonds to yeast surface protein AgalP with both N-terminal HA tag and C-terminal Myc tag. Yeast
can be sorted using glycan conjugated magnetic beads or fluorescent glycan ligands. B) Structures
of sp-biotin negative control and Sia-sp-biotin. C) Table of sorts performed using sp-biotin and
Sia-sp-biotin. D) FACS rounds 1-3 showing the percentage of binding cells in each round using
soluble ligand or ligand preloaded to fluorescent streptavidin. E) The specificity of the final
population collected showing equivalent binding to the linker control and Sia-sp-bio (median
fluorescence intensity, MFI).

2.5.2 Alternating ligand selection

The previous results indicate that binding to the linker arose over the course of the
selections. To prevent the accumulation of linker-binding variants, a strategy was developed that
alternated between two sialic acid-bearing ligands, each containing a different linkage type. Even
if linker-binders were selected in one round, they would be lost in the subsequent round due to the
lack of the specific epitope in the alternate ligand. This strategy was used previously to successfully

isolate glycan-binding lambodies.’”” The first ligand is a biotinylated glycoprotein glycophorin A
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(GPA). GPA is a major component of red blood cell membranes and is a glycoprotein with a high

degree of sialylated O-glycans (Figure 2-3A).

The second ligand is a multivalent, biotinylated
polyacrylamide glycopolymer containing approximately twenty sialic acids and five biotins per
polymer (Sia-PAA-Bio, Figure 2-3B).*

The library underwent five rounds of negative selection with the sp linker and the non-
glycosylated biotinylated polyacrylamide control polymer (PAA-Bio) and two rounds of positive
selection on magnetic beads with Sia-PAA-Bio and GPA-bio. Then two rounds of FACS were
performed: the first with Sia-PAA-Bio collecting all binding cells above baseline, then with
preloaded streptavidin-GPA collecting the top 0.1% of binding cells. The resulting population still
showed binding to both streptavidin preloaded Sia-sp-biotin and sp-biotin despite the alternating
strategy.

The only common feature between all tested ligands was the biotin used for immobilization
onto scaffolds. Therefore, further flow cytometry analysis with streptavidin preloaded to biotin,
sp-biotin or PEGe-biotin were performed. The population shows equivalent binding to streptavidin
preloaded with biotin, sp-biotin, and PEGs-biotin, while apo streptavidin shows no binding signal
(Figure 2-3D). This population was compared to a population that was previously evolved by Dr.
Zamora to bind the cytokine epidermal growth factor (EGF) using biotinylated proteins and
preloading of streptavidin. Compared to the population sorted with the biotinylated sialic acid
ligands, the EGF-evolved population shows no binding to streptavidin preloaded with biotinylated
ligands.

To determine if the binding is to biotin itself or the biotin-streptavidin complex, the
population was then tested with soluble biotin by two-step labeling. At the highest concentration

of 30 uM, there is a low level of binding in the population. A yeast surface titration was performed
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by creating clonal yeast expressing a single variant isolated from this library, called 83H. Binding
starts to develop around 50 uM and plateaus at 250 uM (Figure 2-3E and F). Fitting of the
generated curve give a Kp of ~140 uM. This data shows that Sso7d variants binding to the small
molecule biotin was enriched over the course of the selection process when biotinylated ligands

were used.
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Figure 2-3. Alternating ligand strategy.

A) Amino acids 1-50 of human GPA showing sites of O-linked and N-linked sialic acid-containing
glycans. B) Structure of Sia-PAA-Biotin polymer. C) Table of sorts performed using the
alternating ligand strategy. D) Final biotin-binding population and unrelated EGF-binding

81



population tested with streptavidin (SA, red), preloaded sp-biotin (sp-biotin-SA, orange),
preloaded biotin (biotin-SA, yellow), and preloaded PEGe-biotin (PEGe-biotin-SA, green). E)
Yeast displaying single biotin-binding variant 83H tested with two step labeling to biotin then
streptavidin. F) Yeast displaying single biotin-binding variant 83H tested with two step labeling
to biotin at 0, 0.5, 1.0, 10, 50, 100, 250, and 500 uM biotin fit to sigmoidal binding curve.

2.5.3 Increased negative selection and competition for removal of off-target
binders

Because biotin-binding was enriched and not linker-binding as previously suspected, new
strategies to remove biotin-binding variants early were tested. An increased number of negative
selections during the initial magnetic bead sorts could deplete the population in these off-target
binders and allow for the enrichment of sugar-binding variants. These experiments were performed
with the TF antigen. The number of overall negative selections were increased four-fold from five
total to twenty total against bare streptavidin coated beads, biotin bound beads, and sp-biotin bound
beads. Four positive selections against TF-sp-biotin bound beads were also performed. Flow
cytometry of the population after MACS shows no discrimination between biotin preloaded with
streptavidin and TF-sp-bio preloaded with streptavidin. Increasing negative selections did not
deplete the biotin-binding variants from the library, and they were still enriched in the population.

Increased negative selection alone was not enough to rid the library of biotin-binding
variants. Another strategy explored was performing positive selections for TF-sp-biotin in the
presence of excess soluble competitor. For MACS, excess soluble biotin-streptavidin was included
during all four positive selections. This would ensure that yeast displaying a biotin-binding variant
would have all sites occupied by the soluble biotin-streptavidin and would not be bound by the
beads containing TF-sp-biotin. Twenty rounds of negative selection towards bare beads, biotin,
and sp-biotin were interspersed between the positive selections (Figure 2-4A). For FACS, cells

were incubated with TF-sp-biotin preloaded to a fluorescent streptavidin with excess competitor
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(biotin preloaded to a non-fluorescent streptavidin). Any cells displaying biotin-binding variants
in the population would therefore have all sites occupied by the non-fluorescent competitor,
allowing for capture of cells binding only to the fluorescent TF-sp-biotin preloaded streptavidin.
All experiments carry a control with biotin preloaded fluorescent streptavidin with and
without competition. This is a measure of how efficiently biotin binders are being removed from
the population and allows for appropriate gates to be set up for FACS selection of TF-only binding
cells. The percent of cells showing binding to the ligand provided is low for the first round of
FACS (Figure 2-4C) but increases in round two (Figure 2-4D). Despite conservative gating to
remove any biotin binding cells, each population still contained biotin binders. However, there is
an increased percentage of TF binding in the second round of FACS and in the final population.
Additionally, this TF binding was not totally depleted with added competitor. It is likely that a
subset of the selected population can recognize TF, but it is mixed with a significant population of
biotin-binding variants that are difficult to remove. Since biotin binding keeps persisting in the
population despite many efforts put in place to attenuate it, it will be a consistent problem for all
future GBP evolution projects. Many directed evolution projects utilize biotin on their ligands due
to the ease of use and availability of streptavidin reagents but removing biotin from the system

will be necessary to streamline GBP engineering.
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Figure 2-4. Sorts with added competition.

A) Structure of sp-biotin control and TF-sp-biotin ligands. B) Table of sorts performed with added
preloaded biotin-SA competitor. C-E) FACS sorts 1 and 2 and final resulting population binding
signals with and without competition. F) Final population tested with preloaded biotin-SA with
and without competition, and preloaded TF-sp-biotin-SA with and without competition.
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2.6 Library selections without biotin-streptavidin

2.6.1 Tosyl-activated magnetic bead selections

Magnetic beads are available with a number of different chemistries for immobilization of
ligands; we leveraged this to avoid the use of biotin-based immobilization. Tosyl-activated
Dynabeads can be used for immobilization of ligands containing primary amines. Each bead
contains 9-18 x 10® of p-toluenesulfonyl (tosyl) groups per bead compared to the Biotin Binder
Dynabeads with 10° streptavidins per bead. Dr. Nathaniel Shocker synthesized sialic acid with a
linker to a primary amine for immobilization on tosyl-modified beads (Figure 2-5A). Typically,
tosyl-activated Dynabeads are used for protein and peptide conjugation where the level of protein
can be assessed by UV-VIS at 280 nm. Glycan-NH; ligands cannot be assessed this way as they
are not UV active, so confirmation of conjugation must be measured in a different way. Upon
reaction with the amine-bearing ligand, the tosyl group is released into the solution and can be
measured by UV/vis spectroscopy by observing a Amax at 220 nm (Figure 2-5B). A standard curve
of p-toluenesulfonic acid was made and used to assess tosylate release after incubation with the
amine-bearing ligands (Figure 2-5C). After an 18-hour incubation with buffer only, linker-NHo>,
or Sia-NH> the tosylate released into solution was measured. There is some background hydrolysis
of the tosyl group in the buffer only sample of about 40 uM, but Sia-NH> was well over background
at about 170 pM. The linker-NH> was less efficient than the Sia-NH> at only about 97 pM.
Subtracting out the background hydrolysis leaves beads with approximately 130 uM Sia-NH» and
negative control beads with approximately 60 uM linker-NH>. Compared to the biotin binder
Dynabeads, this is 10x and 5x over the number of biotinylated sugars immobilized to the same
number of beads and should be sufficient for MACS. MACS was performed for a total of five

positive selections interspersed with two to three negative selections with linker beads. Bare beads
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were not used for negative sorts as they were quite hydrophobic and tended to non-specifically

bind the yeast.
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Figure 2-5. Conjugation of ligands to tosyl-activated magnetic Dynabeads.

A) Reaction of amine-modified sialic acid with tosyl activated Dynabeads. B) UV-VIS trace of 50
UM p-toluenesulfonic acid. C) Standard curve of p-toluenesulfonic acid from 5-100 uM. D)
Concentration of tosyl released after conjugation with linker-NH»>, Sia-NH», or buffer only
(hydrolysis) control.

2.6.2 FACS with multivalent glycopolymers

A multivalent glycan ligand without biotin is required to enrich the library in glycan-
binding Sso7d variants. Previous attempts used preloaded streptavidin with monovalent
biotinylated sugars, a biotin-labeled densely glycosylated glycoprotein, or a biotinylated
polyacrylamide (PAA) glycopolymer. A similar PAA glycopolymer is commercially available
with a fluorophore instead of biotin, consisting of 20 mol% glycan and 1 mol% fluorescein,
referred to as Sia-PAA-FITC (Figure 2-6B).

The population after five rounds of positive magnetic bead sorts was sorted by FACS with
Sia-PAA-FITC. As expected, a low percentage of binders were present in the first round, but the

percentage of binding cells increased on subsequent rounds of selection while non-glycosylated
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control polymer PAA-FITC showed no enrichment in the population. With the introduction of the
new reagents, tosyl-activated beads and PAA-FITC glycopolymers, enrichment of binders to the

glycan target was successful.
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Figure 2-6. Enrichment of binding variants with Sia-PAA-FITC glycopolymer.

A) Structure of Sia-PAA-FITC. B) Tosyl bead sorts prior to sorts with Sia-PAA-FITC. C)
Enrichment of binding variants for Sia-PAA-FITC compared to PAA-FITC over the course of
three rounds of FACS.
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2.6.3 Affinity maturation produces higher affinity binders

The isolated binders were low affinity and required a high concentration of glycopolymer
for enrichment. To improve the binding affinity, the plasmids isolated from the final population
underwent affinity maturation. First, the Sso7d gene underwent error prone PCR with addition of
the nucleotides 8-0x0-2’-deoxyguanosine-5’-triphosphate (8-0xo-dGTP) and 2’-deoxy-p-
nucleoside-5’-triphosphate (dPTP).” These two nucleotides act as mutagens, randomly
incorporating into the gene during PCR and causing transition mutations to occur. The
concentrations of nucleotide analogs used should give an average of one mutation per 500 base
pairs. The newly randomized genes were then cloned back into the yeast display vector and
transformed back into yeast to create a new variant library with a modest theoretical diversity of 4
x 10°. The library was then sorted using a C-Myc antibody to remove any truncated variants from
the population.

The new library underwent three rounds of FACS with four-fold less Sia-PAA-FITC to
select variants with improved binding affinity. The median fluorescent intensity increased with
each round of FACS, showing that binders were being enriched with each round (Figure 2-7A).
The plasmids were isolated for sequencing, and a total of 182 variants produced 97 unique
sequences. Pairwise distances were calculated based on the Blosum 62 substitution matrix, the
results were hierarchically clustered, and a tree was built using the UPGMA method (Figure 2-
7B). The sequences formed two large clusters with very distinct paratope sequences (Figure 2-
7C). Forty sequences were selected that included multiple sequences from each major cluster, any
repeated sequences, and the sequences with the largest distances from the other sequences. Clonal

yeast cultures were made for each selected sequence and the binding of Sia-PAA-FITC was
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analyzed using flow cytometry (Figure 2-7D). One sequence, 1.4.B, stood out above all other
tested variants and was selected for further study.

Variant 1.4.B appeared twice out of the 182 plasmids sequenced. 1.4.B was compared to a
variant selected from the library before affinity maturation called variant 0.8.E with a similar
paratope sequence (Figure 2-7F). Both contain four aromatic residues in the paratope region:
W28, W32, Y40, and Y44. This many aromatics could indicate multiple binding regions for
carbohydrates in the binding site as is seen in some processive polysaccharide-processing
enzymes, or could form a hydrophobic/aromatic “cage” as is seen in a disaccharide-binding
lamprey variable lymphocyte receptor.”” Y They also have two basic residues in the paratope: R23
and K30. Outside of the paratope region, there are mutations of Q8R, D15G, K18R, G37G, and
Q61R compared to the parental rcSso7d sequence. Strikingly 1.4.B has an additional basic residue
in the paratope sequence, R18. Sialic acid is negatively charged at neutral pH, so gaining an
additional basic residue in the binding face could explain the increased affinity of 1.4.B. This
increased affinity is demonstrated by the yeast surface titration performed with 0.8.E and 1.4.B,
where increasing concentrations of Sia-PAA-FITC was tested with each variant as a yeast surface
fusion (Figure 2-7D). From this, functional affinity constants or Kapp, could be calculated as 2.5 +
0.7 uM for 0.8.E and 1.5 + 0.1 uM for 1.4.B. This is not a true Kp measurement due to the

multivalent nature of the interaction.
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Figure 2-7. Affinity maturation improves binding affinity.
A) Dot plots and bar graph of median fluorescence intensity for each round of FACS showing
enrichment in binding variants. Y-axis is sialic acid binding, and x-axis is expression of Sso7d on
surface. Gates show cells collected during the sort. B) Tree of sequenced variants showing two
distinct clusters. C) Sequences of the consensus sequence for cluster 1 and 2 from tree compared
to rcSso7d parental sequence. D) Median fluorescence intensity of forty different variants as clonal
yeast cultures. Polymer only in black and best binder 1.4.B in red. E) Yeast surface titration of



variant 0.8.E and affinity matured variant 1.4.B. fit with a sigmoidal binding function. Table shows
Kapp and R? of the fitting. F) Sequences of variants 0.8.E and 1.4.B compared to parent rcSso7d.

2.6.4 Competition can improve selectivity of isolated variants

The specificity of 1.4.B was tested with a panel of other glycopolymers that are highly
similar or expected to be in proximity to sialic acid on glycoconjugates (Figure 2-8A). A striking
result is that 1.4.B showed little affinity for N-glycolylneuraminic acid (Neu5Gc), a sugar that
differs from sialic acid by the addition of one hydroxyl group. Variant 1.4.B was able to bind to
other glycopolymers containing sialic acid such as the polysialic acid disaccharide Neu5Aco2-
8NeuSAca and Sia-TF trisaccharide. 1.4.B did show some off-target binding to several
disaccharides containing no sialic acid. This includes chitobiose (GIcNAcB1-4GlcNAcP) which
makes up the core of N-linked glycans, Le® (GalB1-3GIcNAP) which is a Lewis antigen precursor,
and TF (GalB1-3GalNAca).

A potential method to reduce this off-target binding to other glycans is through
competition. This would involve the inclusion of a competitor glycopolymer during sorts with Sia-
PAA-FITC. This was explored previously to remove biotin-binders using a non-fluorescent
streptavidin-biotin competitor. However, inclusion of a glycopolymer with an orthogonal
fluorophore would allow for a direct assessment of specificity and discrimination between yeast
displaying variants that preferentially bind the competitor from those that preferentially bind sialic
acid (Figure 2-8C,D). This strategy was used previously to evolve a high-specificity antibody for
phosphorylated tau.’’ Variant 1.4.B underwent error prone PCR and a c-Myc sort to create a new
library of full-length variants for competitive sorts. The competitor TF-PAA-Bio was introduced
during sorts and visualized with streptavidin AF647 during FACS. The dot plot from the first round
of FACS showed two groups of binding populations: one that preferred TF and one that bound

both sialic acid and TF. After selecting the preferential sialic acid binders, the second round of
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FACS showed that the preferential TF binding had been lost and most of the cells bound to both
sialic acid and TF. The final population showed increased sialic acid signal and decreased TF

binding signal (Figure 2-8E).
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Figure 2-8. Competition sorts for increased specificity.

A) Specificity of variant 1.4.B with glycopolymer panel. B) Structures of glycans in glycopolymer
specificity analysis. C) Competitive sort diagram showing sialic acid and competitor polymer with
different fluorophores. Gating allows for removal off non-binders and off-target binders while
catching specific sialic acid binders. D) Diagram of quadrants expected from sorting conditions.
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Bottom left is non-binding cells, top left is binding to only competitor, bottom right is binding to
only sialic acid, and top right is binding to both sialic acid and competitor. E) Dot plots and bar
graph showing FACS round 1 and 2 and the final population. Bar graph shows median fluorescence
intensity of y-axis (TF) and x-axis (sialic acid) from dot plots.

This population underwent sequencing and hierarchical clustering. Selected sequences
from each cluster were analyzed and from this, variant 2.4.R was selected as it had the best
specificity for sialic acid over TF (Figure 2-9A,B). Variant 2.4.R has the same paratope sequence
as 1.4.B but gained the additional mutations Q27R and F31L. When 2.4.R was analyzed with the
glycopolymer panel it showed that sialic acid binding had increased and off-target binding to Le®,
chitobiose, and TF decreased. Like 1.4.B, 2.4.R could still differentiate sialic acid from Neu5Gc
and recognize Sia-TF and the polysialic acid disaccharide.

Both 1.4.B and 2.4.R were cloned into an expression vector containing a C-terminal
hexahistidine tag and purified to assess the binding affinity of the soluble proteins. Biolayer
interferometry (BLI) with Sia-PAA-FITC was used to measure the functional affinity, or Kapp of
binding. 1.4.B was measured to have a Kapp of 34 + 9 nM, and 2.4.R has a Kapp of 16 £ 3 nM.

While a true Kp measurement cannot be made this way due to the multivalency of the interaction,

these Kapp values are indicative of a strong GBP.
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Figure 2-9. Variant 2.4.R gained specificity and affinity.
A) Sequences of variants 0.8.E, 1.4.B, and 2.4.R. Red stars indicate the paratope randomized
sequences. B) Structure of Sso7d showing paratope residues (red), mutations in 0.8.E outside the
paratope residues (cyan), mutation found in paratope region of 1.4.B (yellow), and mutations found
in 2.4.R (green). C) Specificity of 2.4.R on yeast tested with glycopolymer panel. D) Diagram of
biolayer interferometry showing surface immobilized Sso7d variant on the fiber optic tip and
soluble sialic acid polymer. E) BLI of 1.4.B with Sia-PAA-FITC from 32.5-1000 nM. F) BLI of
2.4 R with Sia-PAA-FITC from 31.25-1000 nM. F) Table showing Kp, kon, and kofr values.
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2.7 Conclusions

A method for production of custom GBPs from the DNA binding protein Sso7d was
developed. Directed evolution procedures commonly use biotinylated ligands because of the
stability, binding affinity, and availability of streptavidin and streptavidin conjugates. However,
initial sorting conditions using biotinylated sugar ligands were unsuccessful for enrichment of
GBPs as enrichment of biotin-binding Sso7ds from the library repeatedly occurred. Efforts to abate
the biotin-binding were explored including increased negative selection and the presence of excess
competitor during sorts. Though these were somewhat successful, it was not possible to fully
separate the residual biotin-binders from the glycan-binders. This would be a persistent problem
for every GBP evolution campaign with this library. Other directed evolution efforts using this
rcSso7d library successfully utilized biotinylated ligands without enrichment of biotin-binding
variants, demonstrating the additional challenges facing GBP engineering. The preferential
binding to biotin over the desired carbohydrate ligand, compared to no observed biotin binding
during a protein-protein directed evolution campaign, highlights the difficulty of obtaining
carbohydrate binders de novo. Compared to proteins and peptides, the carbohydrate epitope is
generally much smaller with fewer chemical functional groups that elicit strong binding
interactions with a protein binder. As such, it is crucial to minimize other components of the
directed evolution platform with strong chemical functionality that could lead to off target
interactions.

The binding affinity of an isolated biotin-binding variant 83H was measured to be weak
with a Kp of 140 uM, especially if compared to the extraordinary affinity of avidin to biotin. The
avidin-biotin interaction is one of the strongest non-covalent interactions in nature with a Kp of

~107"%, or one billion times stronger than the affinity of the Sso7d variant for biotin.”” There is
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interest in monomeric biotin-binding proteins as the tetrameric property of streptavidin can lead to
issues for some applications, and progress has been made toward stable, high-affinity streptavidin
monomers with low nM Kps.”* For a biotin-binding Sso7d variant to be useful the affinity would
need to be improved by further rounds of directed evolution.

Removal of biotin from the system was pursued to simplify the selection procedures
towards a generalizable GBP evolution platform. Tosyl-activated magnetic beads replaced the
streptavidin conjugated magnetic beads used previously and allowed a higher degree of ligand
immobilization. This is advantageous for selection of the very rare and low affinity variants in the
naive library with sialic acid binding capabilities. The fluorescent glycopolymer Sia-PAA-FITC
was used to successfully enrich the population in sialic acid binding variants without development
of binding to the polyacrylamide backbone.

Two total rounds of affinity maturation and selections were performed and isolated variants
1.4.B and 2.4.R with superior affinities. These proteins showed a high degree of binding to sialic
acid containing glycopolymers but exhibited some off-target binding to several disaccharides,
most notably the core of N-linked glycans chitobiose. This is very similar to the commercially
available wheat germ agglutinin (WGA), which is a well-known binder of B1-4-GIcNAc (such as
chitobiose), but can also bind to sialic acid.”’ This off-target binding could be diminished by
application of a competitive two-color sorting technique. The final variant 2.4.R had increased
specificity toward sialic acid and a functional affinity of 16 nM, a small improvement from the 34
nM affinity of 1.4.B. The specificity and affinity of 2.4.R demonstrates that the GBPs evolved
from the Sso7d scaffold can rival existing GBP reagents. The methods developed here can be

applied to any glycan of interest for which multivalent fluorescent probes are available.
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2.8 Materials and methods

Materials

For flow cytometry and fluorescence-assisted cell sorting (FACS), detection reagents were as
follows: chicken anti-HA (Exalpha Biologicals, Shirley, MA, Cat. No: AHA), chicken anti-cMyc
(Exalpha Biologicals, Shirley, MA, Cat. No. ACMYC), goat anti-chicken AlexaFluor 647 or
AlexaFluor 488 (ThermoFisher Scientific, Cat. No: A-21449 or A-11039), streptavidin AlexaFluor
647 (ThermoFisher Scientific, Cat. No: S21374). Monovalent Sia-sp-biotin and TF-sp-biotin were
purchased from GlycoTech (Frederick, MD). Glycophorin A from blood group MN was purchased
from Millipore-Sigma. Multivalent carbohydrate polymers were commercially purchased as PAA-
FITC or PAA-biotin variations from GlycoTech (Frederick, MD.) All mammalian cell lines were
purchased from ATCC and the appropriate growth media and supplements purchased from ATCC

or MilliporeSigma, unless otherwise specified.

Yeast culture conditions

Use of yeast-surface display for directed evolution of glycan binders was carried out according to
established protocols published by Wittrup and coworkers.’® > All yeast work was done under
aseptic conditions. Yeast populations containing yeast-display vector pCTCON2 were grown in
SDCAA media containing 100 U/mL penicillin-streptomycin at 30 °C for routine culture and
subculture, unless otherwise noted. Yeast-surface protein expression was induced by subculture
and resuspension of log-phase yeast cultures in SGCAA media containing 100 U/mL pen-strep at
20 °C. All yeast washes and selections were carried out in PBSA (PBS at pH 7.4 with 0.1% bovine

serum albumin, sterile filtered) at 4 °C.
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Synthesis of sp-biotin

X X
HN™ “NH DME HN™ “NH
H H H + DIPEA + HBTU + HN _~_O —— H H H H
i NM\H/OH r.t., overnigth o N N0
S /\/\[r i t, g s /\/\n/ W
O o o (e}
1.1 equiv 3equiv 1 equiv 1.1 equiv 6 (quantitave yield)

Synthetic route to sp-biotin

Experimental procedure: 40 mg of Biotin-LC were dissolved in DMF, DIPEA (58 pL) and
HBTU (38mg) were added, after 20 minutes stirring at room temperature, 3-methoxypropylamine
(14 pL) was added to the activated acid. The reaction mixture was stirred overnight. Once the
reaction was completed (TLC), the solvent was removed under vacuum, giving a white solid,
which was washed several times with methanol to obtain 48 mg of the white pure product
(quantitative yield). ’/H NMR ( DMSO d6, 400 MHz) §: 7.73 (m, 2H), 6.41 (s, 1H), 6.35 (s, 1H),
4.30 (m, 1H), 4.12 (m, 1H), 3.29 (m, 2H), 3.21 (s, 3H), 3.09 (m, 1H), 3.05 (dd, J = 12.8, 7.0 Hz,
2H), 2.99 (dd, J = 12.8, 6.8 Hz, 2H), 2.82 (dd, ] = 12.4, 5.1 Hz, 1H), 2.57 (d, ] = 12.4 Hz, 1H),
2.03 (m, 3H), 1.60 (m, 3H), 1.47 (m, 4H), 1.28 (m, 7H). C NMR (DMSO d6, 600 MHz) § 171.9,
171.8,162.7,99.5, 69.6,61.03, 59.2,57.9, 55.4,40.1, 38.3, 35.6, 35.4, 35.2, 29.3, 29.0, 28.2, 28.0,
26.1,25.3,25.1.
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Synthesis of primary amine ligands

AcQ oAc Cl ACO oac COOMe 1. NaOMe, MeOH HQ oH COOH
AcO - T AlIOH AcO - T P 2. NaOH, H,0 HO E— /
o] COOMe —— o o ~F —_— 0 o T~
AcHN AcHN AcHN
AcO AcO HO
1 2
COOH COOH
HO HQ OH cysteamine, HO, uv 254 nm  Ho HC% OH
: o o0 ~F ) (o] O " NH,
AcHN AcHN
HO HO
2 Sia-NH,

Synthetic route to Sia-NHz

Synthesis of 1 and 2. Following a procedure from Roy and LaFerriere,’® purchased chloride 1
(0.862 g, 1.69 mmol, CAS# 67670-69-3, Sigma-Aldrich) was dissolved in allyl alcohol (25 mL,
0.367 mol) with activated 4A molecular sieves. Silver salicylate (0.4 g) was added and the

suspension was stirred at room temp in dark conditions for 2h. The mixture was filtered over Celite
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and the precipitate washed with dichloromethane. The organic solution was washed 1x with
NaHCOs solution, 1x with water, dried with magnesium sulfate, concentrated in vacuo, and the
crude purified by flash chromatography (20:1 to 10:1 CH2Cl./MeOH) to give allyl glycoside 1
(185 mg, 21%) matching physicochemical properties of the literature reference.’® Purified 1 was
then dissolved in a solution of 0.15 M NaOMe in anhydrous MeOH (2 mL) and mixture stirred for
2 h until spot-to-spot conversion observed by TLC. After, freshly washed Amberlite IR-120 H*
resin was added to the reaction until pH 6 and the resin filtered away. The filtrate was concentrated
twice by rotovap and the resulting residue containing 2 was carried to the next step with no further
purification (119 mg, quant.) which matched the physicochemical properties of the literature

reference.”®

Synthesis of Sia-NHaz. Fully deprotected glycoside 3 (100 mg, 0.286 mmol) and cysteamine-HCl
(65 mg, 0.572 mmol) were dissolved in deoxygenated H20 (3 mL) in a quartz cuvette and
irradiated at 254 nm for 1 hr and the reaction monitored by TLC. Once the reaction appeared
complete, the crude material was purified by reversed phase HPLC (Waters 1525 binary HPLC
mounted with a 00G-4252-PO-AX (Luna Co.) preparative column, using a H20:MeCN with 0.1%
TFA gradient from 4-30% MeCN) to afford final product Sia-NH2 (52.6 mg, 43% yield.) The

isolated product matched the physiochemical properties of the literature reference.’”

cysteamine, MeOH/H50, uv 254 nm

linker control

Synthetic route to control linker

Synthesis of 2-((3-methoxypropyl)thio)ethan-1-amine (linker-NHz)
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Allyl methyl ether (129 mg, 0.305 mmol, CAS # 627-40-7 Sigma-Aldrich) and cysteamine-HCI
(42 mg, 0.370 mmol) were dissolved in deoxygenated H>O (3 mL) in a quartz cuvette and
irradiated at 254 nm for 1 hr. Once the reaction appeared complete by TLC, the crude material was
purified by reversed phase HPLC (Waters 1525 binary HPLC mounted with a 00G-4252-PO-AX
(Luna Co.) preparative column, using a HoO/MeCN with 0.1% TFA gradient) to afford final
product “linker-NH,” (89.4 mg, 34% yield). 'H NMR (400 MHz, DMSO-Dg) & 7.99 (s, 2H); 3.35-
3.41 (t, 2H, OCH>); 3.23 (s, 3H, CH3); 2.94-3.02 (t, 2H, CH>); 2.66-2.74 (t, 2H, CH>); 2.53-2.60
(t, 2H, CH>); 1.70-1.79 (m, 2H, CHz) ppm. *C-NMR (100 MHz, DMSO-D¢) § 70.74; 58.33;
38.86;29.43; 28.49; 27.90 ppm. LRMS (ESI+) m/z: [M+H]+ Calcd for C¢HisNOS™ 150.1; Found

150.1. HRMS (ESI+) m/z: [M+H]+ Calcd for CsHisNOS* 150.0947; Found 150.0948.
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"H NMR Spectrum (400 MHz, DMSO-ds) of linker-NHa.
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13C NMR Spectrum (100 MHz, DMSO-ds) of linker-NHa.

Magnetic bead preparations

Biotin Binder Dynabeads (ThermoFisher Scientific, Rockford, IL.) are first washed with PBSA
buffer, incubated with the biotinylated ligand for 30 min, then washed twice. Concentration of
streptavidin for volume of bead being treated is calculated using available information from
manufacturer, and four-fold excess of biotinylated ligand is added to ensure all binding sites of

streptavidin are occupied.

Tosylactivated Dynabeads (ThermoFisher Scientific, Rockford, IL) are washed in 0.1 M borate
buffer pH 9.5. Ligand is added at 2 mM in 0.1 M borate buffer pH 9.5 + 1.2 M ammonium sulfate,
then incubated for 18 hours at 37 °C.*® Coupling efficiency is measured by taking supernatant after

overnight incubation and measuring A280, and concentration of coupled ligand is calculated from
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a standard curve of toluene sulfonic acid. A control without ligand is carried along to measure
background hydrolysis of the tosyl group from the beads, which is then subtracted to get the final

concentration of ligand coupled.

Magnetic bead sorts

Binders were isolated by magnetic bead sorts from the reduced-charge Sso7d libraries rcSso7d-11
and rcSso7d-18 using either tosyl-activated Dynabeads or Biotin Binder Dynabeads in PBSA.
Dynabeads loaded with carbohydrate ligand were utilized for positive selections, while bare beads
or beads loaded with linker were utilized for negative selections. Positive and negative selections
were iteratively performed until library diversities approached 10 variants. Selections use 4x10°

beads per 107 cells and were performed for one hour at 4 °C.

FACS

Cells were washed in PBSA (PBS pH 7.4 with 0.1% bovine serum albumin) and then incubated
with the sugar ligand and either chicken anti-HA or chicken anti-cMyc overnight with gentle
agitation at 4 °C. Cells were then washed, followed by incubation with goat anti-chicken-AF 647
(if FITC polymers used) or goat anti-chicken-AF 488 (if streptavidin AF 647 used). Washed cells
were sorted on a FACS Aria ITu (BD Biosciences, San Jose, CA) collecting the top 1% of binding
cells and this process repeated for at least three rounds of further enrichment. For analysis without
sorting, an Intellcyt iQue Screener flow cytometer (Essen Bioscience, Ann Arbor, MI) was used.
For preloaded samples, streptavidin AF647 was incubated with four-fold excess biotinylated
ligand for 30 min and then added in initial incubation. For two-step labeling, soluble biotinylated

ligand was incubated with cells in first incubation, the streptavidin AF647 was added in the second

104



incubation. For competition experiments, streptavidin with no fluorophore label was incubated

with four-fold excess biotin for 30 min before addition during first incubation.

Affinity maturation

To improve the affinities of enriched variants, plasmids from heterogeneous populations of
variants or individual variants of interest were subjected to one or more rounds of affinity
maturation. Error-prone PCR was initiated by amplifying Sso7d inserts from yeast display vectors
in the presence of 2 uM nucleotide analogs (TriLink BioTechnologies, San Diego, CA) 8-0x0-2’-
deoxyguanosine-5’-triphosphate  (8-0x0-dGTP) and 2’-deoxy-p-nucleoside-5’-triphosphate
(dPTP) as described previously.” PCR reactions were run using Taq polymerase for a minimum
of 15 cycles, followed by purification and extraction on a 1% agarose gel. Mutated inserts were
further amplified by PCR to provide sufficient material for electroporation. Separately, pPCTCON2
plasmids bearing no Sso7d insert were digested with Nhel, BamHI, and Sall, followed by ethanol
precipitation with amplified mutagenized inserts. For electroporation, 25 mL freshly cultured
EBY100 yeast at ODsoo of 2 were made electrocompetent by incubation in 10 mM DTT, 100 mM
LiOAc in YPD for 10 minutes at 37 C. Cells were washed twice with ice-cold H>O, followed by
resuspension in 200 pl H>O containing 5 pg of insert and 1 pg of cut vector precipitated DNA.
Yeast were electroporated 50 pl at a time in 2 mm cuvettes using a square-wave function (Gene
Pulser Xcell, Bio-Rad, Hercules, CA.) Cells were immediately diluted in 1 mL YPD after
electroporation for 30 min, followed by dilution and subculture in SDCAA. Samples of newly
generated libraries were plated on SDCAA agar in order to determine maximum theoretical library

diversity.
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Recombinant expression and affinity purification of Sso7d constructs in E. coli.
Sso7d variants of interest were recombinantly expressed as LPETGG-His6 constructs for
biophysical characterization. BL21-CodonPlus (DE3)-RIL Escherichia coli cells (Agilent
Technologies, Santa Clara, CA) were transformed with pET24 plasmids containing Sso7d variants
of interest. Single transformants were used to inoculate 8 mL overnight cultures of LB containing
30 pg/mL each of kanamycin and chloramphenicol. Grown overnight cultures were added to 1 L
of TB containing 30 pg/mL each of kanamycin and chloramphenicol and grown at 37 °C until an
ODeoo of 0.8-1 reached. Cultures were brought to 16-18 °C and expression induced in the presence
of 1 mM IPTG, followed by 16-18 h of growth. Cells were harvested by centrifugation at 3700 x
g for 30 min and overexpressed proteins purified immediately or pelleted cells stored long term at
-80 °C.

All protein purification steps were carried out at 4 °C. Pelleted cells were resuspended in
Buffer A (50 mM HEPES pH 7.5, 150 mM NaCl, 20 mM imidazole) supplemented with 0.5
mg/mL lysozyme (Research Products International, Mount Prospect, IL), 1:1000 protease inhibitor
cocktail (EMD Millipore, Burlington, MA), and 1 U/mL DNase I (NEB) and tumbled for 30 min.
Homogenized cells were lysed by sonication at 50% amplitude for 3 cycles of 5 min (Vibra-Cell,
Sonics, Newtown, CT), followed by clarification by ultracentrifugation at 35,000 x g for 60 min.
Supernatants containing soluble Sso7d proteins were passed over Ni-NTA resin (HisPur, Thermo
Scientific, Rockford, IL) pretreated with Buffer A. Resin was washed with Buffer A for 12 column
volumes, followed by elution with high imidazole Buffer B (50 mM HEPES pH 7.5, 150 mM
NaCl, 1 M imidazole) for 6-8 column volumes, with a majority of purified Sso7d eluting in the

first 2 column volumes. Column fractions of interest were pooled and immediately desalted using
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HiTrap desalting column (GE Healthcare, Chicago, IL). Proteins were stored at 4 °C for immediate

use or flash-frozen and stored at - 80 °C.

Biophysical characterization of Sso7d-LPXTG-His6 constructs by bio-layer interferometry

Apparent binding affinities and binding specificities of Sso7d variantss of interest were determined
by bio-layer inferometry (BLI). All BLI measurements were performed in PBSA supplemented
with 0.05% Tween-20 at 22 °C on an Octet RED96 instrument (Pall ForteBio, Fremont, CA.)
Sso7d-LPETGG-Hiss constructs were captured on Ni-NTA BLI tips to a final displacement of 2
nm, followed by a baseline reading for 60 s. Tips were placed into glycan polymer solutions of
various concentrations to measure association, followed by buffer alone for dissociation
measurements. If needed, buffer baseline measurements from Sso7d-loaded tips were used for
background subtraction and all association and dissociation curves globally fitted to a 1:1 binding

model to obtain apparent binding affinities.
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Chapter 3: Engineered glycan-binding proteins for
recognition of tumor associated carbohydrate antigen
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3.1 Abstract

Glycan-binding proteins (GBPs) are commonly used reagents for the identification of
glycan determinants. They do not require specialized equipment or time-consuming experimental
methods, making them widely used tools for basic research and clinical applications. Existing
glycan recognition reagents, mainly antibodies and lectins, are limited, and discovery or creation
of reagents with novel specificities is time consuming and difficult. Here I apply the GBP
generation platform developed in Chapter 2 towards a tumor-associated carbohydrate epitope.
Yeast surface display of a variable library of rcSso7d proteins was screened to isolate variants with
specificity toward the disaccharide Galf1-3GalNAca, or Thomsen-Friedenreich antigen, a
disaccharide abundant on the surface of cancer cells. Characterization of the generated TF-binding
proteins show them to have specificities and affinities on par with currently available lectins. The
proteins can be functionalized with fluorophores or biotin to create reagents that prove useful for

glycoprotein blotting and cell staining applications.
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3.2 Introduction

Carbohydrates are ubiquitous biomolecules that are of vital importance in human health
and disease. These carbohydrates, or glycans, can be appended to proteins and lipids or secreted
as large extracellular polymers. The biological functions of glycans are broad, including energy
metabolism, structural and stabilizing roles, and carriers of information.” Glycans often have
protective, stabilizing, organizational, and barrier functions such as the cell walls of plants and
bacteria, the exoskeleton of arthropods, or their contributions toward protein folding and stability.
As information carriers, glycans play a role in cell adhesion, cell-cell communication, and host-
pathogen interactions. Cell surface glycans can also serve as important disease markers, as
glycosylation is often aberrant in malignant tissues.’

Glycan-binding proteins (GBPs) are widely used tools for qualitative glycan structure
analysis. These proteins can distinguish between many glycan structures and do not require the
sample handling and expertise that other glycan structure analysis methods, such as mass
spectrometry and NMR, require. These proteins can be used in the lab as affinity reagents for
glycan/glycoconjugate purification and cell staining reagents, or used diagnostically for blood
typing, microorganism detection, and histology.”® The predominant GBP reagents consist of
fungal, plant, and animal derived lectins and monoclonal antibodies. Although these GBPs are
important tools for glycobiology, they have major limitations. Lectins are non-enzymatic GBPs
and are popular because they can recognize monosaccharide determinants and glycosidic linkages
and are relatively cheap to isolate and purify. These proteins are very useful, but the specificities
of known lectins do not cover the large diversity of glycans found distributed across biology.
Unlike lectins, antibodies against sugars can be directly elicited in animals by inoculation with the

free glycan or glycan-protein conjugates, however antibody elicitation often produces
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unpredictable results due to the poor immunogenicity of carbohydrates and similarities to the
host’s own glycome.” ¢ Antibodies are also expensive to produce, can have poor stability, and
require large quantities of glycan, that can be difficult to obtain, for production.

Due to the drawbacks to antibody elicitation and lectin discovery, GBP engineering has
become an increasingly popular field of study.” !’ These efforts are typically applied to existing
lectins or adaptive immune proteins like antibodies, antibody fragments, and variable lymphocyte
receptors. The methods used span from site-directed mutagenesis to large library directed
evolution approaches that aim to improve the affinity for the native ligand or to change the
specificity to structurally distinct sugars.’/-*

In Chapter 2, the development of a GBP engineering platform based on the Sso7d DNA-
binding protein of the hyperthermophilic archaea Sulfolobus solfataricus was presented. This
protein was selected as it showed promise for GBP generation. Sso7d is a very small and stable
protein that can be produced in the cytoplasm of E. coli and shares many features found in native
GBPs. First, the binding face of the Sso7d protein is a flat, solvent-exposed surface comprising
three B-sheets and shallow, solvent-exposed binding surfaces are common in lectins.’’ Second, the
evolved Sso7d protein can be highly enriched in aromatic amino acids in its binding face without
a subsequent loss in thermostability, expression level, and solubility.’S This is important because
the polarized C-H bonds of carbohydrates form CH-r interactions with aromatic amino acids and
are a major contributor to carbohydrate binding./”"”. Using a yeast surface display library of
reduced-charge Sso7d (rcSso7d) variants, a GBP for sialic acid-binding was successfully
generated as described in Chapter 2 of this thesis.

This chapter will focus on the creation of GBPs for the Thomsen-Friedenreich antigen, also

referred to as the T or TF antigen. The TF antigen is the Core 1 structure of O-linked mucin-type
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glycans, consisting of the disaccharide Galf1-3GalNAca linked to certain Ser or Thr residues. In
healthy tissue, the Core 1 structure is further modified by the addition of sialic acids, sulfates, or
other glycans, but is often desialylated in cancerous and pre-cancerous tissue due to abnormal
expression of glycosyl transferases and glycosidases in tumor cells. The epitope is a tumor
associated carbohydrate antigen found in 90% of carcinomas, making it an attractive epitope for
cancer diagnostics and immunotherapies.’” >/ Because of this association to cancer, it has been the
subject of several GBP engineering efforts and is an interesting target for Sso7d-based GBP
engineering efforts.’! 222/

In the following sections of this chapter, I will present the generation of an Sso7d-based
GBP that recognizes the TF antigen by applying the yeast surface display-based directed evolution
platform developed in Chapter 2, as well as modification and characterization for ultimate use as
an affinity reagent. After two rounds of affinity maturation a TF-binding Sso7d variant was
isolated and was demonstrated to have affinities and specificities on par with commercially
available lectins. The GBP was developed into a reagent by site-directed installation of useful
handles using sortase-mediated ligation and then applied to glycoprotein blotting and cancer cell

labeling applications, demonstrating their utility as a reagent for the study of glycans in their native

environments.

3.3 Enrichment of glycan-binding variants from naive library

The rcSso7d library and selection procedures used in this study were described in detail in
Chapter 2 of this thesis. Briefly, the library is a 1.4 x 10°-member YSD library of a reduced charge
variant of Sso7d (rcSso7d) (Figure 3-1A,B).’° This unbiased library features nine variable amino
acids in the (-sheet binding-face of the protein (paratope), randomly mutated to all amino acids

except Pro and Cys. The rcSso7d variant is fused to the yeast surface protein Aga2P and contains
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an N-terminal HA and C-terminal Myc tag to quantify proper expression of full-length proteins on
the yeast surface. Yeast bearing binding variants can be isolated from the library manually using
functionalized magnetic beads (magnetic-activated cell sorting or “MACS”) or by fluorescence-
activated cell sorting (FACS) with fluorescently labeled ligands (Figure 3-1D,E).

It is important that the selection system mimics nature to increase the opportunity to capture
any low affinity variants with glycan-binding characteristics. Carbohydrate-protein interactions
tend to be weak, with Kp values in the pM to mM range for a monovalent interaction.? In nature,
GBPs often oligomerize to form multivalent interactions with glycans, increasing the strength of
the interaction.”’® 2’ This increased strength, or avidity, is presented as a functional Kp or apparent
Kp (Kapp) and can be orders of magnitude stronger than a monovalent interaction. In natural
systems there also exists multivalency on the glycan side, either manifested as repeating units in
one polysaccharide or as multiple proximal carbohydrates, for example the dense glycan-coating
of a cell surface. A summary of reports of GBPs with multivalent saccharide ligands reveals that
in all cases a multivalent ligand will show enhanced avidity, though the magnitude of this
enhancement is highly variable.?® The yeast surface display platform allows for multivalent display
of the Sso7d because many copies of the protein are presented on the cell surface. Multivalent
ligands were used for selections, consisting of either highly avid magnetic beads functionalized
with the glycan of interest or commercially available polyacrylamide-based fluorescent
glycopolymers (TF-PAA-FITC, Figure 3-1E).”’ These ligands allow for low affinity Sso7d-
carbohydrate interactions to be captured, as monovalent biotinylated sugar ligands failed to capture

glycan interactions and enrich the library in binding variants as described in detail in Chapter 2.
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Figure 3-1. Yeast surface display with rcSso7d-based library.

A) Sequence of rcSso7d with residues mutated from Lys colored in red, and variable residues of
the paratope colored in maroon, dark blue, and light blue. B) The Sso7d structure showing variable
residues color coded to those in the sequence. C) Yeast surface display setup showing Sso7d fused
to yeast protein Aga2P that makes disulfide bonds to yeast surface protein AgalP with both N-
terminal HA tag and C-terminal Myc tag. Yeast can be sorted using glycan conjugated magnetic
beads or fluorescent glycan ligands. D) Tosyl-activated magnetic bead conjugated to amine-
modified TF. E) Structure of TF-PAA-FITC polymer used for FACS sorts.
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Selections with the large naive library began with five rounds of enrichment using tosyl
functionalized magnetic Dynabeads modified with a primary amine-bearing TF antigen as
described for sialic acid in Chapter 2 (Figure 3-1D). To deplete the library in variants exhibiting
nonspecific binding or linker-binding, three rounds of negative selections were interspersed with
the positive selections using linker modified magnetic beads. The resulting population enriched in
carbohydrate-binding variants was carried through three rounds of selection by FACS using the
fluorescent TF-PAA-FITC polymer. After three rounds of FACS, the resulting enriched population
exhibited a 14-fold increase in binding to the ligand as measured by the median fluorescence
intensity (MFI) (Figure 3-2A) and the binding was glycan mediated as at no point did binding to
secondary reagents or polyacrylamide polymer without carbohydrate (PAA-FITC) arise.

Plasmids were isolated from the final population and a subset were sequenced. Of 91
sequenced plasmids, eleven unique variants were represented. One variant, 0.8.F, repeated 28
times. Of the nine variable amino acids in the paratope region, 0.8.F had six aromatic amino acids:
Trp25, Trp30, Tyr21, Tyr28, Tyr42, and Tyr44. (Figure 3-2B). Other variants present in the final
population contained between two to six aromatic residues, primarily Trp and Tyr. This many
aromatic amino acids were seen in the isolated sialic acid-binders from chapter 2 of this thesis, and
could indicate multiple binding-sites or the presence of an aromatic “cage” around the sugar. The
eleven unique variants were tested by making clonal yeast populations and all showed binding to
TF-PAA-FITC over PAA-FITC though the magnitude of binding was highly variable (Figure 3-

20).
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Figure 3-2. Enrichment of TF-binding variants from naive library.

A) Dot plot and bar graph showing enrichment of cells binding to the TF-PAA-FITC polymer (y-
axis) over the course of the three selections. B) Sequences of the eleven unique variants in the final
population. Aromatic residues are colored in blue, basic residues in red, hydrophobic residues in
green, and polar residues in yellow. C) % binding of PAA-FITC (black) and TF-PAA-FITC (red)
to clonal yeast displaying the unique variants isolated after three selections.

3.4 Affinity maturation increases binding affinity and specificity of evolved
glycan-binding proteins

To improve the binding affinity for the TF antigen, the selected variants were subjected to
affinity maturation. Random mutations were introduced via error-prone PCR on all variants
isolated from the final population giving rise to library 1.0. Three rounds of selection by FACS
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were performed using 8-fold less TF polymer for increased stringency. As before, the new library
was enriched in binding variants over the course of the selections. A subset of the population was
sequenced, and hierarchical clustering was performed to curate representatives of variant families
based on the paratope sequence. Of three clusters, the largest cluster contained variants that are
descendants of 0.8.F, all containing two or more mutations outside of the binding face.

Several representatives from each cluster were chosen for further analysis by flow
cytometry to assess affinity and specificity for TF using a panel of glycopolymers containing both
highly similar and distinct mono-, di-, and trisaccharides (Figure 3-3F,G,H). An rcSso7d variant
isolated in Chapter 2 that weakly binds biotin, called 83H, was tested with the glycopolymer panel
to act as a negative control. The paratope region of this variant is distinct from the sugar-binding
variants. It has two acidic Asp residues while the sugar-binding variants contain 1-3 basic Arg
residues. 83H also has only two aromatic residues compared to the 5-6 in the sugar-binding
variants, and importantly it shows no binding to any tested glycopolymer (Figure 3-3A,B).

TF-binding variant 1.3.D, a descendent of 0.8.F, was selected as it showed the highest
specificity for TF over the other tested disaccharides (Figure 3-3D). 1.3.D has four additional
mutations compared to 0.8.F: Q8R, K48T, K52E, and E53K all outside of the B-sheet binding face
(Figure 3-3A). Variant 1.3.D showed specificity toward TF over the monosaccharide components
Galp and GalNAca, differentiated between B vs a linkages of the Gal to GalNAca (see Core 8 O-
glycan Galal-3GalNAca), reversed directionality of the monosaccharide components (see Adi,
GalNAca-Galp), 1,3 vs 1,4 linkages between highly similar monosaccharides (see LacNAc,
Galp1-4GIcNAcp), and the inclusion of a large sulfate group (sulfo-TF). Variant 1.3.D also
differentiated between a terminal and internal TF motif as seen with the H3 trisaccharide (Fucal-

2Galp1-3GalNAca).
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There does exist some off-target binding to other disaccharides. Some are highly similar,
like Le® with a single stereochemical difference of GIcNAc vs GalNAc (see Le® Galp1-3GIcNAcP)
and the Core 5 O-glycan (GalNAcal-3GalNAca) containing an additional N-acetyl and an a
glycosidic linkage. Surprisingly, binding was also observed to more structurally distinct glycans
like the negatively charged polysialic acid disaccharide (Neu5Aca2-8NeuSAca), or chitobiose
(GIcNACcB1-4GIcNAcPB) which contains an additional N-acetyl group, two stereochemical
differences, and a 1,4 linkage.

Compared to variant 0.8.F (Figure 3-3C), 1.3.D gained affinity for TF and the other
binding glycans. We then hypothesized that further affinity maturation and selection could isolate
a higher affinity variant, and subjected variant 1.3.D to an additional round of error prone PCR to
generate library 2.0. At this point in the project, the TF-PAA-FITC glycopolymer reagent was out
of stock and supply chain issues made it impossible to obtain additional polymer. To circumvent
this problem, the glycopolymer with the highest degree of similarity that showed strong binding
behavior, Le® (GalB1-3GIcNAcpB), was chosen for further selections to validate the affinity
maturation hypothesis. Four rounds of selection with the Le® glycopolymer were performed with
reducing concentrations of polymer at each round. From this library variant 2.4.1 was identified as
having a high preference for Le® over every other glycopolymer (Figure 3-3E). This variant has
an additional three mutations compared to 1.3.D: W25R in the binding face, and D15A and D49A
outside the binding face. The overall binding capacity, noted as y-median fluorescence intensity
(MFI), for GalNAca, Core 8, Core 5, H3 trisaccharide, and Le® increased for 2.4.1 while chitobiose,
and polysialic acid decreased in MFI. Unfortunately, TF-PAA-FITC could not be tested but is

expected to follow the trends of variant 0.8.F and 1.3.D and bind to variant 2.4.1 to some degree.
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Figure 3-3. Variants isolated from affinity matured libraries exhibit selectivity to the target
ligand.

A) Sequences of rcSso7d parent and selected non-sugar-binding and sugar-binding variants. B-E)
Mono-, di-, and trisaccharide glycopolymers with clonal yeast expressing B) non-sugar-binding
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variant 83H, C) 0.8.F, D) 1.3.D, and E) 2.4.1. Asterisk designates that TF could not be tested for
this variant due to lack of material and supply chain issues. F) Structures of tested
monosaccharides. G) Structures of non-binding disaccharides. H) Structures of binding di- and
trisaccharides.

3.5 Isolated variants exhibit binding characteristics on par with commercial
lectins

To characterize the binding affinities of variants removed from the yeast surface, the
variant sequence was cloned into an expression vector containing a C-terminal hexahistidine tag
and purified using immobilized metal affinity chromatography. Functional affinity constants were
experimentally determined using bio-layer interferometry (BLI) with the fluorescent
glycopolymers used in the flow-based selections and screenings. The resulting values are not true
Kp’s because the binding is multivalent. However, they are functionally relevant as they mimic
the context of cell surface glycans being displayed in high density.

Soluble variant 2.4.1 was immobilized on a Ni-NTA tip and dipped into a solution of Le°
or Core 5 glycopolymer to measure association rate constants (kon) then moved to buffer to
measure dissociation rate constants (kofr) (Figure 3-4A-B). The functional affinity measured for
Le® and Core 5 correlate with the YSD experiments, with Le® having a Kapp, 0f 38.7 + 1.4 nM and
Core 5 having a higher Kapp of 53.8 = 2.9 nM for variant 2.4.1. The functional affinity of the TF
glycopolymer could not be determined due to lack of sample but is expected to be in the range of
the Core 5 and Le® value based on the YSD experiments with variants 0.8.F and 1.3.D.

Although the functional affinity for TF could not be determined due to lack of polymeric
reagent, the true Kp values for TF could be measured using a monovalent TF sugar. The
disaccharide is linked to biotin by a short spacer unit (sp) which ensures the reducing end sugar is
in the pyranose form (Figure 3-4D). The protein variant was immobilized and then dipped into a

).30

solution of the sugar (Figure 3-4F).”” The monovalent Kp was measured at 16.4 uM £ 4.6 uM, a
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value that correlates with those of monovalent lectin-sugar interactions.”> When the control, sp-
biotin, (Figure 3-4C) was tested in the same manner it showed a high degree of non-specific
binding with the bare Ni-NTA BLI tips. This binding was reduced when 2.4.1 was immobilized,
indicating that sp-biotin did not bind specifically to 2.4.1 (Figure 3-4E). This behavior was not

seen with TF-sp-biotin, indicating a specific interaction with the protein and the sugar was taking

place.
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Figure 3-4. Affinity measurements using biolayer interferometry.

A) BLI trace of immobilized 2.4.1 with Le®~-PAA-FITC glycopolymer at a range from 31.25 to
1000 nM in solution. B) BLI trace of immobilized 2.4.1 with Core 5-PAA-FITC at a range from
31.25-1000 nM in solution. C) Structure of sp-biotin. D) Structure of TF-sp-biotin. E) BLI trace
of immobilized 2.4.1 or bare tip with sp-biotin linker in solution at concentrations from 25-75 uM.
F) BLI trace of immobilized 2.4.1 with TF-sp-biotin monovalent sugar in solution at concentrations
from 25-75 uM. G) Table of Kp, kon, and kofr measured by BLI.

3.6 Protein labeling and applications

3.6.1 Sortase-mediated ligation installs handles for reagent-grade glycan
binding proteins

To demonstrate the use of the evolved proteins as affinity reagents, they must be labeled
with useful handles such as biotin and fluorophores. Sortase-mediated ligation (SML) is a powerful
protein engineering method that allows for the site-specific incorporation of various biochemical
and biophysical probes to the N or C-terminus of a protein. The SrtA enzyme of S. aureus catalyzes
a transpeptidase reaction between a C-terminal LPXTG motif and an N-terminal oligoglycine
sequence (Figure 3-5A).>/ 32 SML is advantageous because the soluble version of SrtA enzyme is
robust and easy to produce in E. coli, has very high substrate specificity, and allows for
incorporation of many different chemical handles. This method also allows for site specific
labeling without the introduction of a reactive Cys residue into the protein or by labeling the
primary amines of the many Lys residues contained in the evolved Sso7d proteins.

To label the C-terminus of the evolved GBPs with biotin or a FITC fluorophore, the variant
was cloned into an expression vector containing a C-terminal LPETGG motif followed by a
hexahistidine tag for immobilized metal affinity chromatography. Upon ligation the hexahistidine
tag is excised allowing for purification of the final product away from the His-labeled SrtA
enzyme. Oligoglycine-containing peptides appended to a biotin or FITC handle were ordered with
the sequence GGGYK[K-biotin]T-amide or GGGYK[K-FITC]T-amide. SML was carried out by
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incubating the variant 2.4.1 with the nucleophilic peptide and SrtA with a hexahistidine tag in Ca>*
containing buffer. Labeled protein was separated from the excised His tag and SrtA by passing
through Ni-NTA resin followed by desalting to remove excess peptide (Figure 3-5B). Protein
labeling was confirmed by blotting with streptavidin or by fluorescence-based gel imaging (Figure

3-5C), validating SML as a robust means towards generating reagent-level Sso7d-based GBPs.
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Figure 3-5. Modification of protein variants by sortase-mediated ligation.

A) Scheme of SML reaction. Sso7d variant shown in grey with C-teriminal sortase motif and His6
affinity tag reacting with GGG containing peptide, yellow star denotes handle such as biotin or
fluorophore. B) Coomassie stained gel showing example reaction of variant 2.4.1 with biotin
peptide. 1: Unreacted 2.4.1 2: SML reaction mix after 30 minutes at room temperature 3: Purified
labeled 2.4.1-biotin. C) Streptavidin Western blot showing presence of biotin labeled 2.4.1 from
reaction shown in B.

3.6.2 Engineered variants 2.4.1 binds TF-containing glycoproteins

The biotin labeled TF-binding variant, 2.4.1-biotin, was then utilized in dot blotting
application for detection of proteins known to carry the TF epitope and similar O-glycans. The
selected glycoproteins tested were the mucin proteins MUC2, MUCSAC, and MUCS5B, as well as
glycophorin A, and fetuin.

Mucins are a family of large, heavily O-glycosylated proteins that are abundant in mucus.
Up to 80% of their mass can made up of highly heterogeneous O-glycans.*> MUC2, MUC5AC,

and MUCS5B are all secreted gel-forming mucins but their main tissue expression differs. MUC2
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is mainly expressed in the intestine where it is a major component of colon mucus, while MUCS5AC
and MUCSB are both integral components of airway mucus, with MUCS5B also present in salivary
mucus and MUC5AC in gastric mucus.’” Mucin O-glycans consist of Core 1 (Galp1-3GalNAc,
TF antigen), 2 (GalB1-3(GlcNAcB1-6)GalNAc), 3 (GlcNAcB1-3GalNAc), and 4 (GlcNAcpI1-
3(GIcNAcB1-6)GalNAc), O-glycans (Figure 3-6A) that may be further modified with a sulfate
group, or with additional monosaccharides such as sialic acid, and fucose. Glycophorin A (GPA)
is a transmembrane sialoglycoprotein found on red blood cell membranes containing a high degree
of sialylated TF antigen (Figure 3-6B). Removal of the sialic acids reveals the Core 1 TF antigen
structure. Fetuin is a circulating glycoprotein containing sialylated N- and O-glycans. The N-
glycans are typically di- or tri-branched with underlying lactosamine units (Galpf1-4GIcNAc),
while the O-glycans are mono or di-sialylated TF antigen (Figure 3-6C). The carbohydrate
composition of these glycoproteins is therefore well suited for post-enzymatic treatment detection
with our engineered GBP.

Glycoprotein samples were treated with neuraminidase to remove a2-3,6,8 linked sialic
acids, or with neuraminidase and O-glycosidase (Endo-a-N-Acetylgalactosaminidase) to remove
Core 1 and Core 3 O-glycans. Treatment with neuraminidase will reveal more TF antigen by
removing sialic acids from the many sialylated TF structures present on the glycoproteins and is
expected to lead to increased binding signal. Removal of Core 1 and Core 3 O-glycans is expected
to decrease binding signal as the glycoproteins will lose the epitope of interest to variant 2.4.1.
After enzymatic treatment the glycoproteins were spotted on a nitrocellulose membrane and
incubated with either 2.4.I-biotin or the non-sugar-binding Sso7d variant 83H-biotin. There is no
observed binding to any glycoprotein sample with 83H-biotin or the streptavidin only control

(Figure 3-6D). In contrast there is clear binding to MUC2 by 2.4.1 with and without enzymatic
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treatment, and a low level of binding to the four other glycoproteins. The dot blot was repeated
with the best positive binders, MUC5AC and MUC2 (with and without neuraminidase and O-
glycosidase treatment) and decreasing concentrations of 2.4.1. There is a clear preference for 2.4.1
binding to MUC2 compared to MUCSAC, and as expected, the neuraminidase treated MUC2

sample exhibits the greatest binding signal (Figure 3-6E).
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Figure 3-6. Variant 2.4.1 binds TF antigen-containing glycoproteins by dot blot.

A) Structure of core O-glycans found in mucins with mucin cartoon shown below. B) GPA
sialylated TF antigen. C) Fetuin glycans. Sialylated TF antigen O-glycans on left, examples of
fetuin N-glycans on right. D) Dot blot of glycoproteins MUC2, MUC5AC, MUCS5B, GPA, and
Fetuin with sugar-binding variant 2.4.1, non-sugar-binding Sso7d variant 83H, and streptavidin-
AP conjugate only. Samples are either untreated, treated with neuraminidase only, or treated with
both neuraminidase and O-glycosidase. E) Dot blot of MUCS5AC and MUC2 with 2.4.1 at
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concentrations 1, 0.5, and 0.25 uM to better show the impact of neuraminidase and O-glycosidase
treatment.

3.6.3 Mammalian cell staining

The FITC labeled variant, 2.4.1-FITC, was utilized in vitro to stain cancerous mammalian
cells containing a surface-presented TF epitope. MCF7 cells, a human breast cancer epithelial cell
line, were used for this purpose as they express high levels of TF antigen on the surface.’> MCF7
cells were treated with neuraminidase and O-glycosidase to remove sialic acid, and Core 1 and
Core 3 O-glycans respectively. However, treatment with O-glycosidase did not decrease binding
as expected. In fact, this enzymatic treatment increased binding of 2.4.1-FITC to the cell (Figure
3-7A). It has already been demonstrated that 2.4.1 can bind to other epitopes than the TF antigen,
therefore it is possible that removal of Core 1 and 3 glycans may reveal other epitopes for 2.4.1 to
bind, leading to the observed increased signal. This binding increase could also be explained by a
reduction in steric hinderance by removal of some of the many cell-surface glycans. To remove
more surface glycans that may be responsible for the observed phenomena, cells were treated with
a protein deglycosylation cocktail that contains PNGase F (N-glycan), a2-3,6,8,9 neuraminidase
A (sialic acid), O-glycosidase (Core 1 and 3 O-glycan), f1-4 galactosidase S (galactose), B-N-
acetylhexosamindase (GalNAc and GlcN). This cocktail can remove N-glycans and more complex
O-glycans. However, this treatment did not significantly increase or decrease binding signal
(Figure 3-7B). In all cases, 2.4.I-FITC stained cells better than the non-sugar-binding variant 83H,
which showed a minor amount of staining above background.

Treatment with glycosidases typically requires denatured proteins or long incubation times,
neither of which are possible when staining whole cells. MCF7 cells instead were harvested, lysed,

and denatured, before extended enzymatic treatment. The treated and mock treated samples were
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fractionated by SDS-PAGE and proteins were transferred to a nitrocellulose membrane and blotted
with 2.4.I-biotin or 83H-biotin. Even with extended enzymatic treatment there was no difference
between the mock treated and enzyme treated samples (Figure 3-7C). However, there was no

binding to any protein with variant 83H or secondary reagents only.
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Figure 3-7. Mammalian cell staining with engineered GBP 2.4.I-FITC.

A) Median fluorescence intensity (MFI) of untreated and O-glycosidase treated MCF7 cells
unstained, stained with non-sugar-binding variant 83H-FITC, or 2.4.I-FITC. B) Mock and
deglycosylation treatment of MCF7 cells unstained, stained with non-sugar-binding variant 83H-
FITC, or 2.4.1-FITC. C) Western blot using 2.4.I-bio of untreated and treated MCF7 cell lysates.
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3.7 Computational analysis provides insight into 2.4.I-mediated disaccharide
binding

Computational methods were applied to provide insight into the protein determinants
responsible for binding to disaccharide ligands utilized during this GBP evolution campaign. The
HADDOCK webserver was used to dock the binding disaccharides onto a model of variant 2.4.1.%
The protein model was built using ColabFold, a structure prediction program using Alphafold®’
and MMseqs2®® without side chain relaxation. The paratope region residues were assigned as the
active residues and TF, Le®, and Core 5 disaccharide were fit using the protein-glycan setting of
HADDOCK. Disaccharide structures were modeled using the CSDB/SNFG structure editor, an
online glycan builder for 3D structure visualization.?’ For all disaccharides, between 191-197 total
structures were grouped into 4-6 clusters. The top scoring (lowest energy) HADDOCK model for
each disaccharide is shown in Figure 3-8. TF is predicted to make four polar contacts with residues
Arg25 and Trp30 and protons H4 and H6 of the a-GalNAc in TF are in proximity to residue Tyr44
and capable of forming CH-n interactions. The Core 5 disaccharide is predicted to make three
polar contacts with Arg25 and Trp30 and like TF, the H4 and H6 protons of the a-GalNAc are in
proximity with Tyr44 for CH-n interactions. Le® is predicted to make one polar contact with Trp30
and the axial protons H1, H3, and HS5 of the B-GlcNAc are all in proximity to Tyr44 for CH-n
interactions. From this model, the carbohydrates are making both polar contacts and CH-n
interactions with surrounding residues as is commonly seen in protein-carbohydrate interactions.*’
Based on these models, residues Try44 and Arg25 are particularly important for binding. Arg25 is
a mutation gained during affinity maturation of 1.3.D and could, in part, explain the increased

binding affinity gained by 2.4.1.
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Figure 3-8. Docking of disaccharides to 2.4.1 model.

A-C) Surface structure of an Alphfold model of variant 2.4.1 docked to A) TF, B) Le®, C) Core 5
using HADDOCK webserver. Residues making contacts to the disaccharide ligand are shown
enlarged in boxes with dashed lines indicating polar contacts between the disaccharide and protein.

3.8 Conclusions

In this chapter, the process of evolving and characterizing a GBP for the tumor associated
carbohydrate antigen TF was described. Using yeast surface display and multivalent glycan
ligands, a small and stable DNA-binding protein was evolved into a carbohydrate-binding protein.
The evolved protein shows affinities and specificities on par with commercially available lectins
and was demonstrated to be functional as an affinity-binding reagent for Western blot analysis and
cell staining applications. This method allows for the generation of GBPs for a specific glycan of
interest and does not suffer from the drawbacks of carbohydrate-specific antibody elicitation.

Evolved GBPs bind TF but show a broader selectivity to other glycans with different

monosaccharide components and linkages such as Le°, chitobiose, and the Core 5 O-glycan
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disaccharide. This is not unlike commercially available lectins and is an important piece of
understanding the capabilities and limitations of a commercial reagent. Analysis of the selectivities
of several TF-binding lectins show binding motifs like the evolved 2.4.1 variant generated in this
chapter.”” One is Artocarpus integrifolia agglutinin (AIA or Jacalin). This lectin predominantly
binds Core 1 (TF) and Core 3 (GlcNAcB1-3GalNAca) O-glycans, but additionally can bind
substituents at the C3 position of the GalNAc residue such as GalNAc, GIcNAc, Gal, or longer
oligosaccharides with an a or B linkage. Modeling of glycans bound to 2.4.I explains some of the
observed binding behavior. The Le® disaccharide shows the greatest binding to 2.4.1 based on yeast
surface data and BLI measurements. This glycan was able to adopt a planar configuration and fit
into the groove made by Trp30 and Tyr44, allowing for CH-m interactions between Tyr44 and the
axial hydrogens H1, H3, and HS of the B-GIcNAc. This was not possible with the a-GalNAc
residues present in TF and the Core 5 disaccharide because it does not contain the three axial
hydrogens present in B-GlcNAc. The presence of B-GlcNAc alone is not enough to explain the
binding, as other B-GIcNAc containing glycan LacNAc (GalB1-4GlcNAcp) did not bind 2.4.1.
More structural data is required to gain a better insight into the binding determinants of 2.4.1.

The measured Kp of the evolved GBP 2.4.1 toward monovalent TF is high at 1.5 uM.
Although this is in line with commercially available lectins that have Kp values of 1-10 uM for
complex glycans, it is much stronger than the mM Kp values that these lectins exhibit for
monosaccharides.® # This affinity was achieved after only two rounds of affinity maturation,
which introduced mutation Arg25 in variant 2.4.1 that is anticipated to make polar contacts with
the bound glycan. Other mutations were introduced outside of the binding face that lead to an
increase in affinity from variant 0.8.F to 1.3.D. The role these mutations play in binding will

require further structural information and highlight the power of directed evolution by introduction
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of mutations that are distal to the binding surface but impact binding in a way that could not be
predict. We anticipate that additional rounds of affinity maturation could be performed to achieve
further optimization. Many YSD campaigns have involved greater than two rounds of affinity
maturation to achieve sub-nanomolar binding affinities, but whether this type of affinity is possible
for a carbohydrate-binding protein is unknown.** # There has been work towards increasing the
pace of affinity maturation, such as ‘autonomous hypermutation yeast surface display’ (AHEAD),
a new strategy that pairs an orthogonal error-prone DNA replication system with yeast surface
display.” This mimics somatic hypermutation of the scaffold protein without performing the
mutagenesis steps typically required by display technologies. Future endeavors with this method
could more quickly sample the sequence space of the Sso7d for development of even higher
affinity GBPs. Engineered multivalency is another tactic that can be deployed with the Sso7d-
based GBPs. This has been applied to GBP engineering before to create multimers with superior
binding affinities to monomeric GBPs, although this strategy could impact the commercial scalable
production that makes the Sso7d unique.?® #

Even without further affinity engineering the evolved 2.4.1 variant proved useful as a
reagent for glycoprotein blotting and cell staining. The 2.4.1 GBP can bind to the glycoproteins
MUC2, MUCSAC, MUCS5B, GPA, and fetuin, all of which contain the TF epitope that has been
evolved for, usually as the sialylated form. However, there is a clear preference for MUC2.
Analysis of human MUC2 shows over 100 unique glycan structures with a high degree of
sialylation, sulfation, and fucosylation.* Most MUC2 glycans are Core 3 structures of GIcNAcB1-
3GalNAc which was not tested for binding with the glycopolymer panel and could be a recognized
epitope for 2.4.1. Alternatively, gastric mucins (including MUCS5AC) are primarily Core 2

structures and MUCS5B is primarily Core 1 and 2. °’ This difference in core O-glycan structures
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could explain the difference in binding abilities, but further testing into the specificity of variant
2.4.11s needed.

The work outlined herein therefore demonstrates how the platform developed in Chapter
2, which was successfully applied to the negatively charged nine-carbon sialic acid, can be applied
to a neutral disaccharide, the cancer-associated epitope TF antigen, for the generation of selective,
tight binding Sso7d-based GBPs. This underscores versatility; the platform can be applied to other
glycans of interest, especially those with no current reagents for their detection. For the platform
to be successful, multivalent presentation of the glycan of interest is critical. Multivalent
polyacrylamide-based glycopolymers are commercially available for many mammalian glycans
like those used in this report, but in-house synthesis of multivalent ligands might be necessary for
unique or unusual glycans. This platform, coupled with glycan isolation and multivalent synthetic
procedures, enables engineering of GBPs that can specifically recognize a vast array of user-
defined glycans of interest. This will have great impact on glycobiological research, allowing for

the study of important glycans with no existing affinity tools.
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3.9 Materials and methods

Materials

For flow cytometry and fluorescence-assisted cell sorting (FACS), detection reagents were as
follows: chicken anti-HA (Exalpha Biologicals, Shirley, MA, Cat. No: AHA), chicken anti-cMyc
(Exalpha Biologicals, Shirley, MA, Cat. No. ACMYC), goat anti-chicken AlexaFluor 647
(ThermoFisher Scientific, Cat. No: A-21449.) Multivalent carbohydrate polymers were
commercially purchased as PAA-FITC, PAA-biotin, or PAA variations from GlycoTech
(Frederick, MD.) All mammalian cell lines were purchased from ATCC and the appropriate
growth media and supplements purchased from ATCC or MilliporeSigma, unless otherwise
specified. All restriction enzymes, Taq DNA polymerase and glycosidases were purchased from

New England Biolabs (Ipswich, MA) unless otherwise noted.

Yeast culture conditions

Use of yeast-surface display for directed evolution of glycan binders was carried out according to
established protocols published by Wittrup and coworkers */. All yeast work was done under
aseptic conditions using proper techniques. Yeast populations bearing yeast-display vector
pCTCON?2 were grown in SDCAA media containing 100 U/mL penicillin-streptomycin at 30 °C
for routine culture and subculture, unless otherwise noted. Yeast-surface protein expression was
induced by subculture and resuspension of log-phase yeast cultures in SGCAA media containing
100 U/mL pen-strep at 20 °C. All yeast washes and selections were carried out in PBSA (PBS at

pH 7.4 with 0.1% bovine serum albumin, sterile filtered) at 4 °C.
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Synthesis of TF-NH: and control linker
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Scheme of synthetic route to glycoconjugate TF-NH:
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General Information. LCMS analyses were conducted on a nominal mass Agilent 6125B mass

spectrometer with an electrospray (ESI) source attached to an Agilent 1260 Infinity LC. High-

resolution mass spectral analyses were obtained on a Q-TOF high-resolution Agilent 6545 mass

spectrometer coupled to an Agilent Infinity 1260 LC system with a Jet Stream ESI source.

Synthesis of O-allyl 2. Following a procedure by Feng et. al.’’, to a solution of N-

acetylgalactosamine (GalNAc) (1 g, 4.52 mmol) in allyl alcohol (18 mL) was added BF3-Et:O

dropwise (642 pL, 4.52 mmol). The reaction mixture was stirred vigorously at 70 °C for 2 h,

followed by cooling to ambient temperature and neutralization with EtsN (1 equiv). The mixture

was concentrated in vacuo and the crude purified by flash chromatography (12:1 to 7:1

CH>Cl,/MeOH) to afford 2 (849.1 mg, 72% yield), which matched the physicochemical properties
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of the literature reference.

Synthesis of 3, 5, and 6. Following a procedure from Baek and Roy”?, O-allyl sugar 2 (773 mg,
2.957 mmol) and anhydrous tosylic acid (57 mg, 0.3 mmol) were added to a flame-dried round-
bottom flask and the flask was charged with N». To this, anhydrous DMF (11 mL) was added under
nitrogen and PhCH(OMe)> added dropwise with stirring. The reaction was heated to 60 °C with
nitrogen bubbling through. After 1 h, the reaction was concentrated in vacuo and the crude
compound was purified by flash chromatography twice (15:1 CH:Cl./MeOH) to afford
benzylidene 3 (456 mg, 44% yield) which matched the physicochemical properties of the literature
reference.”” Acceptor 3 (438 mg, 1.25 mmol) and purchased glycosyl halide donor 4 (773 mg, 1.88
mmol, CAS # 3068-32-4, Sigma-Aldrich) were dissolved in anhydrous 1:1 nitromethane/benzene
(10 mL) in a flame-dried flask. The reaction was charged with promoter Hg(CN), (475 mg, 1.880
mmol) and the reaction proceeded for 3 h. The crude reaction mixture was filtered through Celite,
concentrated and purified by flash chromatography (20:1 to 10:1 CH2Cl2/MeOH) to afford
disaccharide 5 (263.4 mg, 31% yield) which matched the physicochemical properties of the
literature reference.” Disaccharide 5 (456 mg, 0.671 mmol) was brought up in 80% AcOH/H,0
and held at 60 °C with stirring for 2 h. Once deprotection of 1,2 diol was confirmed by TLC, the
reaction was concentrated in vacuo with addition of toluene and the crude purified by flash
chromatography (20:1 CH2Clo/MeOH). The desired product was isolated in 52% yield (204 mg)
with identical NMR spectra to those previously reported. Purified deprotected disaccharide (0.204
mg, 0.345 mmol) was dissolved in a solution of 0.15 M NaOMe in anhydrous MeOH (2 mL) and
the mixture stirred for 2 h until spot-to-spot conversion observed by TLC. After, freshly washed

Amberlite IR-120 H" resin was added to the reaction until pH 6 was obtained. The resin was

141



subsequently filtered away and the filtrate was concentrated twice by rotary evaporation resulting
in a residue containing 6 which was carried to the next step without further purification (146 mg,

quant.). The isolated product matched the physicochemical properties of the literature reference.””

Synthesis of TF-NHz. Fully deprotected glycoside 6 (129 mg, 0.305 mmol) and cysteamine-HCI
(42 mg, 0.370 mmol) were dissolved in deoxygenated H>O (3 mL) in a quartz cuvette and
irradiated at 254 nm for 1 hr. Once the reaction appeared complete by TLC, the crude material was
purified by reversed phase HPLC (Waters 1525 binary HPLC mounted with a 00G-4252-PO-AX
(Luna Co.) preparative column, using a H;O/MeCN with 0.1% TFA gradient from 4-30% MeCN)
to afford final product TF-NH2 in 41% yield (63.6 mg). The isolated product matched the
physicochemical properties of the literature reference.’”* "H NMR (400 MHz, D,0) & 4.89-4.91 (d,
1H, J = 3.8 Hz, GalNac-H1); 4.45-4.49 (d, 1H, J = 7.7 Hz, Gal-H1); 4.29-4.35 (dd, 1H, J1,=3.7
Hz, Jo3 = 11.1 Hz, GalNac-H2); 4.24 (broad d, 1H, GaINAc-H4); 3.97-4.06 (m, 2H, GalNac-H3,
GalNAc-H5); 3.89-3.93 (broad d, 1H, J34 = 3.3 Hz, Gal-H4); 3.70-3.85 (m, 5H); 3.49-3.69 (m,
4H); 3.19-3.26 (t, 2H, J = 6.7 Hz, CH>); 2.83-2.89 (t, 2H, ] = 6.7 Hz, CH>); 2.66-2.74 (dd, 2H, ] =
7.1 Hz, CHz); 2.03 (s, 3H, Ac); 1.88-1.97 (m, 2H, J = 6.8 Hz, CH) ppm. *C-NMR (100 MHz,
D20) & 174.48; 104.67; 97.18; 77.21; 74.99; 72.49; 70.60; 68.70; 68.58; 66.34; 61.19; 61.00;
48.68; 38.31; 28.22; 28.06; 27.45; 21.99 ppm. LRMS (ESI+) m/z: [M+H]+ Calcd for
Ci9H37N2011S™ 501.2; Found 501.1. HRMS (ESI+) m/z: [M+Na]+ Calcd for Ci9H36N>O11SNa

523.1938; Found 523.1936.
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Synthetic route to control linker

Synthesis of 2-((3-methoxypropyl)thio)ethan-1-amine linker-NH:

Allyl methyl ether (129 mg, 0.305 mmol, CAS # 627-40-7 Sigma-Aldrich) and cysteamine-HCI
(42 mg, 0.370 mmol) were dissolved in deoxygenated H>O (3 mL) in a quartz cuvette and
irradiated at 254 nm for 1 hr. Once the reaction appeared complete by TLC, the crude material was
purified by reversed phase HPLC (Waters 1525 binary HPLC mounted with a 00G-4252-PO-AX

(Luna Co.) preparative column, using a H>O/MeCN with 0.1% TFA gradient) to afford final
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product “linker-NH,” (89.4 mg, 34% yield). 'H NMR (400 MHz, DMSO-Ds) § 7.99 (s, 2H); 3.35-
3.41 (t, 2H, OCHa); 3.23 (s, 3H, CHs); 2.94-3.02 (t, 2H, CHa); 2.66-2.74 (t, 2H, CH,); 2.53-2.60
(t, 2H, CHy); 1.70-1.79 (m, 2H, CH,) ppm. *C-NMR (100 MHz, DMSO-Ds) & 70.74; 58.33;
38.86; 29.43; 28.49; 27.90 ppm. LRMS (ESI+) m/z: [M+H]+ Calcd for CsHisNOS* 150.1; Found

150.1. HRMS (ESI+) m/z: [M+H]+ Calcd for CsH1sNOS™ 150.0947; Found 150.0948.
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Magnetic bead selections

Tosyl-activated Dynabeads (ThermoFisher Scientific, Rockford, IL) are washed in 0.1 M borate
buffer pH 9.5. Ligand is added at 2 mM in 0.1 M borate buffer pH 9.5 + 1.2 M ammonium sulfate,
then incubated for 18 hours at 37 °C.’° Coupling efficiency is measured by taking supernatant after
overnight incubation and measuring the A280 absorption, and the concentration of coupled ligand
is calculated from a standard curve of toluene sulfonic acid. A control without ligand is carried
along to measure background hydrolysis of the tosyl group from the beads, which is then subtracted

to get the final concentration of ligand coupled.
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Binders were isolated by magnetic bead sorts from the reduced-charge Sso7d libraries rcSso7d-11
and rcSso7d-18 using tosyl-activated Dynabeads in PBSA. Dynabeads loaded with carbohydrate
ligand were utilized for positive selections, while beads loaded with linker were utilized for
negative selections. Positive and negative selections were iteratively performed until library

diversities approached 10 variants. Selections use 4x10° beads per 107 cells.

Selection of TF-binding Sso7d variants

Sso7d variants capable of binding carbohydrates were isolated using yeast-surface display 7.
Briefly, cells washed in PBSA (PBS pH 7.4 with 0.1% bovine serum albumin) were incubated
with chicken anti-HA or chicken anti-cMyc and TF-PAA-FITC, followed by incubation with goat
anti-chicken-AF 647. Washed cells were sorted on a FACS Aria IIu (BD Biosciences, San Jose,

CA) and this process repeated for at least three rounds of further enrichment.

Sequencing of individual variants from enriched heterogeneous populations

Yeast-display vector pPCTCON2 from enriched yeast populations were isolated using Zymoprep
Yeast Plasmid Miniprep II (Zymo Research, Irvine, CA) following manufacturer’s protocols.
XL1-Blue Competent Cells (Agilent Technologies, Santa Clara, CA.) were transformed with
isolated plasmids and transformants plated on agar with selection antibiotics. Individual colonies
were re-streaked on selective media in 96-well plates, plasmids extracted, and sequencing
performed. Sequences were subjected to multiple sequence alignment, followed by hierarchal

cluster analysis performed with Geneious Prime 2021.2.

Analytical flow cytometry of heterogeneous or clonal yeast populations
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Populations comprising multiple variants or clonal populations were characterized for binding
specificity by flow cytometry on an Intellcyt iQue Screener flow cytometer (Essen Bioscience,
Ann Arbor, MI.) Sso7d expression was induced on yeast surfaces and washed cells were tested for
binding to glycan-PAA-FITC or PAA-FITC at various concentrations in the presence of chicken
anti-HA in PBSA. After washing, cells were stained with goat anti-chicken AF647 and analyzed.
To characterize binding of individual Sso7d variants, competent EBY 100 were transformed with
selected plasmids using the Frozen-EZ Transformation II kit (Zymo Research, Irvine, CA.) to
produce clonal population of yeast. Variants expressed on yeast surfaces were treated with ligand
and analyzed on iQue as above. Flow cytometry data were processed using FCS Express (De Novo
Software,Glendale, CA), and binding analyzed using GraphPad Prism (GraphPad Software,San

Diego, CA.)

Affinity maturation

To improve the affinities of enriched variants, plasmids from heterogeneous populations of
variants or individual variants of interest were subjected to one or more rounds of affinity
maturation. Error-prone PCR was initiated by amplifying Sso7d inserts from yeast display vectors
in the presence of 2 uM nucleotide analogs (TriLink BioTechnologies, San Diego, CA) 8-0x0-2’-
deoxyguanosine-5’-triphosphate  (8-0xo-dGTP) and 2’-deoxy-p-nucleoside-5’-triphosphate
(dPTP) as described previously.”” PCR reactions were run using Taq polymerase for a minimum
of 15 cycles, followed by purification and extraction on a 1% agarose gel. Mutated inserts were
further amplified by PCR to provide sufficient material for electroporation. Separately, pPCTCON2
plasmids bearing no Sso7d insert were digested with Nhel, BamHI, and Sall, followed by ethanol

precipitation with amplified mutagenized inserts. For electroporation, 25 mL freshly cultured
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EBY 100 yeast at ODgoo of 2 were made electrocompetent by incubation in 10 mM DTT, 100 mM
LiOAc in YPD for 10 minutes at 37 C. Cells were washed twice with ice-cold H>O, followed by
resuspension in 200 pl H,O containing 5 pg of insert and 1 pg of cut vector precipitated DNA.
Yeast were electroporated 50 pl at a time in 2 mm cuvettes using a square-wave function (Gene
Pulser Xcell, Bio-Rad, Hercules, CA.) Cells were immediately diluted in 1 mL YPD after
electroporation for 30 min, followed by dilution and subculture in SDCAA. Samples of newly-
generated libraries were plated on SDCAA agar in order to determine maximum theoretical library

diversity.

Cloning of Sso7d variants into expression vector

For soluble recombinant expression in E. coli, Sso7d inserts were cloned into pET-24a expression
vector (EMD Millipore, Burlington, MA.), which encodes a C-terminal Hise affinity tag. To
produce constructs with a C-terminal SML site, followed by Hise, sequences for Sso7d variants
were PCR amplified from the yeast display vector pPCTCON2 using a reverse primer encoding the
chosen sortase motif LPETGG. Forward and reverse primers contain overhangs for the vector, and

Gibson assembly was used to assemble the final product (NEB, Ipswich, MA).

Recombinant expression and affinity purification of Sso7d constructs in E. coli.

Sso7d variants of interest were recombinantly expressed as LPETGG-His6 constructs for
biophysical characterization, sortase-mediated ligation and mammalian cell staining. BL21-
CodonPlus (DE3)-RIL Escherichia coli cells (Agilent Technologies, Santa Clara, CA) were
transformed with pET24 plasmids containing Sso7d variants of interest. Single transformants

were used to inoculate 8 mL overnight cultures of LB containing 30 pg/mL each of kanamycin
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and chloramphenicol. Grown overnight cultures were added to 1 L of TB containing 30 ug/mL
each of kanamycin and chloramphenicol and grown at 37 °C until an ODeoo of 0.8-1 reached.
Cultures were brought to 16-18 °C and expression induced in the presence of 1 mM IPTG,
followed by 16-18 h of growth. Cells were harvested by centrifugation at 3,700 x g for 30 min
and overexpressed proteins purified immediately or pelleted cells stored long term at -80 °C.

All protein purification steps were carried out at 4 °C. Pelleted cells were resuspended in
Buffer A (50 mM HEPES pH 7.5, 500 mM NaCl, 20 mM imidazole) supplemented with 0.5
mg/mL lysozyme (Research Products International, Mount Prospect, IL), 1:1000 protease
inhibitor cocktail (EMD Millipore, Burlington, MA), and 1 U/mL DNase I (NEB) and tumbled
for 30 min at 4 °C. Homogenized cells were lysed by sonication at 50% amplitude for 3 cycles of
5 min (Vibra-Cell, Sonics, Newtown, CT), followed by clarification by ultracentrifugation at
35,000 x g for 60 min. Supernatents containing soluble Sso7d proteins were passed over Ni-NTA
resin (HisPur, Thermo Scientific, Rockford, IL) pretreated with Buffer A. Resin was washed
with Buffer A for 12 column volumes, followed by elution with high imidazole Buffer B (50
mM HEPES pH 7.5, 500 mM NaCl, 500 mM imidazole) for 6-8 column volumes, with a
majority of purified Sso7d eluting in the first 2 column volumes. Column fractions of interest
were pooled and immediately desalted using HiTrap desalting column (GE Healthcare, Chicago,

IL). Proteins were stored at 4 °C for immediate use or flash-frozen and stored at -80 °C.

Biophysical characterization of Sso7d-LPETG-His6 constructs by bio-layer interferometry
Apparent binding affinities of Sso7d variant 2.4.1 to Le® and core 5 were determined by bio-layer
inferometry. All BLI measurements were performed in PBSA supplemented with 0.05% Tween-

20 at 22 °C on an Octet RED96 instrument (Pall ForteBio, Fremont, CA.) Sso7d-LPETGG-Hise
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constructs were captured on Ni-NTA BLI tips to a final displacement of 1.2 nm, followed by a
baseline reading for 60 s. Tips were placed into glycan polymer solutions of various
concentrations (1 uM to 31.25 nM) for 600 s to measure association, followed by 600 s in buffer
alone for dissociation measurements. If needed, buffer baseline measurements from Sso7d-
loaded tips were used for background subtraction and all association and dissociation curves
fitted to a 1:1 binding model of one phase exponential association and exponential dissociation
using the “associate then dissociate” function of GraphPad Prism (GraphPad Software,San
Diego, CA).

The 1:1 binding affinity to TF was measured in the same way using Ni-NTA-tip
immobilized 2.4.1 dipped into a solution of TF-sp-biotin between 25-75 uM. Bare Ni-NTA tips
were dipped into 25-75 pM TF-sp-biotin for baseline subtraction as reported by Wartchow and
coworkers.’’ Binding curves were fitted to a 1:1 binding model of one phase exponential
association and exponential dissociation using the “associate then dissociate” function of

GraphPad Prism (GraphPad Software,San Diego, CA) to obtain the Kp.

Sortase mediated ligation

Sortase-mediated ligation was used to label the evolved GBP 2.4.1 with FITC or biotin for use with
glycoprotein blotting and cell labeling. Peptides of the sequence GGGYK[K-5-FAM|T-amide and
GGGYK[K-PEG2-biotin]T-amide were prepared (21% Century Biochemicals, Inc., Marlboro,
MA). His-tagged sortase enzyme (SrtA) (40 pg) was immobilized on 200 pL Ni-NTA resin in
sortase buffer (150 mM HEPES pH 7.0, 150 mM NaCl, 10 mM CaClz). Then, 25 uM of sortase
motif bearing protein and 250 uM biotin or FITC peptide were incubated with the resin at room

temperature for 30 min. The resin was applied to a small column and the flow through collected,
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followed by several washes with sortase buffer. The flow through and washes were pooled and

desalted using HiTrap desalting columns to remove excess peptide.

Dot blot of glycoproteins

Human MUC2, MUCS5AC, and MUCS5B were received from the Ribbeck Lab at MIT. Bovine
fetuin was purchased from New England Biolabs and human glycophorin A from Millipore Sigma.
A 10-pg aliquot of protein was treated with a-2-3,6,8 neuraminidase or a-2-3,6,8 neuraminidase
and O-glycosidase following manufacturers protocols. Proteins were dialyzed overnight before
use in dot blot applications. Glycoprotein (1-2 pl) was spotted on a 0.2 pum nitrocellulose
membrane and allowed to dry completely before being blocked for 1 hr at RT in PBS + 3% BSA
+ 0.1% Tween-20. Membranes were incubated in biotinylated 2.4.1 or non-sugar-binding Sso7d
variant overnight in blocking buffer at 4 °C. Membrane was washed and incubated with
streptavidin-alkaline phosphatase conjugate (Promega, Madison, WI) for 1 hour in PBS before

developing with NBT/BCIP one step reagent (ThermoFisher, Rockford, IL).

Flow cytometry staining of mammalian cell line with FITC-labeled proteins

The binding of evolved and functionalized rcSso7d-FITC proteins to mammalian cell-surface
glycans was quantified by flow cytometry. For staining of TF antigen, adherent human mammary
epithelial cells (MCF7) were maintained in EMEM (ATCC, Manassas, VA) supplemented with
10% v/v FBS and 1% v/v penicillin-streptomycin and grown at 37 °C in a humidified incubator at
5% CO2 to a confluency of 80% before use. Adherent cells were washed once with DPBS and
trypsinized with TrypLE Express. Cells were then centrifuged at 300 x g for 3 min, followed by

resuspension in ice-cold PBSA at a concentration of 1 x 10° cells/mL. From this, 1 x 10° cells were
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dispensed into individual microcentrifuge tubes and washed with PBS twice, then treated with a-
2-3,6,8 neuraminidase and O-glycosidase or Protein Deglycosylation Mix II (NEB) for 1 hour at
37 °C. Cells were washed twice to remove excess enzyme and resuspended in 50-100 uL PBSA
containing 8 uM rcSso7d-FITC. Samples were incubated at 4 °C for 2 hr shaking at 300 rpm.
Samples were then washed twice with ice-cold PBSA, resuspended in 150 puL and analyzed on an
iQue Flow Cytometer. Flow cytometry data were processed using FCS Express (De Novo
Software,Glendale, CA), and binding analyzed using GraphPad Prism (GraphPad Software,San

Diego, CA.)

Western blot analysis of MCF7 lysates

1 x 10° MCF7 cells were incubated in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton
X-100) on ice for 1 hr. A 30-pg aliquot of protein was denatured at 100 °C for 10 minutes and then
treated with a-2-3,6,8 neuraminidase and O-glycosidase or Protein Deglycosylation Mix II (NEB)
for four hours at 37 °C. A mock treated sample without enzymes was carried along as a control.
Ten pg of each sample was separated by SDS-PAGE and transferred to nitrocellulose then blotted
with 2 uM biotinylated protein overnight at 4 °C and developed with NBT/BCIP one step reagent

(ThermoFischer, Rockford, IL).
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Chapter 4: Design and characterization of trimeric glycan-
binding proteins
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4.1 Abstract

Glycan-binding proteins (GBPs) make low affinity interactions with their carbohydrate
ligands and often oligomerize in their native context to form high-avidity interactions which boosts
apparent affinity. The GBPs evolved in Chapter 2 and 3 have modest functional affinities in the
low to mid nM range when tested with multivalent carbohydrate antigens, but the proteins are
monomeric and can suffer from poor affinity in certain contexts. Fusion of the evolved GBPs to
the coiled-coil trimerization domain of the lectin surfactant protein D (SP-D) leads to the formation
of a trimeric GBP. These trimers are properly folded, stable, and have increased binding affinity
compared to monomeric GBPs. Generation of trimeric Sso7d-based GBPs is a strategy for
increasing the functional affinity of the evolved proteins, thereby making the proteins useful for a

wider range of applications.
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4.2 Introduction

Glycan-binding proteins (GBPs) are biologically important molecules that perform a
myriad of functions, including trafficking of glycoproteins, adhesion of cells to other cells, and
immune responses to invading pathogens.” GBPs are also useful tools for qualitative glycan
structure analysis and are often applied as affinity reagents in the lab or clinic for
glycan/glycoconjugate purification, blood typing, and histology.? *

Carbohydrate-protein interactions are typically low affinity, with Kp values in the uM to
mM range for a monovalent interaction.” To compensate for this, many naturally occurring GBPs
form higher-order oligomers to interact with multivalent glycan ligands, manifested as repeating
units in one polysaccharide or as multiple proximal carbohydrates such as the densely glycosylated
cell surface. This allows for the formation of interactions that increase the functional affinity, or
avidity of the interaction, which can be orders of magnitude stronger than a monovalent
interaction.” ¢ Lectins exist in many oligomerization states from monomers (certain galectins,
selectins, siglecs), dimers (certain galectins), trimers (collectins), tetramers (ConA), to pentamers
(pentraxin).’ Certain lectins can further multimerize to create even higher order structures, such as
bouquets of 3-5 trimers, cruciform structures made up of four trimers, and “fuzzy balls” made up
of six or more trimers.” ¥ In some instances, a lectin will not oligomerize but contain multiple
carbohydrate recognition domains (CRDs) in one polypeptide such as the mannose receptor with
a total of nine CRDs, or B-propeller lectins that adopt a donut shape made up of multiple
carbohydrate-binding repeats.” /’

It is well understood that oligomeric lectins gain affinity toward their targets compared to
their respective monomeric form. Therefore, many glycan-binding protein engineering strategies

have attempted to develop oligomers from monovalent lectins.”/ One strategy is the introduction
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of tandem repeats. This strategy has been applied to an engineered sialic acid-binding lectin that
increased the affinity tenfold compared to the monomeric form, and to a fucose-binding lectin to
improve the affinity twelve-fold.’? /3 Another strategy is fusion of the lectin to an oligomerization
domain. One fusion partner used in previous GBP engineering efforts is the fraction crystallizable
(Fc) domain of immunoglobulins to form a dimeric protein, called a “lectibody”, that increased
the binding affinity ten-fold for its target glycan.’”? GBPs developed using lamprey variable
lymphocyte receptors, or “lambodies”, were fused to either an Fc domain or to a leucine zipper
dimerization domain to produce dimeric proteins with increased affinity for their target.”’ Other
groups have developed de novo designed four-helix bundle proteins that can assemble into species
from dimers to dodecamers, and when fused to the Agrocybe cylindracea galectin improved the
affinity 10-100 fold for 3’-sialyllactose depending on the oligomeric state.’’

One lectin that naturally trimerizes is surfactant protein D (SP-D). SP-D is part of the innate
immune system and is highly expressed in pulmonary epithelia to defend against inhaled
microorganisms.’” SP-D consists of a short N-terminal domain, a collagen-like triple-helical
domain containing 59 GXY repeats, a short a-helical coiled-coil neck, and a C-terminal CRD
(Figure 4-1A). SP-D trimer formation is mediated through the coiled-coil neck domain (Figure
4-1B).’® Coiled-coils are one of the principal subunit oligomerization motifs of proteins consisting
of two to five amphipathic a-helices that twist around each other like a rope. The coiled-coil of
SP-D is a 35-residue sequence made up of a heptad repeat with nonpolar residues in the first and
fourth positions that form the hydrophobic core of the helical packing (Figure 4-1C).”’ The SP-D
neck domain is a promising oligomerization domain for GBP engineering as it has been shown to
induce the formation of stable trimers in vitro when fused to the heterologous protein thrioredoxin,

a monovalent non-lectin protein.’’
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In the previous chapters a platform for creation of GBPs from the small, stable DNA-
binding protein Sso7d was described. Yeast-surface display-based directed evolution was
performed and variants were isolated that can recognize sialic acid and the TF antigen, important
components of mammalian glycans. The evolved GBPs have nM functional affinities in
multivalent systems with true Kp values measured to be low uM for one TF-binding variant. The
evolved GBPs have been demonstrated to be functional as reagents for cell staining and blotting,
but improved binding affinities would be beneficial for future applications. One evolved TF-
binding variant, 1.3.D, had affinities too low to be useful and was chosen for further affinity
engineering by fusion to a trimerization domain.

The following chapter details the design, purification, and analysis of Sso7d variant 1.3.D
fused to the coiled-coil neck domain of human SP-D. The fusion proteins are readily produced in
the cytoplasm of E. coli and the C-terminal fusion construct was shown to form stable trimers in
solution with no negative impact to the protein stability. Addition of the coiled-coil domain
increased the functional affinity of the protein, showing binding to a multivalent polymer that was
not seen with the monomer 1.3.D. Fusion of evolved Sso7d-based GBPs to an oligomerization
domain is a strategy to improve the functionality of the protein when the affinity of the monovalent

protein is too low to be useful.
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SP-D N Collagen-like domain Coiled-coil Ia::l

Figure 4-1. Coiled-coil neck domain of SP-D forms stable trimers.

A) The organization of human SP-D showing the N-terminal domain, the collagen-like domain,
the coiled-coil neck domain, and the C-terminal carbohydrate recognition domain (CRD). B)
Crystal structure of human SP-D neck and CRD (PDB 1B08). C) Helical wheel diagram of the
coiled-coil domain of SP-D showing the hydrophobic core.

4.3 Design and purification of SP-D fusion constructs

The neck region (abbreviated as N) of human SP-D consists of the 32 residues from Val224
through Pro255. Sso7d variant 1.3.D was selected for creation of the trimeric fusion proteins. Both
the N- and C-terminus of Sso7d is solvent accessible and fusion to either would not occlude the
binding site. Fusions to both the N-terminus (N1.3.D) and C-terminus (1.3.DN) were designed to
test which functioned better (Figure 4-2A). A flexible (GGGS): linker was placed between the
neck region and 1.3.D to allow free movement of the 1.3.D module. The C-terminus of each

construct contains a sortase recognition motif (LPETGG) and a hexahistidine tag allowing for
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respective labeling and purification of the protein. The fusion constructs were designed as gene
blocks with codons optimized for E. coli expression and cloned into a bacterial vector. Full length
SP-D typically requires eukaryotic expression systems due to issues with producing the collagen-
like domains in E. coli, but the neck-CRD fragment has been successfully produced in E. coli
previously.”!

Protein overexpression was induced by addition of IPTG to log phase cells and was
successful, with both constructs expressing in high yield. Protein was purified from the cleared
lysate using Ni-NTA resin (Figure 4-2B,D). It has been observed that sugar-binding Sso7d
variants have some affinity to agarose-based resins, which is not surprising as agarose is a
polysaccharide of B-D-galactose and 3,6-anhydro-L-galactose. Like other sugar-binding Sso7d
variants, the trimeric proteins had affinity to the agarose-based resins required for Ni-NTA
purification and required high concentrations of salt and imidazole for elution. The proteins were
rapidly desalted to remove the excess salt and imidazole, yielding reasonably pure protein in
milligram quantities for further analysis (Figure 4-2C,E). The proteins run at ~13 kDa which

aligns well with the expected molecular weights of 13.0 kDa for N1.3.D and 13.5 kDa for 1.3.DN.
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Figure 4-2. Design and purification of SP-D neck 1.3.D fusions.

A) Schematic representations of coiled-coil fusion proteins N1.3.D and 1.3.DN. B) SDS-PAGE
gel stained with Coomassie blue showing steps in the purification of N1.3.D. Steps are labeled
with concentrations of imidazole used in wash and elution steps. C) Desalting of purified N1.3.D,
blue shows A280 trace, red is conductivity trace. D) SDS-PAGE gel showing steps in purification
of 1.3.DN. E) Desalting of purified 1.3.DN, blue is A280, red is conductivity.
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4.4 Fusion to coiled-coil domain produces folded and stable proteins

4.4.1 Application of far-UV circular dichroism spectroscopy to determine
protein secondary structure

Circular dichroism (CD) spectroscopy was performed to analyze the secondary structure
of 1.3.D, N1.3.D, and 1.3.DN (Figure 4-3A). Far-UV CD of 1.3.D showed a shallow negative
peak around 222 nm, a cross over on the x-axis at 207 nm, and a large positive peak at 196 nm.
Far-UV CD of WT Sso7d has been performed and showed a negative peak at 218 nm.”> However
for Sso7d variants evolved to bind other targets (e.g. fluorescein, clgY, lysozyme, mlgG,
streptavidin, and B-catenin peptide) the far-UV CD showed a shift of the negative peak toward 222
nm, like that of 1.3.D.”> Addition of the coiled-coil helical domain would increase the expected
percent helicity of the protein. 1.3.DN showed strong negative peaks at 222 nm and 208 nm and
crossed over the x-axis at 203 nm, all indicative of a-helices.? The 0222/0208 ratio can be used to
gauge the a-helicity of the protein: a 0222/0208 > 1 is indicative of coiled-coils while a 0222/0208 <
0.86 is indicative of isolated helices.”” 1.3.DN had a 0222/00s ratio of 1.85, suggesting the protein
forms a coiled-coil in solution. N1.3.D did not have as pronounced negative peaks at 222 and 208
nm, indicating less a-helical character than 1.3.DN. It also crossed over the x-axis at 207 nm as
seen for 1.3.D.

The BeStSel (Beta Structure Selection) web server was used to determine the secondary
structure based on the acquired spectra (Figure 4-3B).”% 27 This web server was selected because
it has improved structure prediction accuracy for B-sheet rich proteins like Sso7d, and can estimate
a-helix content more accurately than other methods. Fitting of 1.3.D had a root-mean-square
deviation (RMSD) of 0.1595 and was determined to have 12.4% a-helix and 35.6% B-sheet. This

is in agreement with prior CD analysis of Sso7d and with the NMR structure of Sso7d.”” %% 1.3.DN
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fitting had an RMSD of 0.0554 and has increased helicity as expected at 22.4% a-helix and 22.3%
B-sheet. N1.3.D fitting had an RMSD of 0.0948 and was determined to have a nearly identical
secondary structure as 1.3.D with 12.3% a-helix and 33.6% B-sheet. The BeStSel web server was
also able to correctly identify the B-sheets as being anti-parallel. All together, these data indicate
that all the proteins are folded, but that 1.3.DN contains more a-helical character and is consistent

with the presence of a coiled-coil domain.

4.4.2 Fusion proteins maintain high thermal stability

The thermal stability of the proteins was assessed by CD. A solution of each protein was
measured from 185 to 250 nm at ten-degree intervals from 25 °C to 95 °C (Figure 4-3C). As
temperature increases, the secondary structure will transition to an unfolded state. The delta molar
ellipticity (Ag) at 200 nm changes significantly upon unfolding for all three proteins, so this was
plotted against temperature and fit with a sigmoidal binding function to determine the melting
temperature (Tm) of the protein (Figure 4-3C,D). The monomeric 1.3.D had a Tm of 82 °C, which
is quite high and close to the Tm of rcSso7d of 95 °C. The N1.3.D construct has a slightly reduced,
yet still high Tm of 78 °C. However, for 1.3.DN there was a stabilizing effect that increased the
Tm to >95 °C. Protein stabilization after coiled-coil fusion was seen previously for the thioredoxin-
SP-D neck fusion construct which increased the Tm by 13 °C.?’ After thermal unfolding the
solutions were cooled back to 25 °C and scanned to assess protein refolding. 1.3.DN but not 1.3.D
or N1.3.D showed partial refolding as shown by the black vs red traces in Figure 4-3C. For
1.3.DN, the negative peaks at 222 and 208 nm were identical before and after heating, but the

positive peak at 197 nm was slightly diminished.
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Figure 4-3. Circular dichroism spectroscopy.

A) Comparison of far-UV CD spectra of 1.3.D (black), N1.3.D (red), 1.3.DN (blue) from 185-250
nm. 5 uM protein in 2 mm cuvette, 10 mM sodium phosphate pH 6.7. B) Percent secondary
structure as determined using BeStSel web server, showing a-helix (red), B-sheet (orange), and
other structure (yellow). The RMSD for BeStSel fitting of each construct is shown above the
columns. C) Far-UV CD spectra of 1.3.D, N1.3.D, and 1.3.DN from 25 °C to 95 °C. Black trace is
protein cooled to 25 °C post heating. Inset shows Ag at 200 nm at each temperature fit with
sigmoidal binding curve. D) Table showing calculated Tm for each construct after fitting of Ag2oo

to a sigmoidal binding curve. R? of fitting is shown.
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4.5 Fusion of 1.3.D to coiled-coil domain induces trimerization

4.5.1 Crosslinking

Protein crosslinking was used to assess the oligomeric state of the fusion proteins. The
coiled-coil neck contains two consecutive lysine residues toward the C-terminal end of the domain.
According to the crystal structure of SP-D neck and CRD, the lysine residues are solution
accessible and 13-154 A apart (Figure 4-4A).°° The crosslinker BSOCOES (bis[2-
(succinimidyloxycarbonyloxy)ethyl]sulfone) is a homobifunctional N-hydroxysuccimide ester
that forms covalent bonds with the primary amine groups of lysine residues (Figure 4-4B). It has
a spacer arm of 13 A that can bridge the lysine residues of the coiled-coil. Previous crosslinking
of the coiled-coil domain of SP-D was performed successfully with a crosslinker with an 11.4 A
spacer, indicating the lysine residues should crosslink with a 13 A spacer arm.?* %

Crosslinking was performed at a pH of 8.0 with increasing concentrations of BSOCOES,
with the lowest concentration at ten-fold molar excess over the protein. The monomer 1.3.D shows
no crosslinking at any concentration as expected (Figure 4-4AC,D). N1.3.D shows presence of a
dimer at all concentrations tested, even without crosslinker present, and shows a faint trimer signal
in the highest concentration sample (Figure 4-4C). 1.3.DN shows concentration-dependent
formation of dimer starting at 0.1 mM and trimer as low as 0.5 mM (Figure 4-4D). From this data
it is clear that 1.3.DN forms a trimer under the conditions used for crosslinking (e.g. 10 uM protein
in PBS). The N-terminal fusion N1.3.D does not crosslink as efficiently, but the presence of a

dimer even under the denaturing conditions of SDS-PAGE in the 0 mM crosslinker sample

suggests that the protein forms a highly stable dimer under crosslinking conditions.
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Figure 4-4. Crosslinking of coiled-coil fusions.

A) Coiled-coil region of human SP-D with lysine residues shown in green and distances between
lysine residues labeled, PDB 1B08. B) Structure of heterobifunctional crosslinker BSOCOES. C-
D) Crosslinking of 1.3.D, N1.3.D, and 1.3.DN with 0, 0.1, 0.5, 1.0, 2.0, and 4.0 mM of BSOCOES
lysine-lysine crosslinker. Arrows indicate monomer, dimer, and trimer species.

4.5.2 Matrix-Assisted Laser Desorption/Ionization (MALDI) Mass
Spectroscopy

Samples of 1.3.D, N1.3.D and 1.3.DN were taken for analysis with MALDI (Figure 4-5B).
1.3.D showed a single peak at the expected molecular weight of 8.9 kDa. N1.3.D only had signal
for the monomer at the expected molecular weight of 13.0 kDa. However, the 1.3.DN sample
shows a large monomer peak at 13.2 kDa, a smaller dimer peak at 26.5 kDa, and a smaller trimer
peak at 39.7 kDa. This correlates with the calculated monomer, dimer, and trimer masses of 13.5,
27.0, and 40.5 kDa respectively. A sample of 1.3.DN crosslinked with 1 mM BSOCOES (Figure

4-5A) analyzed by MALDI exhibits three peaks at similar molecular weights to native 1.3.DN.
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The crosslinked dimer and trimer peaks appear at roughly the same positions as the non-
crosslinked peaks, though the crosslinked peaks are quite broad and cannot be assigned definitive
molecular weights. This observed peak broadening is a result of multiple lysine residues in the
protein. There are a total of seven lysine residues in the fusion proteins: two in the coiled-coil neck
and five in 1.3.D. BSOCOES may singly label these lysine residues in the protein, leading to

additional mass on the protein which will broaden the MALDI peaks.

4.5.3 Size exclusion chromatography

To assess the oligomeric state in solution, size exclusion chromatography (SEC) was
performed. The first attempt used a HiLoad 16/600 Superdex 200 column (Figure 4-5C). The bed
volume of the column is 120 ml, and 1.3.DN did not elute until 120 ml, giving a calculated size of
about 1 kDa based on a calibration curve of known standards. Superdex is a carbohydrate polymer
composed of an agarose-dextran composite matrix and sugar-binding Sso7d variants have shown
affinity to agarose-based resins during purifications before. This affinity slowed the elution of the
protein on the column preventing an accurate size to be calculated using this method.

To get a more accurate sizing of the proteins, an ENrich SEC 650 column was used. The
bead chemistry of this column is hydrophilic polymethacrylate and not carbohydrate based, so
protein is less likely to interact with the resin and slow the elution. The monomer 1.3.D and 1.3.DN
were run on the column (Figure 4-5D). 1.3.D eluted at 16.6 ml and is 6.5 kDa based on a
calibration curve of known standards. This is close to the expected molecular weight of 8.5 kDa.
1.3.DN eluted at 15.9 ml as a broad peak with a trailing shoulder and had a calculated molecular
weight of 11.0 kDa, close to the 13.5 kDa monomer weight. A 1.3.DN sample crosslinked with 1

mM BSOCOES was also ran on the ENrich column. This sample had two peaks. The first was a
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broad peak that eluted at 14.2 ml and had a calculated molecular weight of 42.6 kDa, which is
close to the expected trimer weight of 40.5 kDa. The second peak was larger and eluted at 17.9 ml
and had a calculated molecular weight of 2.3 kDa. This is likely excess crosslinker that was not
removed during the buffer exchange that was performed with a centrifugal ultrafiltration device,
as the N-hydroxysuccinimide ester has a Amax 0f 260 nm and would be detected with the A280 used
to monitor protein elutions. Based on the aforementioned CD, MALDI and SEC data, the fusion

protein 1.3.DN forms a trimer in solution.
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Figure 4-5. Fusion to coiled-coil domain induces trimerization.
A) SDS-PAGE gel stained with Coomassie blue showing 1: 1.3.D, 2: 1.3.DN, 3: crosslinked
1.3.DN used for figures B and D. B) MALDI traces of 1.3.D, N1.3.D, non-crosslinked 1.3.DN,
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and crosslinked 1.3.DN. C) Superdex 200 trace of 1.3.DN. D) SEC using ENrich 650 column of
1.3.D (black), 1.3.DN (red), and crosslinked 1.3.DN (blue).

4.6 Trimeric GBP has improved binding affinity

Biolayer interferometry (BLI) was used to determine if 1.3.DN was still functional after
fusion to the coiled-coil domain and if the oligomerization of the protein produced higher affinity
interactions. To do this, the protein must be soluble in solution with the glycan immobilized on the
BLI tip (Figure 4-6A,B). Immobilization of protein on the tip would produce multivalent
interactions for both 1.3.D and 1.3.DN when dipped into a glycopolymer solution, and the
influence of trimerization would not be able to be determined. TF-PAA-Bio was immobilized onto
a streptavidin-coated BLI tip and dipped into a solution of 1.3.D or non-crosslinked 1.3.DN.
Monomeric variant 1.3.D had a measured Kp of 4.3 = 1.6 uM (Figure 4-6C). The trimeric 1.3.DN
has higher affinity for the immobilized TF-PAA-Bio as expected (Figure 4-6D). The interaction
is multivalent so a true Kp cannot be measured, but the functional affinity or Kap, for 1.3.DN is

558 nM = 103 nM.
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Figure 4-6. 1.3.DN makes multivalent interactions with TF-PAA-Bio.

A) Diagram of biolayer interferometry experiment with immobilized TF-PAA-Bio making
monovalent interactions with 1.3.D. B) Diagram of biolayer interferometry experiment with
immobilized TF-PAA-Bio making multivalent interactions with 1.3.DN. C) BLI trace of
immobilized TF-PAA-Bio with 1.3.DN at 30, 15, and 7.5 uM. D) BLI trace of immobilized TF-
PAA-Bio with 1.3.DN at 5, 2.5, and 1.25 pM.

4.7 Conclusions

Protein oligomerization has several advantages, including multivalency, higher binding

strength and increased stabilization.’’ Oligomerization is very important for GBPs, allowing the
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usually low affinity proteins to gain avidity and improve their binding capabilities. Fusion of
monomeric lectins to an oligomerization domain has shown binding affinity improvements before
and are a worthwhile strategy for improvement of the evolved Sso7d-based GBPs developed in
Chapters 2 and 3. Fusion of the coiled-coil neck domain of the lectin SP-D to the variant 1.3.D
was explored for generation of an oligomeric Sso7d-based GBP. Coiled-coil fusion induced
trimerization of 1.3.D without compromising stability, with the monomer 1.3.D having a
calculated Tm of about 80 °C and the trimeric 1.3.DN having a calculated Tm approaching 100
°C. Trimerization of 1.3.D improved the binding affinity compared to the monomeric protein as
expected.

The location of the coiled-coil fusion was shown to be important. The C-terminal fusion
1.3.DN was superior to the N-terminal fusion N1.3.D. The N-terminal fusion of the coiled-coil
domain resulted in protein with secondary structure similar to the monomeric 1.3.D and did not
increase in o-helicity as would be expected of a properly folded coiled-coil. This was also
demonstrated by the lack of trimer present after chemical crosslinking of the protein even at high
concentration of crosslinker. The SP-D lectin is organized with the neck domain N-terminal to the
CRD like the N1.3.D construct, but for SP-D the coiled-coil is preceded by a cystine-rich N-
terminal domain and a collagen-like domain. These domains are not necessary for production of
functional trimers. Others have purified a recombinant SP-D neck-CRD only construct from E.
coli and found that the proteins formed functional, stable trimers, though it was initially purified
with an N-terminal fusion to maltose binding protein.?’ Although the C-terminal fusion of the SP-
D coiled-coil is not the natural orientation of the neck in the WT SP-D, this orientation successfully

produced stable trimers when fused to the small monomeric protein thioredoxin.?’
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Trimerization of the low affinity variant 1.3.D increased the functional affinity of the
protein to around 550 nM while the monomeric 1.3.D affinity was about an order of magnitude
weaker at about 4 uM. In Chapter 3, variant 1.3.D was further evolved into a higher affinity variant,
2.4.1, that had a Kp of 16 uM when tested with a soluble monovalent TF sugar, which is in the
range of 1.3.D as measured here. However, variant 2.4.1 could be used for Western blotting and
cell staining applications which were unsuccessful with variant 1.3.D. The TF-PAA-Bio
immobilized on the tip does increase the local concentration of TF and could lead to a higher
measured affinity than that of soluble monovalent sugar. Future Sso7d-based GBP engineering
efforts may yield variants with affinities in the range of variant 1.3.D, and this trimerization

strategy is a way to increase the functionality of the proteins in such cases.
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4.8 Materials and methods

Cloning of SP-D neck constructs

For cloning of the N-terminal fusion N1.3.D, a gene block (IDT, Coralville, IA) was ordered
consisting of residues Val224 through Pro255 of human lectin surfactant protein D, a (GGGS):
sequence, Sso7d variant 1.3.D, and a C-terminal sortase motif LPETGG. For the C-terminal fusion
1.3.DN, a gene block was ordered consisting of Sso7d variant 1.3.D, a (GGGS), sequence, residues
Val224 through Pro225 of SP-D, followed by a GGGS sequence and sortase motif of LPETGG.
Both gene blocks have overlaps for pET-24a expression vector (EMD Millipore, Burlington,
MA.), which encodes a C-terminal Hise affinity tag. The vector was linearized using PCR and

Gibson assembly was used to assemble the final product (NEB, Ipswich, MA).

Purification of SP-D neck 1.3.D constructs

Fusion proteins were recombinantly expressed as LPETGG-Hiss constructs. BL21-
CodonPlus (DE3)-RIL Escherichia coli cells (Agilent Technologies, Santa Clara, CA) were
transformed with pET24 plasmids containing the fusion protein. Single transformants were used
to inoculate 8 mL overnight cultures of LB containing 30 pg/mL each of kanamycin and
chloramphenicol. Grown overnight cultures were added to 1 L of TB containing 30 ug/mL each
of kanamycin and chloramphenicol and grown at 37 °C until an ODeoo of 0.8-1 reached. Cultures
were brought to 16-18 °C and expression induced in the presence of 1 mM IPTG, followed by 16-
18 h of growth. Cells were harvested by centrifugation at 3700 x g for 30 min and overexpressed
proteins purified immediately or pelleted cells stored long term at -80 °C.

All protein purification steps were carried out at 4 °C. Pelleted cells were resuspended in

Buffer A (50 mM Na-phosphate pH 6.7, 500 mM NaCl, 20 mM imidazole) supplemented with 0.5
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mg/mL lysozyme (Research Products International, Mount Prospect, IL), 1:1000 protease inhibitor
cocktail (EMD Millipore, Burlington, MA), and 1 U/mL DNase I (NEB) and tumbled for 30 min.
Homogenized cells were lysed by sonication at 50% amplitude for 3 cycles of 5 min (Vibra-Cell,
Sonics, Newtown, CT), followed by clarification by ultracentrifugation at 35,000 x g for 60 min.
Supernatants containing soluble Sso7d proteins were passed over Ni-NTA resin (HisPur, Thermo
Scientific, Rockford, IL) pretreated with Buffer A. Resin was washed with Buffer A for 3 column
volumes, followed by washes at 50, 100, 250, and 500 mM imidazole containing buffer before
elution with high imidazole Buffer B (50 mM Na-phosphate pH 6.7, 500 mM NaCl, 1 M
imidazole) for 6-8 column volumes. Column fractions of interest were pooled and immediately
desalted using HiTrap desalting column (GE Healthcare, Chicago, IL). Proteins were stored at 4

°C for immediate use or flash-frozen and stored at - 80 °C.

Circular dichroism

CD spectra were obtained using a Jasco J-1500 (Jasco Inc, Easton, MD). Scans were performed
with 5 uM protein in 10 mM Na-phosphate pH 6.7 using 2 mm cuvettes. For thermal melts,
proteins were heated at 2 °C/min from 25-95 °C. Every 10 °C spectra were obtained from 185-250
nm, after being held at temperature for 10 minutes. Data is the average of three scans. Proteins
were allowed to return to 25 °C before a final scan to determine if proteins refold after melting.
The delta epsilon (Ag) at 200 nm was plotted at each temperature and data was fit using sigmoidal

fit function of Graphpad prism for Tm determination.

Crosslinking

180



Protein was diluted to 10 uM in 50 mM Na-phosphate pH 8.0, 150 mM NaCl. BSOCOES
crosslinking reagent (Thermo Scientific, Rockford, IL) dissolved in DMSO was added at
concentrations from 0.1-4 mM. Crosslinking occurred for 30 minutes at room temperature. 6X
Laemmli buffer was added to samples and gel electrophoresis and Western blotting was
performed. Blots were probed with mouse anti-His (Thermo Fisher, Rockford, IL) and goat anti-
mouse-AP conjugate. Blots were developed with NBT/BCIP one step reagent (Thermo Fisher,

Rockford, IL).

MALDI

A high-resolution Bruker Autoflex LRF Speed mass spectrometer (Billerica, MA) was used for
MALDI analysis of the proteins. The matrix, sinapinic acid (3,5-Dimethoxy-4-hydroxycinnamic
acid, SA; ProteoChem, Hurricane, UT), was prepared at 10 mg/mL in 50% acetonitrile, 50% water,
0.1% TFA. Proteins at concentrations between 13-100 uM were then mixed 1:1 (v/v) with the

matrix, and 1 pL was spotted onto the MALDI plate and dried fully before analysis.

Size exclusion chromatography

HiLoad 16/600 Superdex 200 prep grade column (Cytiva, Marlborough, MA) was equilibrated
with 50 mM Na-phosphate pH 6.7, 150 mM NaCl buffer. Approximately 1 mg of 1.3.DN was
injected, and molecular weight of eluted fractions was determined by calibration curve of gel

filtration standards (#1511901, Bio-Rad, Hercules, CA).

ENrich SEC 650 column (Bio-Rad, Hercules CA) was equilibrated with 50 mM Na-phosphate pH

6.7, 150 mM NacCl buffer. Injections of approximately 0.6 mg 1.3.D, 1 mg 1.3.DN, and 0.7 mg
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1.3.DN crosslinked were ran for one column volume and molecular weight of eluted fractions was

determined by calibration curve of gel filtration standards (#1511901, Bio-Rad, Hercules, CA).

Biolayer interferometry

Apparent binding affinities of 1.3.DN was determined by bio-layer inferometry. All BLI
measurements were performed in PBS supplemented with 1% BSA and 0.05% Tween-20 at 30 °C
on an Octet RED96 instrument (Pall ForteBio, Fremont, CA). TF-PAA-Bio was captured on
streptavidin BLI tips to a final displacement of about 1 nm, followed by a baseline reading for 60
sec. Tips were placed into protein solutions of various concentrations (10 uM to 2.5 uM) for 500
sec to measure association, followed by 500 sec in buffer alone for dissociation measurements. If
needed, buffer baseline measurements from TF-PAA-Bio-loaded tips were used for background
subtraction and all association and dissociation curves globally fitted to a 1:1 binding model to

obtain apparent binding affinities.
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Chapter 5: Application of a gut-immune co-culture system for
the study of N-glycan-dependent host-pathogen interactions
of Campylobacter jejuni
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5.1 Abstract

An in vitro gut-immune co-culture model with apical and basal accessibility, designed to
more closely resemble a human intestinal microenvironment, was employed to study the role of
the N-linked protein glycosylation (Pgl) pathway in Campylobacter jejuni pathogenicity. The gut-
immune co-culture (GIC) was developed to model important aspects of the human small intestine
by the inclusion of mucin producing goblet cells, human enterocytes, and dendritic cells, bringing
together a mucus-containing epithelial monolayer with elements of the innate immune system. The
utility of the system was demonstrated by characterizing host-pathogen interactions facilitated by
N-linked glycosylation, such as host epithelial barrier functions, bacterial invasion and
immunogenicity. Changes in human intestinal barrier functions in the presence of 11168 C. jejuni
(wildtype) strains were quantified using GICs. The glycosylation-impaired strain 11168 ApglE
was 100-fold less capable of adhering to and invading this intestinal model in cell infectivity
assays. Quantification of inflammatory signaling revealed that 11168Apgl/E differentially
modulated inflammatory responses in different intestinal microenvironments, suppressive in some
but activating in others. Virulence-associated outer membrane vesicles produced by wildtype and
11168ApglE C. jejuni were shown to have differential composition and function, with both leading
to immune system activation when provided to the gut-immune co-culture model. This analysis of
aspects of C. jejuni infectivity in the presence and absence of its N-linked glycome is enabled by
application of the gut-immune model and we anticipate that this system will be applicable to

further studies of C. jejuni and other enteropathogens of interest.
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5.2 Introduction

The Gram-negative pathogen Campylobacter jejuni is a leading cause of gastroenteritis
and diarrheal disease.” Infections can be severe, especially in children, the elderly and
immunocompromised individuals, with infection leading to fatality in 1 in 3,000 cases by some
estimates.” It has been suggested that adhesion to and invasion of host epithelial cells is critical for
disease development.® C. jejuni has been shown to transcellularly invade intestinal epithelial cells,
becoming encased in vacuoles that protect them from lysosomal degradation and immune
detection.” > Characterization of the roles of virulence determinants in adhesion and invasion is
crucial for identification of pathways, enzymes, and molecules to target for therapeutic
intervention. This is of particular importance in the era of antimicrobial resistance, where
additional insight into the contributors to microbial pathogenicity would allow for investigation of
anti-virulence agents that may be less likely to elicit such resistance. Many virulence factors have
been associated with host cell invasion, including flagellar motility and chemotaxis, outer
membrane vesicles, adhesins and proteases.®$

One such determinant of microbial pathogenicity is protein glycosylation.” N-linked
glycosylation in C. jejuni has been shown to impact several cellular processes, including proteome
stability, protein quality control, stress response, nutrient uptake, chemotaxis, cell morphology,
and virulence.’” ! The correlation between N-linked protein glycosylation and virulence has been
demonstrated in avian models of infection and in vitro mammalian systems. The N-linked protein
glycosylation (pg/) operon and N-glycan of C. jejuni are illustrated in Figure 5-1. Cecal analysis
of chick intestines has shown significantly-decreased C. jejuni colonization upon individual
knockouts of pglB, pglD, pglE, pglH and pglK genes.’?!* Additionally, studies of 81-176 C. jejuni

in murine models have revealed similar decreases in colonization by pg/B and pglE knockouts.’*
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In vitro studies of C. jejuni virulence have been carried out in unpolarized monolayers of cell lines
HeLa and T84 /°, among others.’/® However, these systems do not feature tight junctions, brush
borders or other important components of intestinal epithelia.’’ Additionally, studies of infectivity
on polarized monolayers of human epithelial colorectal adenocarcinoma (Caco-2) ?° do not
account for the intestinal mucosal layer and its barrier functions, which in some strains of C. jejuni
has been shown to play a role in bacterial motility ?/ and assist in binding and invasion of host
cells.”” Bacterial interactions with mucosal components of the gut have been shown to be an
important part of virulence behaviors, in some cases influencing whether C. jejuni acts as a
commensal as seen in chickens and other animals, or as a pathogen as seen in humans.?? %*
Although these in vitro studies on components of human intestinal physiology have provided
valuable insight, a more comprehensive understanding of the mechanism and determinants of C.

jejuni pathogenicity could be potentially achieved with model systems incorporating several

aspects and more closely resembling human gut physiology.
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Figure 5-1. Illustration of the pg/ locus in C. jejuni and the resulting N-linked
heptasaccharide

Ten enzymes act in concerted fashion to produce N-linked glycoproteins in C. jejuni. Knockout of
transaminase PgIE results in near-complete loss of function in this biosynthetic pathway. Shown
as a cartoon is putative adhesin PEB3 from C. jejuni (PDB: 2HXW), N-glycosylated with the C.
jejuni heptasaccharide.

To address this need, herein we present the adaptation and application of a gut-immune co-
culture model (GIC, Figure 5-2), engineered to mirror important aspects of native human small
intestinal tissue including barrier functions and pharmacological properties, for the
characterization of C. jejuni N-linked glycans in host-pathogen interactions.”?® Each GIC is

composed of a permeable Transwell insert with an epithelial monolayer of absorptive human
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enterocytes and human mucin producing goblet cells on the apical face, and dendritic cells on the
basolateral face. Thus, each GIC brings together a mucus-bearing gut with essential elements of
the innate immune system.

This gut-immune co-culture model was used to investigate the impact of C. jejuni infection
on different aspects of human intestinal function, such as barrier integrity, mucus production and
innate immune system activation, and the importance of N-glycosylation in these host-pathogen
interactions. We anticipate that the application of the gut-immune model to the characterization of
this recalcitrant microaerophilic organism will advance studies of the pathogen in a relevant,

quantitative multidimensional platform.

C. jejuni inoculation

secreted cytokines

enterocyte
permeable membrane

mature dendritic cell mucus-producing goblet cell

Figure 5-2. Schematic illustration of the gut-immune co-culture model system.

Gut-immune co-cultures (GICs), comprised of enterocytes, goblet cells and mature dendritic cells
colocalized to Transwell inserts, act as a useful model of important intestinal barrier and
immunoregulatory functions. GICs produce a wide variety of readouts, such as measures of the
glyco-interactome between bacterial pathogen and gut, quantification of secreted mucins, glycan
profiling before and after bacterial infection, gut epithelium viability, barrier function
measurements, bacterial adhesion and invasion, mRNA profiling and transcriptome changes, gut-
immune inflammatory crosstalk and several others.

191



5.3 Culturing of C. jejuni on gut-immune co-cultures

To demonstrate the utility of the gut-immune model for glycobiological studies of bacterial
pathogenicity, the impact of C. jejuni N-glycosylation was characterized and quantified using
several analytical readouts of the gut-immune model, listed in Figure 5-2. Each GIC contains an
epithelial monolayer comprising a 9:1 ratio of absorptive human enterocytes (C2BBe1l) and human
mucin-producing goblet cells (HT29-MTX) seeded and grown on a permeable Transwell insert.
The C2BBel cell line was chosen for its ability to form a brush border morphologically
comparable to that of human colon, with heterogeneous microvillar presentation. Dendritic cells,
derived by in vitro differentiation of primary human monocytes, were present on the basolateral
face of the Transwell insert at approximately a 1:10 ratio to epithelial cells in the mature
monolayer. In these studies, the apical face of GICs was challenged with wildtype NCTC 11168
C. jejuni or a 11168ApglE strain, which exhibits near-complete abolition of N-linked protein

glycosylation without a significant growth defect (Figure 5-3).%
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Figure 5-3. Knockout of pglE in 11168 C. jejuni results in significantly depleted V-
glycosylated proteomes.

A) Equal amounts of whole cell lysates of wildtype and ApglE C. jejuni were analyzed by
immunoblotting, probing with rabbit anti-N-glycan antibodies. Lanes: m: molecular weight
markers, 1: 11168 C. jejuni, 2: 11168 ApglE. B) 11168 C. jejuni and 11168 ApglE was inoculated
into Mueller-Hinton media in a 96 well plate and incubated at 37°C in microaerophilic conditions.
ODesoo was measured periodically and un-inoculated Mueller-Hinton broth was used for
background subtraction. Points show the mean of six replicates with error bars showing one
standard deviation.

It was initially unclear whether this fastidious microaerophilic organism, typically cultured
to low optical densities of 0.2-0.3 in Mueller Hinton broth under 85% N2, 5% O and 10% CO,,
would be viable or culturable during and after prolonged studies on GICs. Conversely, it was
unknown if the nutrient rich GIC growth media would cause bacterial overgrowth. It was
determined that the typical mammalian tissue culture conditions used to grow and maintain GICs
(37 °C and 5% CO., see Generalized Procedure E in SI) were sufficient to sustain C. jejuni viability
on GICs throughout these experiments. Several multiplicities of infection (MOI) were screened in

order to determine the minimum number of bacteria needed to generate an immune response from
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the apical epithelium within 24-48 h, with MOI between 10-50 resulting in strong immune
responses without risk of bacterial overgrowth. It is worth noting that adherence and infection of
GICs by C. jejuni at MOI of 10 is measurable at soon as 2 h, similar to studies on other monolayer
models.*” When applied to GICs, all wildtype and mutant C. jejuni strains tested remained viable
and entered strong log-phase growth in the nutrient-rich GIC media, but only in the presence of a
GIC epithelium — mammalian growth media and incubator conditions alone were not sufficient to
maintain bacterial viability (Figure 5-4). These results were suggestive of the oxygen gradient and
anoxic conditions known to be formed at the face of the intestinal epithelium.’’ Despite growth of
C. jejuni on the apical face of GICs, no significant epithelial or dendritic cell distress or
cytotoxicity was ever observed. Ultimately, these multiplicities of infection, culture conditions and
experimental time frames were able to support bacterial and intestinal cell survival and allow for

measurements to be taken of both bacterial and mammalian processes.
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Figure 5-4. C. jejuni strains can grow in GIC culture conditions only in the presence of a GIC
epithelium.

11168 C. jejuni and 11168ApglE in apical growth media was applied to transwells containing a
C2BBel epithelial monolayer or an empty well at MOI=10 and incubated under GIC culture
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conditions for 24 h. Apical media was sampled for initial and final CFU determination. Bars show
mean of three independent replicates, with error bars showing one standard deviation.

5.4 Epithelial barrier integrity upon C. jejuni infection

Using these conditions, we characterized the impact of C. jejuni infection on aspects of
GIC epithelial barrier integrity and probed the role of N-glycosylation. GICs were challenged with
wildtype NCTC 11168 C. jejuni or 11168Apg/E and intestinal secreted mucin content was
examined. As shown in Figure 5-5A, the presence of both wildtype and Apgl/E C. jejuni resulted
in a significant reduction of secreted mucins associated with the monolayer as compared with
uninfected GICs. Next, changes in the barrier integrity in response to infection were quantified by
Lucifer yellow permeability, measuring apical-to-basal transport of dye to indicate paracellular
permeability in response to infection.’” In contrast to wildtype, which showed modest changes in

barrier function, infection with Apg/E resulted in significantly increased monolayer permeability

(Figure 5-5B).
5.5 Influence of glycosylation on adherence and invasion

Next, as pathogen/host association and invasion are primary hallmarks of C. jejuni
infection in vivo, we quantified these behaviors in the GIC. In this analysis, a nearly 100-fold
decrease in bacterial association with the epithelial monolayer between wildtype and ApglE was
observed (Figure 5-5C). Monolayer infection was also quantified after gentamycin treatment of
the apical compartment, killing all bacteria except those within cells, and a similar difference
between wildtype and Apgl/E infectivity was observed. Additionally, a statistically significant, but
modest, 2.4-fold decrease in adhesion and invasion of wildtype C. jejuni was observed (Figure 5-
5D) following treatment of monolayers with 2 mM free reducing heptasaccharide from C. jejuni,

shown in Figure 5-1. Competition between soluble C. jejuni N-glycan, also known as free
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oligosaccharide or FOS, and wildtype C. jejuni suggests a molecular role for the N-glycan in the

adhesion and invasion of host intestinal cells.’
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Figure 5-5. Effects of loss of N-glycosylation in 11168 C. jejuni on barrier functions and on
epithelial adhesion and invasion.

A) Infection of GICs with C. jejuni wildtype and ApglE results in significantly-reduced levels of
soluble mucins in transwells. GICs were inoculated with 11168 or 11168ApglE C. jejuni, incubated
for 24 h and soluble mucins quantified by Alcian blue colorimetric assay. Data shown are the
average of three independent experiments, with error bars denoting one standard deviation. B)
Glycosylation-impaired C. jeuni destabilize host tight junctions to a significantly higher degree
than wildtype. GICs were inoculated with 11168 or 11168ApglE C. jejuni for 48 h and monolayer
integrity characterized by Lucifer yellow permeability assay. Data shown are the average of 4
independent replicates, with error bars denoting one standard deviation. C) Loss of N-
glycosylation in 11168 C. jejuni attenuates adhesion to and invasion of gut epithelial monolayer.
GICs were inoculated with 11168 or 11168ApglE C. jejuni in DMEM growth media and incubated
at 37 °C for 24 h, followed by quantification of bacterial adhesion or invasion by colony plate
counting. Data shown are independent biological replicates and representative of four independent
data sets, with error bars denoting one standard deviation. Longer horizontal bar gives the mean
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of all measurements. D) Bacterial infectivity appears directly mediated by C. jejuni N-linked
heptasaccharide. GICs were pre-incubated with fresh media (vehicle) or 2 mM free N-glycan,
followed by 2 h incubation with 11168 C. jejuni. Data shown are the average of 3 independent
replicates, in technical duplicate, with error bars denoting one standard deviation. ** indicates
P<0.001 (Welch’s unpaired t-test).

5.6 Inflammatory response upon C. jejuni infection

A major advantage of the gut-immune model for studying C. jejuni pathogenicity is its
utility in quantifying both intestinal epithelium inflammation and the resulting inflammatory
response of the basal innate immune component. The extent of immunogenicity of C. jejuni
infection was measured by apical infection of the GICs with wildtype or ApglE C. jejuni and
sampling the basolateral media. Total cytokine and chemokine release into the basolateral
compartment by both the intestinal epithelium and dendritic cells on the basal surface was
measured. TNF-a, IL-6, CCL-2, CCL-3 and several other cytokines and chemokines were found
to be increased in response to treatment with C. jejuni, with infection by ApglE C. jejuni resulting
in slightly increased inflammation across many cytokines that were measured (Figure 5-6).
Together, these experiments show the utility of the GICs for studying the roles of protein
glycosylation in the complex immune signaling resulting from the multiple cell types that compose

human intestinal epithelia.
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Figure 5-6. Loss of N-linked glycosylation in 11168 C. jeuni results in immune response on
GICs.

A) 11168 C. jejuni on apical face of gut-immune co-cultures elicit an immune response with
dendritic cells present on the basolateral face. Growth media from GICs inoculated with 11168 C.
jejuni, 11168ApglE or vehicle alone as a control were taken at 24 h post-inoculation from
basolateral compartments. Inflammatory markers were quantified by 40-plex immunoassay. The
average of four independent replicates, normalized to cytokine or chemokine concentrations in
control GICs, are shown graphed as a heat map showing fold-over vehicle alone. Cytokine and
chemokine concentrations in all three data sets were compared to each other via 1-way ANOVA
with no correction for multiple comparisons and those with an absolute P<0.05 shown. B) Some
of the cytokines and chemokines shown in A).

5.7 Outer membrane vesicle isolation and protease profiling

Finally, to show the versatility of the GICs in glycobiological studies of secreted bacterial

virulence factors, we characterized the effect of outer membrane vesicles (OMVs). OMVs are 25-
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250 nm diameter vesicles released by Gram-negative bacteria into the extracellular milieu. These
bacterial “cargo drops” deliver glycoproteins, effector proteins, DNA, endotoxins and proteases
directly to the cytosol of host cells, initiating and facilitating pathogenic processes prior to direct
cell-cell contact.” 335 OMVs from 11168 ¥/, hypermotile variant 11168H 7 and 81-176 C. jejuni
3% have been shown to contain cytolethal distending toxin, and are hypothesized to be the primary
mechanism of toxin delivery to the host. To study the role of the pg/ locus on the behavior of this
important C. jejuni virulence factor, OMVs were isolated from cultures of 11168 and 11168ApglE
C. jejuni and analyzed for glycoprotein content by immunoblotting. A significant loss of N-linked
glycoproteins was observed in OMVs isolated from Apg/E when compared to wildtype (Figure 5-
7A). Analysis of wildtype and Apg/lE OMV content by activity-based serine protease profiling
with the biotinylated fluorophosphonate FP-biotin (Figure 5-7B) detected an enrichment of
proteases in ApglE OMV over those of wildtype 11168 C. jejuni.*’ Proteases in OMVs from both
strains were capable of cleaving human tight junction protein E-cadherin in vitro, with ApglE

OMV resulting in more cleavage products (Figure 5-7C).
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Figure 5-7. Loss of N-linked glycosylation in 11168 C. jeuni results changes in virulence
factor function.
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A) Loss of Pgl pathway function in 11168 C. jejuni results in the production of glycoprotein-
depleted outer membrane vesicles. Proteins from a 10 pug aliquot of OMYV isolated from 11168 C.
jejuni and 11168ApglE were resolved by SDS-PAGE and analyzed by immunoblotting with a
rabbit anti-N-glycan antibody. B) Activity-Based Protein Profiling (ABPP) reveals OMV from
11168ApglE C. jejuni are enriched in serine proteases. Biotinylated proteases within 100 pg
aliquots of OMVs isolated from 11168 C. jejuni and 11168ApglE were resolved by SDS-PAGE,
followed by imaging with Streptavidin-Alexafluor-647. Trypsin was used as a positive control for
ABPP. C) OMV from 11168ApglE C. jejuni cleave human tight junction proteins more readily
compared to wildtype OMV. Recombinant His-tagged human E-cadherin was incubated for 16 h
at RT with 50 ug OMYV isolated from 11168 C. jejuni and 11168Apg/E, followed by resolution by
immunoblotting and probing with mouse anti-His antibody. Full length E-cadherin is indicated
with an arrow.

5.8 Influence of outer membrane vesicles on gut-immune co-culture
inflammatory response

A useful feature of GICs is the ability to vary composition of the apical epithelial
monolayer according to investigator needs, while maintaining dendritic cells in the basolateral
compartment. To study the functions of glycosylated and non-glycosylated C. jejuni OMV, barrier
function and inflammation were measured on GICs lacking goblet cells and dendritic cells to
ensure effective vesicle-epithelial cell contact. C2bbel monolayers were treated with 100 pg doses
of OMVs from both strains and showed no change in barrier integrity by TEER (Figure 5-8A).
However, IL-8, CXCLI1, and several other immune markers were secreted by these GICs in
response to OMV treatment (Figure 5-8B). Importantly, these results illustrate the utility of GICs
in quantitatively characterizing several aspects of virulence factor function such as those exhibited

by C. jejuni OMV.
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Figure 5-8. OMYV from 11168 C. jejuni provoke an immune response from gut epithelia
without changes in barrier integrity.

A) Barrier integrity of each C2BBel-only GIC was quantified by transepithelial electrical
resistance (TEER) measurements at the start of the experiment. GICs were treated with vehicle,
100 ng OMV isolated from 11168 C. jejuni, or 100 ng 11168Apg/E OMV and incubated at 37 °C
for 24 h. After incubation, TEER values were again measured for all monolayers and the apical
media was sampled for immunoassay analysis. Data shown are the average of three independent
replicates, with error bars denoting one standard deviation. The mean is shown by a longer
horizontal bar. B) GICs were treated with vehicle alone, 100 pg OMYV isolated from 11168 C.
Jjejuni, or 100 ug 11168ApglE OMYV, followed by incubation for 24 h. Apical media from all GICs
was sampled and cytokines and chemokines present quantified by multiplexed immunoassay. Data
shown are the average of three independent replicates, in technical duplicate, with error bars
denoting one standard deviation. Mean marker concentrations in 11168 OMV and 11168ApglE
OMYV samples were compared to uninfected GICs and each other via 1-way ANOVA with no
correction for multiple comparisons. * indicates statistically significant differences over
background with absolute P-values <0.05.

5.9 Conclusions

Use of the gut-immune model allows for convenient and simultaneous measurement of
physiological and immunological responses to infection by C. jejuni, whose protein glycosylation
pathway has been shown to be important in pathogenicity. We anticipate that this model system
will be a valuable alternative for studying interactions of C. jejuni and other enteropathogens with
host cells. These studies also show that GICs can be interfaced with microaerophilic pathogens
such as C. jejuni for periods of time amenable to immunological study and under conventional

culture conditions in normoxia and may be used to study other facets of this cell-cell interaction.
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Furthermore, the presented conditions should be readily adaptable to the study of other “difficult-
to-culture” Gram-negative pathogens (e.g. Helicobacter pylori).

The analyses on GICs reflected known direct relationships between C. jejuni N-
glycosylation and several pathogenic functions, in addition to shedding light on new aspects of its
biology. Soluble mucin content on GICs was largely depleted during incubation with C. jejuni - a
finding not previously quantified. Mucin degradation is a common tactic employed by enteric
pathogens to breach the mucus layer, and increased gene expression of putative mucin degrading
enzymes has been observed in C. jejuni in the presence of MUC2.# #/ The reduction of monolayer
integrity was also directly correlated with loss of bacterial N-glycosylation and could be explained
by a concomitant increase in proteases within Apg/E OMVs capable of cleaving tight-junction
proteins, shown in Figure 5-7C. Importantly, the degree of C. jejuni adhesion and invasion in the
GICs was in direct correlation with global N-linked protein glycosylation (Figure 5-5C) and in
agreement with what has been observed in other systems.’# #2 %3

Although direct release of cytokines by non-polarized and polarized epithelial monolayers
and dendritic cells has been reported separately in response to wildtype C. jejuni exposure >* # %,
this is the first characterization of the impact of the Pgl pathway on cytokine response in the
intestinal epithelium in conjunction with basolateral innate immune cells, with many cytokines
and chemokines that were measured not previously reported in studies of C. jejuni infection. Here,
it appears that basolateral inflammatory cytokine and chemokine secretion was modestly increased
when the GICs were infected with the Apg/E strain as compared to wildtype (Figure 5-6A).
Although cell death resulting from overstimulation could explain the decreased inflammation of

GICs infected with wildtype, we did not observe any cell death, distress or monolayer disruption

as a result of infection with C. jejuni strains over 2 — 48 hours. The cytokine profiles measured as
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a result of insult with C. jejuni were likely dominated by factors produced by dendritic cells with
some contribution from the epithelial cells; however, the exact contribution from each cell type is
difficult to ascertain given the highly complex nature of the multicellular crosstalk. The
concentrations of cytokines and chemokines measured in basolateral media lead us to believe that
direct dendritic cell contact with C. jejuni cells is not a significant component of the inflammatory
response, as exploratory experiments have shown inflammation in this case to be up to an order of
magnitude higher (data not shown.)

Outer membrane vesicles (OMV) are produced by C. jejuni strains and considered a
significant virulence factor for this organism. As an increase in OMV production during infection
has been observed in other bacterial pathogens #, it was surmised that they were present during
our experiments on GICs. As such, we isolated OMVs from wildtype and Apgl/E C. jejuni in order
to examine their role in infection and inflammation of the gut model. Activity-based protease
profiling revealed a curious enrichment of proteases in glycosylation-impaired OMVs from Apgl/E
capable of cleaving tight junction proteins. Analyses of the proteome of glycosylation-deficient C.
Jjejuni have shown an enrichment in protein quality control machineries such as chaperones and
proteases to mitigate protein misfolding and aggregration as a consequence of pg/ loss of function,
with one such example being serine protease HtrA.'% /7 HtrA is known to degrade tight-junction
proteins and has been identified as one of several serine proteases in OMVs of C. jejuni capable
of rendering OMVs proteolytically active against occludin and E-cadherin.’” 7 This suggests a
global increase in cellular proteases in ApglE C. jejuni results in production of protease enriched
OMVs. However, despite containing increased proteolytic power, the glycosylation state of

isolated wildtype and Apg/E OMV did not change the inherent immunogenicity on C2bbel-only
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GICs, suggesting that the exact role and mechanisms of OMVs in infection requires further
characterization, perhaps using other readouts provided by the gut-immune model.

In conclusion, the tripartite design of the gut-immune model, containing a recapitulated
human intestinal epithelium and innate immune component, allowed for examination of the
various roles played by the gut monolayer, the mucus, and dendritic cells and highlighted the
importance of proper N-glycan presentation in various aspects of C. jejuni infectivity. This system
also provided an opportunity to study the physiological and inflammatory interplay between all of
the host components when exposed to this pathogen and its virulence factors — such insights would
have otherwise been unobservable in other culture models. We anticipate this system will be

advantageously applied to the study of other enteropathogens or aspects of pathogenic interactions.
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5.10 Materials and methods

General information

All common chemicals, gases and reagents were purchased from Sigma-Aldrich, AirGas,
Fisher Scientific and VWR unless otherwise noted. Following is a list of the sources of other key
reagents and expendable materials used in these studies: BBL Mueller-Hinton broth (BD and Co.,
Cat. No. 211443); Trimethoprim (Chem Impex, Cat. No. 01634); kanamycin sulfate (Teknova,
Cat. No. K2151); Oxoid AGS plastic pouches (Invitro Diagnostics, Cat. No., AG0020C); sealing
clips for plastic pouches (Invitro Diagnostics, Cat. No. AN0005C); culture tubes for bacterial
cultures (17 x 100 mm) (VWR, Cat. No. 60818-689); Pierce BCA assay kit (Thermo Fisher
Scientific, Cat. No. 23227); mouse anti-6x-His epitope tag monoclonal antibody (Thermo Fisher
Scientific, Cat. No. MA1-21315); LI-COR IRDye 800CW goat anti-rabbit IgG (LI-COR, Cat. No.
926-32211); Licor IRDye 680LT goat anti-mouse IgG (LI-COR, Cat. No. 680 926-68020); LI-
COR IRDye 800CW goat anti-mouse IgG (LI-COR, Cat. No. 926-32210); streptavidin-
AlexaFluor 647 (Thermo Fisher Scientific, Cat. No. S32357); 75 cm?® tissue culture flasks
(Corning, Cat. No. 353136); trypsin-EDTA (Gibco, Cat. No. 252000-56); 12 mm Transwell inserts
with 0.4 um polyester membranes (Corning, Cat. No. 3460); trypsin (Corning, Cat. No. 25-051-

CI); recombinant E-cadherin (R & D Systems, Cat. No. 8505-EC-050).

Tissue culture media compositions

Gut Cell Line Media: DMEM (Gibco, Cat. No. 11965), 10% fetal bovine serum (FBS,
Atlanta Biologicals, Cat. No. S11150), 1x non-essential amino acids (NEAA, Gibco, Cat. No.
11140-148), 1x GlutaMAX (Gibco, Cat. No. 35050-061), 1% penicillin-streptomycin (P/S, Gibco,

Cat. No. 15140-148.)

205



Gut Insert Seeding Media: Advanced DMEM (Gibco, Cat. No. 12491), 10% FBS, 1x GlutaMAX,
1% P/S.

Serum-Free Insert Medium: Advanced DMEM, 1x insulin-transferrin-selenium supplement (ITS,
Roche, Cat. No. 11074547001), 1x GlutaMAX, 1% P/S. Apical Media: DMEM, ITS, 1x
GlutaMAX, 1x NEAA and 1% P/S. Basal Media: Advanced DMEM, 1x ITS, 1x GlutaMAX, 0.85-

1.25 mg/mL bovine serum albumin (BSA, Sigma-Aldrich, Cat. No. A9576) and 1% P/S.

Generalized Procedure A: Culture of C. jejuni strains

Samples from glycerol stocks of C. jejuni (NCTC 11168 or 11168ApglE) were streaked
onto MH agar plates containing selection antibiotics (10 pg/mL trimethoprim for 11168 wildtype,
10 pg/mL trimethoprim and 20 pg/mL kanamycin sulfate for 11168Apg/E). Plates were placed
inside a plastic pouch (along with an atmospheric CO:> indicator) and purged with a
microaerophilic gas mixture (85% Nz, 10% CO2, 5% O2) multiple times until the correct
concentration of CO; was reached. Sealed pouches were then incubated at 37 °C for 24 h, after
which colonies were taken up in 3 mL of PBS broth. Cells taken from these master stocks of C.

Jjejuni were utilized in the subsequent experiments. In our hands, an ODy, of 0.015 corresponded

7
to 1 x 10 cfu/mL.

Generalized Procedure B: Maintenance and passaging of intestinal epithelial cell lines
C2BBel and HT29-MTX

C2BBel (ATCC, passage 48-58) and HT29-MTX (Sigma, passage 20-30) were maintained
with Gut Cell Line Media in separate 75 cm? flasks at 37 °C at 5% CO> and 95% humidity. Cells
at 80-90% confluence were passaged by washing with PBS without calcium and magnesium (PBS-

/-) and lifting with 0.25% trypsin-EDTA at 37°C. After 10 minutes, cells were manually
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dissociated, quenched with media, and centrifuged at 300 x g for 5 min in 15 mL conical tubes.
After, cells were re-suspended and quantified by Trypan Blue exclusion for continued passaging
or seeding into Transwell membrane inserts according to Generalized Procedures C and D.
Passages of C2BBel and HT29-MTX were seeded with 6 x10° and 2 x10° cells, respectively, every

6-7 days and were fed with Gut Cell Line Medium every 2-3 days.

Generalized Procedure C: Preparation and maintenance of polarized epithelial monolayers

Polarized epithelial monolayers were prepared as previously described ?°. Prior to seeding,
Transwell membrane inserts were coated with 50 mg/mL rat tail collagen I (Corning, Cat No.
354236) in PBS-/- for 2 h at rt. Intestinal epithelial cells were collected according Generalized
Procedure B, ensuring cells had been passaged twice post-thawing prior to use. For C2BBel-only
monolayers, after rinsing away collagen coating solution with Advanced DMEM, 1.12 x 107
C2BBel cells (10° cells/cm?) were seeded in each insert in 500 pL of Gut Seeding Media to form
C2BBel monolayers. For C2BBel/HT29-MTX monolayers, cells seeded on inserts were a 9:1
mixture of the C2BBel and HT29-MTX cell lines. All inserts were maintained at 37 °C at 5% CO-
and 95% humidity and fed every 2-3 days with 500 pL and 1.5 mL Gut Insert Seeding media in
apical and basolateral chambers, respectively. From Day 7 on, inserts were fed every 2-3 days with
Serum-Free Insert Medium. Inserts were cultured in this manner for 21-27 days before use in any

experiments.

Generalized Procedure D: Immune cell isolation, differentiation and seeding
Peripheral blood mononuclear cells (PBMCs) were processed from Leukopak

(STEMCELL Technologies, Cat. No. 70500) using the recommended protocol for cell isolation
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without density centrifugation. Isolated cells were aliquoted and stored in liquid nitrogen. To
derive dendritic cells, monocytes were isolated from thawed PBMCs using the EasySep Human
Monocyte Enrichment Kit without CD16 Depletion (STEMCELL Technologies, Cat. No. 19058).
The purified monocytes were seeded into a 24-well tissue culture treated plate at ~1.2 million
cells/well in Advanced RPMI medium (Gibco, Cat. No. 12633-012) supplemented with 1X
GlutaMax, 1% P/S, 50 ng/mL GM-CSF (Biolegend, Cat. No. 572903), 35 ng/mL IL-4 (Biolegend
Cat. No. 574004) and 10 nM retinoic acid. After 7 days of differentiation (at day 19-20 of the
epithelial culture) at 37 °C at 5% CO- and 95% humidity, mature dendritic cells were lifted using
PBS-/- and Accutase (Gibco, Cat. No. A11105-01) and seeded onto the basolateral side of inverted

gut Transwell inserts at 10%/insert, allowing 2 h for attachment.

Preparation of retinoic acid stock solution
Retinoic acid was dissolved in 200 proof EtOH and concentration was determined by
measuring absorbance at 350 nm (emax (EtOH) = 44,300 M-'cm™). The solution was diluted to

50uM in PBS-/- with 1% BSA. Frozen stocks were kept at -20°C for up to 3 months.

Generalized Procedure E: Preparation of gut-immune co-cultures (GICs)

To begin, intestinal epithelia were prepared as described in Generalized Procedure C. At
Day 13, monocytes were isolated and differentiated as in Generalized Procedure D. On Day 20
post-monolayer seeding (7 days post-monocyte isolation), dendritic cells were recovered and
seeded onto the basal membrane of the gut cultures. From this point, gut-immune co-cultures were
maintained with 500uL Apical Media and 1.5 mL Basal Media in their respective chambers. GICs

were maintained at 37 °C at 5% CO: and 95% humidity and were utilized in experiments 21 days
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post-monolayer seeding. GICs were rinsed with Serum-Free Maintenance Media without

antibiotics prior to inoculation with C. jejuni.

Generalized Procedure F: Treatment of GICs with strains and mutants of C. jejuni

The apical compartment of GICs containing gut epithelial monolayers or co-cultures were
inoculated with C. jejuni strains and mutants ahead of experiments characterizing bacterial
adhesion and internalization under various conditions and ahead of immunoassays and other
measures of epithelial health. To begin, C. jejuni stocks were prepared according to General
Procedure A and aliquots sufficient to give an OD = 1.0 in 1 mL were taken into microcentrifuge
tubes. Cells were centrifuged at 16,000 x g for two minutes to give a pellet (pink in color,) the
supernatant removed and the pellet resuspended in 1 mL DPBS. Apical growth media without P/S
was warmed to 37 °C and inoculated with washed C. jejuni to give a solution with initial OD of
0.03 (multiplicity of infection: 10) or 0.15 (multiplicity of infection: 50). GICs to be treated were
provided fresh basal growth media right before innoculation. Growth media was aspirated from
the apical face of each GIC to be treated and replaced with 500 uL of media containing C. jejuni

strains.

Measurement of bacterial adhesion adhesion to GIC epithelia

GICs inoculated with wildtype C. jejuni NCTC 11168 or 11168ApglE according to General
Procedure F were incubated at 37 °C for 24 h, after which inserts were visually inspected to
confirm lack of epithelial cell rounding or distress. Apical compartments were washed four times
with 500 uL DPBS to remove non-adherent bacteria. GICs were given 500 uLL DPBS with 0.1%

Triton and placed on an orbital shaker shaking at 300 rpm for 20 min to lyse epithelial monolayers.
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Lysates containing bacteria from monolayer surfaces and cell interiors were serially diluted in MH
broth and 50 puL plated on MH agar containing appropriate selection antibiotics for colony
counting.
Measurement of invasion by C. jejuni into epithelial monolayers by gentamycin treatment
GICs inoculated with wildtype C. jejuni NCTC 11168, or 11168ApglE according to
General Procedure C were incubated at 37 °C for 24 h, after which inserts were visually inspected
and monolayer washed 3 times with 500 uL DPBS to remove non-adherent bacteria. GICs were
then treated with 500 pL apical media containing 210 uM gentamycin sulfate and incubated at 37
°C for 45 min. GICs were washed four times with 500 uL. DPBS to remove bacteria and residual
antibiotic, followed by treatment with 500 uL DPBS with 0.1% Triton. GICs were placed on an
orbital shaker shaking at 300 rpm for 20 min to lyse and lysates were serially diluted in MH broth

and plated on MH agar containing appropriate selection antibiotics for colony counting.

Secreted mucin quantification by Alcian blue colorimetric assay

Secreted mucins in apical media collected from experiments were quantified via a
colorimetric assay adapted from Hall et al “*. Briefly, collected samples stored in low-binding
microcentrifuge tubes were spun at 6,000 x g for 5 min to pellet bacteria and/or cell debris prior to
analysis. Supernatants were analyzed immediately or flash frozen with liquid nitrogen for storage
at -80 °C. Samples were mixed with Alcian Blue solution (Richard Allan Scientific Co., San Diego,
CA) in a ratio of 3:1 and incubated for 2 h. After, samples in 96-well plates were centrifuged at
1,640 x g for 30 min at rt. Supernatants were removed by inversion and the resulting pellet
resuspended twice with a 40% ethanol/60% 0.1M sodium acetate buffer with 25 mM MgCl,, pH

5.8, centrifuging 10 min as above after each resuspension. Washed pellets were fully dissolved in
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10% SDS solution and absorption was measured at 620 nm on a plate reader (Spectramax
m3/m2e). Mucin from bovine submaxillary glands (Sigma, Cat. No. M3895) served as a standard

and was prepared and analyzed identically in parallel with experimental samples.

Fluorometric quantification of paracellular permeability in epithelial monolayers
Paracellular permeability of epithelial monolayers was quantified utilizing Lucifer Yellow
reagent according to manufacturer’s instructions. The epithelial monolayers of GICs were washed
with transport buffer (HBSS with CaCl,, MgCl, supplemented with 10 mM HEPES, pH 7.4) and
500 pl of 100 mM Lucifer Yellow in transport buffer was added to the apical compartment of each
insert. Transport buffer (1.5 mL) was added to the basal compartment and inserts were incubated
at 37 °C in 5% COz for 1-2 h with shaking. Following incubation, inserts were removed and 150
ul of each sample transferred to a 96-well plate and fluorescence measured (Aex=485 nm, Aem= 530
nm.) Standard curves of Lucifer Yellow alone in transport buffer were generated to determine
fluorophore concentrations in experimental samples. Apparent permeability coefficients were

calculated according to manufacturer’s instructions.

Quantification of cytokine/chemokine release by multiplexed immunoassay

Cytokine/chemokine amounts in apical or basal media samples collected from experiments
were measured using Bio-Plex Pro Human Chemokine Panel, 40-plex (Bio-Rad Laboratories, Inc.,
Cat. No. 171AK99MR?2) according to manufacturer’s instructions. Collected samples stored in
low-binding microcentrifuge tubes were spun at 6,000 x g for 5 min to pellet bacteria and/or cell
debris prior to analysis. Supernatants were analyzed immediately or flash frozen with liquid
nitrogen for storage at -80 °C. BSA was added to all samples (final concentration 5 mg/mL) in
order to minimize non-specific binding to beads. Multiple dilutions of each sample were analyzed
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to ensure to ensure measurements were within the linear dynamic range of the assay. Assays were
performed on a Bio-Plex 3D Suspension Array System and data collected using XPONENT for
FLEXMAP 3D software, version 4.2 (Luminex Corporation, Austin, TX). Concentrations of
analytes were determined utilizing a standard curve generated by fitting a 5-parameter logistic
regression of mean fluorescence on known concentrations of each analyte with Bio-Plex Manager

software.

Isolation of outer membrane vesicles from NCTC 11168 and 11168 ApglE
NCTC 11168 and NCTC 11168ApgIE from 24 h plates were used to inoculate 1 L of

Mueller Hinton media. Cultures were grown overnight under microaerophilic conditions at 37 °C
with shaking to mid log phase. OMV isolation was adapted from Valguarnera et al *. Briefly,
bacteria were pelleted for 30 min at 3,600 x g and the supernatant filtered through 0.22 pm
membrane. The filtrate was ultracentrifuged for 2 h at 100,000 x g. The vesicles were resuspended
in PBS and ultracentrifuged an additional 2 h at 100,000 x g. Fresh PBS was added and the vesicles
were ultracentrifuged overnight at 200,000 x g. The supernatant was removed and the vesicles

were brought up in 2 ml in PBS and the protein content was assessed by BCA assay.

Characterization of C. jejuni OMYV by SDS-PAGE and immunoblotting

For analysis of total protein content, 100 pg of purified OMV was mixed with 20 pul 2x
Laemmli buffer and boiled for 10 min. The samples were separated by 10% SDS-PAGE and
stained with Instant Blue overnight. For N-glycan analysis, 20 pug of the OMV was separated by
10% SDS PAGE, transferred to nitrocellulose membrane by wet transfer, and blocked with 5%

BSA in TBS for 1 h. The membrane was blotted with rabbit anti-N-glycan antibody (1:10,000
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dilution) overnight at 4 °C, followed by secondary anti-rabbit antibody incubation 1:10,000

dilution for 2 h. Blots were visualized by LI-COR Odyssey scanner.

Serine protease profiling of C. jejuni OMYV with FP-biotin

Active serine protease profiling was performed using 100 ug purified OMV as previously
described . Samples were incubated with 2 uM FP-biotin (10-(fluoroethoxyphosphinyl)-N-
(biotinamidopentyl)decanamide) in a final volume of 100 ul in PBS pH 7.3 for 30 minutes at room
temperature. Four pg of trypsin was included as a positive control for serine protease activity. The
samples were evaporated to dryness and reconstituted in 20 pl 1x Laemmli buffer and boiled for
10 min. The samples were separated by SDS PAGE (10% polyacrylamide gels) and transferred to
nitrocellulose membrane by wet transfer method. The blot was blocked overnight in 10% wt/vol
dry milk in TBS then probed with streptavidin-Alexafluor 647 at a 1:1,000 dilution for one h and

visualized with LI-COR Odyssey scanner.

E-cadherin cleavage assay with C. jejuni OMV

The cleavage of recombinant E-cadherin was determined as described previously.?
Briefly, 10 pg of purified OMV was incubated with 1 pg of recombinant human E-cadherin
containing a C-terminal 6xHis tag in PBS at 37 °C for 16 h. The reactions were mixed 1:1 with 2
x Laemmli buffer and boiled for 10 minutes. The samples were separated by SDS PAGE and
transferred to nitrocellulose membrane by wet transfer. The membrane was blocked with 5% BSA
in TBS for one h then incubated with mouse anti-His antibody overnight at 4 °C. The blot was
incubated with anti-mouse secondary antibody at a 1:10,000 dilution for one h then imaged with

LI-COR Odyssey scanner.
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Barrier function characterization via transepithelial electrical resistance (TEER)

TEER measurement across epithelial monolayers in GIC transwells was carried out using
EndOhm-12 chambers and an EVOM2 meter (World Precision Instruments, Sarasota, FL).
Transwells and EndOhm chamber were maintained at 37 °C during all measurements to minimize
variability. TEER of C2BBel-only GICs in transwells (Day 21) was measured at the start of the
experiment. Next, the apical media of the transwells was aspirated and replaced with 500 uL apical
media alone or 500 uL containing 10 or 100 pug of wildtype or ApglE OMV. Transwells were
incubated at 37 °C for 24 h, after which apical media was sampled and TEER measured a second

time. Sampled media was flash frozen in liquid nitrogen for immunoassay analysis.

Statistical Analysis

All experiments were performed at least in triplicate, with additional replicates, technical replicates
and independent biological replicates noted in each figure caption. Statistical analyses of data sets
were performed using GraphPad Prism software. Statistical significance (P < 0.05) and P values

were calculated utilizing Student’s t-tests or 1-way ANOVA as appropriate.
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6.1 Future direction

This thesis described the development of a glycan-binding protein (GBP) generation
platform and its application to create GBPs that recognize two mammalian glycans, the TF antigen
and sialic acid. That the platform was able to develop GBPs to both a neutral disaccharide and a
negatively charged nine-carbon monosaccharide demonstrates the versatility of the method. The
overall goal of the platform is to create GBPs for glycans with few or no existing GBPs for their
study. One area that can greatly benefit from more GBP reagents is bacterial glycobiology. The
bacterial kingdom is estimated to produce upwards of 800 individual monosaccharides, while only
36 building blocks are needed to construct 75% of mammalian oligosaccharides in the
Glycosciences.de databank.” ? Bacterial glycans are important from a human health perspective.
Chapter 5 of this thesis described the influence of the N-linked heptasaccharide on Campylobacter
Jjejuni virulence when applied to a gut-immune co-culture model. This is just one example of the
many pathogenic bacteria with glycans involved in virulence. Reagents for identification and
characterization of bacterial glycans and glycoconjugates are needed. Existing GBPs to recognize
the huge diversity of bacterial glycan structures are unavailable. For this reason, application of the
GBP development platform described in this thesis toward bacterial glycans is an exciting future

direction of the project.

6.2 Bacterial glycans

Bacterial glycans are often secreted or displayed on the cell surface as exopolysaccharides,
capsular polysaccharides, lipooligosaccharides, glycolipids, wall teichoic acids, peptidoglycan,
and glycoproteins. These glycans play protective and structural roles, but many are also important
for virulence or colonization of host organisms. Protein O- and N-linked glycosylation is important

for virulence in many pathogens, with adhesion factors, flagella, and pilin proteins often bearing
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glycans.” Lipid-linked glycans such as the lipopolysaccharide/lipooligosaccharide (LPS/LOS)
make up a significant portion of the outer membrane of Gram-negative bacteria and are important
for structural integrity of the organism, but can also aid the bacterium in immune system evasion
or lead to the development of septic shock in humans.? Bacteria can also secrete polysaccharides
that form a capsule around the bacterium and protect it from the host immune system, or produce
a matrix allowing bacteria to develop antibiotic resistant biofilms.’

Three interesting bacterial glycans for future application of the GBP engineering method
are the N-linked heptasaccharide of C. jejuni, the bacterial nonulosonic acid pseudaminic acid

(Pse), and the lipoarabinomannan (LAM) of Mycobacterium tuberculosis (Figure 6-1).
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6.2.1 Campylobacter jejuni heptasaccharide

C. jejuni is a Gram-negative pathogen and is a leading cause of gastroenteritis and diarrheal
disease.’ 7 C. jejuni contains a well-characterized system for N-linked protein glycosylation. The
N-glycan is a heptasaccharide with the structure GalNAc-al,4-GalNAc-al,4-[GlcB1,3]-GalNAc-
al,4-GalNAc-al,4-GalNAc-al,3-Bac  (Figure 6-1A), where Bac is the bacterial sugar
bacillosamine (2,4-diacetamido-2,4,6-trideoxyglucose).® This N-glycan modifies more than 60
periplasmic and membrane proteins, and has been shown to impact proteome stability, protein
quality control, stress response, nutrient uptake, chemotaxis, cell morphology, and virulence in C.
jejuni.” ' Chapter 5 of this thesis demonstrated the role of the N-glycan in C. jejuni virulence as
loss of glycosylation decreased adhesion and invasion of bacteria 100-fold in a human gut-immune
co-culture model. C. jejuni N-glycan antibodies have been developed, but a smaller GBP capable
of selectively binding “signature” sugar epitopes the N-glycan is desirable making this a

worthwhile target for Sso7d-based GBPs.”!

6.2.2 Pseudaminic acid (Pse)

Pseudaminic acid (Pse, 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-a-L-manno-
nonulosonic acid) is a member of the 9-carbon a-keto acid sugars that includes sialic acid
(Neu5Ac) (Figure 6-1B). Pse is a bacterial sugar that was initially discovered in the LPS of
pathogens Pseudomonas aeruginosa and Shigella boydii.’? In H. pylori and C. jejuni, Pse modifies
Ser and Thr residues of the flagellin proteins FlaA and FlaB.”?/> Pse is important for virulence in
these organisms as O-glycosylation of these flagellar proteins are necessary for motility, and
motility is needed to initiate infection.’® !’ Two of the “ESKAPE” pathogens for which multidrug
resistance is becoming widespread, Acinetobacter baumannii and Enterobacter species, contain

Pse in their exopolysaccharide.’® ” The presence of Pse on so many pathogenic bacteria has made
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it an attractive target for therapeutics and diagnostics, and some progress has been made towards
the production of Pse-binding antibodies.?’ Development of a Pse-binding Sso7d variant would be
useful for the field and would complement the sialic acid-binding Sso7d variant developed in

Chapter 2 of this thesis.

6.2.3 Lipoarabinomannan of Mycobacterium tuberculosis

Mycobacteria are a unique bacterial genus that have a thick, waxy cell wall that makes
them particularly tolerant to antibiotic treatment. The cell envelope contains many different glycan
species including lipoarabinomannan (LAM). LAM is a glycolipid and virulence factor of M.
tuberculosis consisting of a linear mannan backbone made up of al,6-mannose, D-arabinan core
made up of al,5-D-arabinofuranose (Araf), and branching arabinan al,3-linked to the arabinan
core (Figure 6-1C). The non-reducing ends of these branches are often linear Araf4 or branched
Araf6 (Figure 6-1D), and are often capped with 1,3-linked mannose residues.?’ LAM is considered
a virulence factor primarily for its role in modulating phagocyte function, and is the focus of many
TB diagnostic efforts as LAM is released from metabolically active or degrading cells during
infection and excreted in soluble form in urine.”’ Urine-based TB diagnostics are highly desirable
because sample collection is easy and LAM-binding assays are fast and inexpensive compared to
current diagnostic tests like radiography, sputum smears, and culturing of M. tuberculosis.
Development of LAM antibodies for TB diagnostics is an active field of research, but the
sensitivity of the antibody approach has been an issue.?” Notably, in the context of the current
thesis achievements, Sso7d paper-based diagnostics have been demonstrated to be superior to
antibody paper-based diagnostics in terms of cost of production and protein stability.”* ?* Recent

studies have also found that fusion of an Sso7d variant to a cellulose-binding domain enabled high-
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density immobilization to cellulose that improves target capture, and could overcome sensitivity

issues with urine-based LAM diagnostics.”?

6.3 Bacterial GBP generation

Bacterial GBP generation will have the following workflow: selection of bacterial glycan
of interest, design of multivalent glycan ligand, GBP evolution by yeast surface display, and
conjugation of tags for application of the evolved GBP (Figure 6-2). Creation of multivalent
glycan ligands is required to utilize the GBP generation platform developed in this thesis. The
glycan of interest must be obtained in pure form. This can be done by isolation of the bacterial
glycan of interest from the organism, or in vitro assembly synthetically, enzymatically, or a
combination of the two. For the C. jejuni heptasaccharide, there are protocols for isolation of free
oligosaccharide that exists in the periplasm of C. jejuni, and protocols for in vitro assembly of the
heptasaccharide chemoenzymatically or by chemical synthesis.””?” Pseudaminic acid can also be
produced chemoenzymatically or by total synthesis.?® 2 LAM is a large molecule so total chemical
synthesis is not possible. However, various LAM fragments consisting of terminal branches,
arabinan core, and core mannan have been synthesized for use on a TB glycan array.’’ These
fragments would be superior to full length LAM for GBP development as the epitope is more
defined. Finally, the glycan will need to be modified and attached to a support such as a peptide
for multivalent display. Methods for installation of an azido-linker and click reactions to an alkyne-
modified peptide are currently being developed in the Imperiali lab toward this end.*/

Bacterial glycans have significant implications in human health and disease, and
development of GBPs to study these important biomolecules will have great impact on the field of
bacterial glycobiology through powerful tools for studying the interactions of human pathogens,

commensals and symbionts and their hosts together with novel diagnostic and analytical reagents.
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