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ABSTRACT

Glycocalyx refers to the outermost layer or sugar cell coat of many cells, which consists
of glycoproteins, glycolipids, and glycoRNAs. It often plays a critical role in many
biological processes, such as mediating immune responses and intercellular
communications. The drastically altered glycosylation pattern in cancer cells, which
results in a different sugar coat than healthy cells, has been observed for decades. It has
been demonstrated to be correlated with tumor growth, proliferation, invasion,
metastasis, and immunity. A comprehensive understanding of the glycocalyx
differences between healthy cells and cancerous cells will be instrumental for the
development of faster and more effective cancer diagnoses and therapies. We
envisioned to incorporate advanced high-resolution microscopy and glycan-binding
protein engineering for better imaging techniques in studying cancer-associated cell
surface glycans. This thesis summarizes in detail our recent advancements in developing
a molecular toolkit suitable for cell surface glycan imaging with expansion microscopy.
In this toolkit, engineered glycan-binding proteins are selected as probes for glycan
imaging to achieve structural specificity. Sortase-mediated transpeptidation is used as a
versatile, site-specific protein modification method that can be used for different kinds
of glycan-binding proteins, including carbohydrate-binding modules (CBMs) and

adaptive immune proteins, while maintaining their binding affinities and specificities.
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PREFACE

This thesis will be focusing on the work I have done in a collaborative project called
GlycoExM, which was co-developed by Prof. DeLisa, Prof. Paszek, and Prof. Alabi in
the Chemical and Biomolecular Engineering School at Cornell. GlycoExM aims to
utilize the most advanced techniques in biophysics, immunology, and biomolecular
engineering to achieve the high-content resolution imaging of cell surface glycans. We
aspire to use glycan-binding proteins, including carbohydrate-binding modules (CBMs)
and adaptive immune proteins, for their structural and sequential glycan specificity, and
to use expansion microscopy for high-content resolution of the crowded cell surface
glycans, especially those on cancer cells. My role in this project is to optimize the
glycan-binding protein library and their modification methods, and also to test the
binding affinity and the specificity of these selected engineered proteins. In this thesis,
I will also provide the biological and clinical background of this technique, as well as

the future direction of this project.
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I. Backgrounds and Introductions
1. Cancer Diagnostics and Therapeutics

Cancer is the second leading cause of death in the United States and a major
public health problem in the world. In 2023, it is estimated that 1,958,310 new cancer
cases and 609,820 cancer deaths will occur in the United States (1). Detecting cancer in
its early stage is considered to be crucial in increasing the chances of successful
treatment and decreasing the cancer death rate (2). Several diagnostic techniques are
commonly used clinically, including blood chemistry tests (3), complete blood count
(CBC) (4), cytogenetic analysis (5), immunophenotyping (6), liquid biopsy (7), cancer
biomarker tests (8), imaging tests (9) etc. Collectively, these methods take advantage of
cancer-associated molecular or phenotypical abnormalities and can be used in
combinatory ways. Among the methods mentioned above, cancer biomarker testes are
prominent in improving cancer patient management by enhancing diagnostic efficacy
and accuracy (8). Cancer biomarkers refer to the measurable biochemical products that
are produced by cancer cells or by body in response to the cancerous cells, such as
proteins and nucleic acids (8, 10, 11). In monitoring these biomarkers, cancer type and
risk can be determined and evaluated. Moreover, antibody-based cancer therapy is
designed based on the presences and functions of these biomarkers.

Attributed to its high affinity and specificity, antibody-based cancer therapy has
been recognized as one of the most powerful cancer therapeutics. In almost 30 years of
its development, the global market of cancer antibody has grown exponentially (Table
1.) and is forecasted to be around US$80 billion by the end of 2026 (12). The therapeutic
functionality of antibodies is achieved through the mechanisms of either the blockade
of molecule-cell interactions or the modulation of human immune responses (12).

In blocking the molecule-cell interaction, monoclonal antibodies exert their

functions through interfering the receptor-ligand interactions that are vital for tumor
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survival and growth. For example, human epidermal growth factor receptor 2 (HER2)
that control how cells grow and divide is the target of monoclonal antibodies like
Herceptin, and by blocking HER2, the overgrowth of certain tumor cells can be
downregulated (13). Similarly, monoclonal antibody bevacizumab prevents the binding
of vascular endothelial growth factor (VEGF) to its receptors, VEGFR1 and VEGFR2,
to inhibit the formation of new blood vessels and modulate the tumor-induced
immunosuppression (14).

It also has been demonstrated that monoclonal antibodies can be used to
modulate the immune activities through stimulatory or inhibitory pathways. The
interactions between Fc region of the antibodies and activating Fcy receptors on the
immune cells can be utilized to eliminate cancer cells by antibody-dependent cellular
cytotoxicity (ADCC) or/and antibody-dependent cellular phagocytosis (ADCP) (15). In
ADCC, NK cells are well-studied to play a major role in tumor clearance. NK cells have
the ability to express FcyRIIIA and/or FcyRIIC, which enable them to attach to the Fc
region of immunoglobulins and convey activating signals internally. Upon activation
through Fc receptors with antibodies attached to target cells, NK cells can eliminate
target cancer cells through releasing the granules containing perforin and granzymes, it
also releases cytokines such as interferon-y to recruit adaptive immune cells (16).
Macrophages with immense ability of phagocytosis, on the other hand, serve as critical
immune effectors of therapeutic antibodies through the process of ADCP by expressing
all classes of Fcy receptors (17). Additionally, antibody-mediated antitumor effects also
have been linked to complement-based mechanisms, which can act either directly via
complement-dependent cytotoxicity (CDC) or indirectly through complement-
dependent cellular cytotoxicity (CDCC) and complement-dependent cellular
phagocytosis (CDCP) (18). Moreover, immune cells like T cells and NK cells also

express inhibitory receptors which are used to downregulate immune activities to
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maintain homeostasis (19). Cytotoxic T-lymphocyte-associated protein 4, or CTLA-4,
a molecule that functions as an immune checkpoint, is expressed at high levels on
cytotoxic T lymphocytes (20). Through its interaction with and high affinity for the B7
ligand, CTLA-4 promotes immunosuppression and enables tumors to evade immune
surveillance. It competitively inhibits CD28 co-receptor interactions, resulting in the
blockade of stimulatory signaling and the suppression of T cell activity (21). Similarly,
programmed cell death protein 1 (PD-1) is another well-studied inhibitory receptor on
T cells, and many tumors overexpress its ligand, PD-L1, to achieve immunoevasion
(22). Many monoclonal antibodies are designed to block these inhibitory interactions
between tumor cells and immune cells to sustain the immune activities, such as PD-1
inhibitors: Pembrolizumab (Keytruda) (23), Nivolumab (Opdivo) (24), and Cemiplimab
(Libtayo) (25); PD-L1 inhibitors: Atezolizumab (Tecentriq) (26), Avelumab (Bavencio)
(27), and Durvalumab (Imfinzi) (28); and CTLA-4 inhibitors: Ipilimumab (Yervoy) (29)
and Tremelimumab (Imjuno) (30). This type of therapy was given the name of
immunotherapy based on its idea of treating cancer by targeting immune cells instead

of cancer cells (31).
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Table 1. US or EU Approved Cancer Monoclonal Antibodies (12)

INN Drug Name Company Target Year of Approval
Rituximab Rituxan Genentech (Roche) CD20 1997 (US) 1998 (EU)
Trastuzumab Herceptin Genentech (Roche) HER2 1998 (US) 2000 (EU)
Alemtuzumab Campath Genzyme (Sanofi) CD52 2001 (US) 2001 (EU)
Ibritumomab tiuxetan Zevalin Biogen, Acrotech CD20 2002 (US) 2004 (EU)
Tositumomab-1131 Bexxar Corixa (GSK) CD20 2003 (US)
Cetuximab Erbitux ImClone (Eli Lilly) EGFR 2004 (US) 2004 (EU)
Bevacizumab Avastin Genentech (Roche) VEGF 2004 (US) 2005 (EU)
Panitumumab Vectibix Amgen EGFR 2006 (US) 2007 (EU)
Catumaxomab Removab Fresenius, Trion Pharma ~ EpCAM/CD3 2009 (EU)
Ofatumumab Arzerra Genmab, Novartis CD20 2009 (US) 2010 (EU)
Denosumab Xgeva Amgen RANKL 2010 (US) 2011 (EU)
Ipilimumab Yervoy Medarex (BMS) CTLA-4 2011 (US) 2011 (EU)
Pertuzumab Perjeta Genentech (Roche) HER2 2012 (US) 2013 (EU)
Obinutuzumab Gazyva Genentech (Roche) CD20 2013 (US) 2014 (EU)
Ramucirumab Cyramza Dyax, Eli Lilly VEGFR2 2014 (US) 2015 (EU)
Nivolumab Opdivo Medarex (BMS) PD-1 2014 (US) 2015 (EU)
Pembrolizumab Keytruda Merck & Co. PD-1 2014 (US) 2015 (EU)
Blinatumomab Blincyto Micromet (Amgen) CD19, CD3 2014 (US) 2015 (EU)
Necitumumab Portrazza ImClone (Eli Lilly) EGFR 2015 (US) 2016 (EU)
Dinutuximab Unituxin United Therapeutics GD2 2015 (US) 2017 (EU)
Daratumumab Darzalex Genmab, Janssen (J&J) CD38 2015 (US) 2016 (EU)
Elotuzumab Empliciti Abbvie, BMS SLAMEF7 2015 (US) 2016 (EU)
Olaratumab Lartruvo ImClone (Eli Lilly) PDGRFa 2016 (US) 2016 (EU)
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Table 1. (Continued)

INN Drug Name Company Target Year of Approval
Atezolizumab Tecentriq Genentech (Roche) PD-L1 2016 (US) 2017 (EU)
Avelumab Bavencio EMD Serono, Pfizer PD-L1 2017 (US) 2017 (EU)
MedImmune
Durvalumab Imfinzi PD-L1 2017 (US) 2018 (EU)
(AstraZeneca)
Mogamulizumab Poteligeo Kyowa Kirin CCR4 2018 (US) 2019 (EU)
Cemiplimab Libtayo Regeneron, Sanofi PD-1 2018 (US) 2019 (EU)
Moxetumomab Innate Pharma,
Lumoxiti CD22 2018 (US) 2021 (EU)
pasudotox AstraZeneca
Isatuximab Sarclissa ImmunoGen, Sanofi CD38 2020 (US) 2020 (EU)
Monjuvi,
Tafasitamab MorphoSys, Incyte CD19 2020 (US) 2021 (EU)
Minjuvi
Naxitamab Danyelza Y-mAbs GD2 2020 (US)
Dostarlimab Jemperli GSK PD-1 2021 (US) 2021 (EU)
Amivantamab Rybrevant Genmab, Janssen (J&J) EGFR, cMET 2021 (US) 2022 (EU)
Tebentafusp Kimmtrak Immunocore Gp100, CD3 2022 (US)
Teclistamab TECVAYLI Jannsen (J & J) CD3, BCMA; 2022 (US) 2022 (EU)
MedImmune
Tremelimumab Imjudo CTLA-4 2022 (US)
(AstraZeneca)
Monetsuzumab Lunsumio Genentech (Roche) CD20, CD3 2022 (EU)

18



2. Cancer-Associated Glycans

In recent decades, cell surface glycans have been unveiled to play essential roles
in many biological processes, both normal and pathological (32, 33). The understanding
of these processes potentiates numerous clinical practices, from blood transfusion (34)
to inflammation attenuation (35), and, in foreseeable future, cancer immunotherapy
(36~39). However, investigating glycans is usually perceived as a daunting task since
they are among the most structurally and functionally diverse biomolecules in living
systems, which is mostly owing to the variety of both monosaccharide building blocks
and glycosidic linkages (32). Also, given the fact that glycans are found attached to
proteins, lipids, and, most recently discovered, RNAs (40), glycoconjugates are believed
to be possessing even more extensive diversity. Accordingly, till today, our basic
knowledge of fundamental glycobiology is still limited, which impedes the development

of glycan-based or glycan-targeted therapies.
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Figure 1. Cancer-associated glycan structures. Created with BioRender.com.
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In cancer, drastic alteration of glycosylation patterns has been identified for
decades, including increased sialylation, increased branched N-glycan structures, and
truncated O-glycan structures, and have been demonstrated to be correlated with many
pathological events in cancer progression including proliferation, migration, tissue
invasion, and apoptotic evasion (Figure 1.)(39, 41~44). These distinguishable altered
patterns are proven to be able to potentiate the development of novel cancer diagnostics
and therapeutics (45). One of the most prominent examples is the increased sialylation,
or hypersialylation. With abundant glycans terminated with sialic acids, cancer cells
forge a signature of healthy cells that silences immune surveillance by recruiting
inhibitory receptors like sialic acid-binding immunoglobulin-like lectins (Siglecs) on
lymphocytes (46~50). Siglecs-7 or -9 on NK cells, for example, has several cytosolic
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that can suppress the
activation signals from the NK cells-activating receptors, such as FcyRIII and NKG2D,

A B
Cancer Cell Cancer Cell

Cancer

L .
Sialylated ¥ Antigen

Glycan

Sialidase

NK Cell NK Cell

Figure 2. Enhancement strategy of cancer-cell eliminating ability through glycocalyx editing. (A)
Hypersialylation leads to NK-cell inhibition. (B) Antibody-sialidase conjugate reduces the cancer
immunoevasion. Created with BioRender.com.
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when binding to the overexpressed sialic acids in cancer cells (51). Based on this
finding, Carolyn Bertozzi’s lab developed a glycocalyx editing technique where
sialidases were linked to HER2-targeting therapeutic monoclonal antibody
Trastuzumab, and the treatment with this kind of antibody-sialidase conjugate has been
proven to be able to promote the HER2(one-+)-cancer cell elimination (Figure 2.)(52).
Another recognizable cancer-associated glycosylation signature would be the
overexpression of bulky glycoproteins, such as MUC1 which is a kind of heavily
glycosylated transmembrane protein that can be found on the surface of many healthy
epithelial cells including those of the respiratory, gastrointestinal, and reproductive
tracts, as well as many cancer cells (41, 43~45) (Figure 3.). And these bulky
glycoproteins have been shown to be able to promote tumor cell growth and survival,
as well as to enhance metastasis through facilitating of integrin clustering, adhesion and
signaling, which is resulted from the mechanical forces imposed by these bulky

glycoproteins (44).

Figure 3. Cartoon of bulky glycoprotein MUCI
with the extracellular domain, transmembrane
domain, and cytosolic domain showing (from top
to bottom). Created with BioRender.com.
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3. Strategies for Glycan Study

A better understanding towards cancer glycobiology could potentially facilitate
the development of faster and more accurate cancer diagnostic techniques, as well as
future cancer therapies. One traditional glycans identification and quantification method
is using mass spectrometry, which majorly suffered from the disadvantages including
time-consuming process, expensive equipment, and detachment from biological
environment (53, 54). About 20 years ago, Carolyn Bertozzi’s lab developed an in situ
and in vivo glycan imaging method that took advantage of metabolic labeling and
bioorthogonal chemistry (55~60), in which one monosaccharide subunit was replaced
by its artificial analog with a bioorthogonal functional group. Although this method has
opened a new avenue for cell-surface glycan imaging, it is not without limitations. To
begin with, the glycan revelation is constrained to monosaccharide level—the basic
building block of glycans, and no structural information can be provided. Moreover,
even though those monosaccharide analogs were incorporable in the natural metabolic
pathways, the concern of uncertainty of their effects on glycan-expression level, glycan-
biosynthesis authenticity, and cell stress response still remains. Alternatively, glycan-
binding proteins (GBPs) as powerful tools are widely accepted and utilized by chemical
and biological research community and give rise to a growing research area of GBPs
engineering to fulfill the increasingly comprehensive clinical demands (53), especially
those in cancer diagnoses and therapies.

GBPs can be subcategorized into three groups: lectins, carbohydrate-binding
module s (CBMs), and adaptive immune proteins. CBMs (Carbohydrate-Binding
Modules) were firstly recognized as a binding domain that link to glycoside hydrolases
and glycotransferases, that binds to the glycan substrates to its increase local
concentration which consequently improving the catalytic efficiency of the enzyme

(61). For example, Ruminococcus gnavus, a significant member of the gut microbiota
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of the healthy human gut, expresses an intramolecular trans-sialidase (IT-sialidase) that
contributing to the adaptation of gut bacteria to the mucosal environment by providing
2,7-anhydro-sialic acid as a preferential source of nutrients, and this IT-sialidase
comprises a catalytic glycoside hydrolase domain, RgGH33, and a carbohydrate binding
module, RgCBM40 (62). CBMs are organized into 73 families on the basis of their
amino acid sequence similarity, most interact with plant cell wall glycans, but five CBM
families have been categorized as mammalian glycan-binding domains: CBM32,
CBM40, CBM47, CBM51 and CBM57 (63). Within these, the members of CBM40 are
known to bind to Neu5Ac, which was first verified with the CBM located at the N-
terminus of GH33 (glycoside hydrolase 33) sialidase from Vibrio cholerae (64). A
member of the CBM40 family, Clostridium perfringens-Nanl-CBM40
(CpCBM40_Nanl), has been characterized with the highest affinity value for a(2,3)-
sialyl-lactose (Kd ~30 uM) in this class of protein (63), this indicated that
CpCBM40 Nanl would be an exceptional candidate for the cell-surface imaging of
glycans that are rich in the N-acetylneuraminic acid (Neu5Ac), the most common form
of sialic acid on mammalian cells. As shown in supplementary figure 1, the 3D structure
of CpCBM40 Nanl consists of one alpha helix and one beta sandwich of two anti-
parallel beta sheets. To further improve the binding affinity, we propose to fuse two
CBM40 together which will render avidity to this module inspired by nature’s
multivalency approach to gaining increased binding affinity (65). Moreover, an efficient
site-specific protein modification method will also be crucial in rendering additional
function to glycan-binding proteins, such as fluorophore conjugation. And by
genetically engineering a versatile polypeptide handle to diCBM40, diCBM40-LPETG
will be acquired a powerful ability to be chemically modified by sortase-mediate

transpeptidation (66).
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Sortase was first discovered as a surface enzyme in Staphylococcus aureus that
anchors other surface proteins to cell wall (67). During this process of cell-wall
anchoring, sortase will recognize a sorting signal with LPXTG motif followed by a
stretch of 15-22 hydrophobic amino acid residues and a tail of 5-12 mostly charged
residues at the C-terminal of target protein, and then this target protein will be cleaved
between the threonine and glycine residues within the LPXTG motif. The carboxyl
group of threonine residue will be consequently anchored to the cysteine residue of
sortase through a thioester bond followed by a nucleophilic attack from a nearby amino
group of pentaglycine crossbridges, normally lipid II, a membrane-anchored precursor
of cell-wall synthesis, this surfaced-tethered lipid II may subsequently be incorporated

into the peptidoglycan (Figure 4.)(68~73).

O (2 © 4]

Figure 4. Sortase-mediated transpeptidation found on the surface of Staphylococcus aureus. € Sortase
recognition of LPXTG motif on target proteins. @ Nucleophilic substitution reaction with cysteine
residue in sortase active site. € and @ Target protein undergoes transpeptidation to the oligoglycine
peptide on lipid A. Created with BioRender.com.

Upon understanding of this natural cell-wall synthesis pathway, scientists have
been successfully utilizing the same mechanism to perform in vitro protein-peptide and
protein-protein ligation (74), polystyrene beads modification with eGFP (75), cell-
surface protein labeling (76) and antibody labeling (77). Essentially, as long as the target

protein is engineered to obtain a LPXTG motif, it can be labeled with a probe that
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contains an oligoglycine chain with a free amino group (73). With the advance in protein
characterization methods, more insights have been brought into the active sites,
structures, and kinetics of different kinds of sortase. The first thing for researchers to
notice was that the thiol group of cysteine-184 (C184) plays an essential role in sortase
activity as a nucleophile to cleave the peptide bond between threonine and glycine
residues, and mutation of cysteine-184 to alanine abolishes sortase activity in vitro and
in vivo (78). Later study hypothesized that N98, H120, and C184 may form a catalytic
triad that mediates the transpeptidation reaction and are positioned within a large
hydrophobic pocket suitable for sorting signal binding derived by analogy with the
papain/cathepsin protease family (79).Since sortase itself is also a kind of membrane-
anchored enzymes with class A sortases adopt a type Il membrane topology (N terminus
inside, C terminus outside the cytoplasm) and class B a type I (N terminus outside, C
terminus inside the cytoplasm), scientists proposed that truncation of the membrane
anchor segment will not affect the enzymatic activity and increase the solubility at the
same time, which made sortase more adaptable in various scenarios (72, 80). Sortase A
can be further truncated, denoted as SrtAansy, to contain only the presumed catalytic
core of sortase (residues 60-206) (79). In-depth structural study with NMR spectroscopy
revealed that SrtAanso possesses an unseen eight-stranded fB-barrel fold that includes
two short helices and several loops (79). It has also been shown that the enzymatic
activity of sortase A is stimulated by Ca?", both in wide type sortase A (WT SrtA) and
SrtAanso, via allosteric activation mechanism where the binding of Ca?" stabilizes the
closed conformation of enzyme-substrate complex (79, 80), and that mutations of both
Glu105 and Glu108 resulted in Ca**-independent activity without affecting its substrate
specificity (81) Scientists then sought to improve the catalytic activity of sortases to
make this tool more efficient. David Liu’s lab successfully developed an evolved sortase

A by using yeast display, a directed evolution platform, where the P94R, D160N,
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D165A, K190E, K196T pentamutant SrtAanso (€SM SrtA) (Figure 4.) has a 120-fold
higher k../Ky LPETG and a 20-fold higher Ky GGG, compared with WT SrtA (82).

=

B : Mutation Sites

: Active Sites
M : Ca2* Binding Sites

Figure 5. Evolved sortase A 3D-structure with the mutation
sites, active sites and calcium ion binding sites highlighted.
PDB: 1T2P.

Single-chain variable fragment (scFv) antibodies are also perceived as one of
the emerging candidates in cancer diagnostic and therapeutic application, owning to
their smaller sizes and properties of being easily engineered while retaining the similar
targeting affinity and specificity as their counterpart antibodies (83~85). scFv usually
comprises a light chain, Vi, and a heavy chain, Vg, that are tethered with each other
through a flexible linker that usually contain many glycine units for its flexibility and

some serine units for its solubility (86), and there are two orientations of this connection,
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either N terminus of Vi connected with C terminus of Vi (Vi Vr) or vis versa (VuVLr),
in which binding affinities and expression levels can be differed (83, 87). In glycan
study, it is promising to harness the great specificity, affinity, and reconstruction
convenience scFv antibodies offered and include them into the molecular toolkit for
cell-surface glycans targeting and imaging. Several different scFv candidates can be
considered, including scFv-BR96 and scFv-Unituxin. BR96 binds specifically to LeY
tetra-saccharide, a carbohydrate antigen was found to be expressed on a range of tumors
including, lung carcinoma, lung adenocarcinoma, ovarian carcinoma, and colorectal
adenocarcinoma (88). Studies has shown that BR96 can inhibit tumor cell growth, and
when bound to adherent cells, is internalized via coated pits to multivesicular bodies,
and finally, degraded in lysosomes (89). Unituxin, or Dinutuximab, is a chimeric
monoclonal antibody targeted against the disialoganglioside GD2 that is highly over-
expressed in neuroblastoma cells (90~92). Neuroblastoma is a cancer that develops from
immature nerve cells found in several areas of the body (91, 93). One key player in the
anti-tumor response of Dinutuximab is NK cells. These cells are capable of killing
antibody-bound NB cells via ADCC (92). Another type of GBPs—Siglec-like binding
regions (SLBRs)—that were firstly discovered in Streptococci, part of human normal
oral microbiota, can be also considered (94). These organisms express serine-rich
adhesins containing Neu5Ac(a2-3)Gal-recognizing SLBRs on their cell surfaces (95).
The same engineering and modification methods can be also applied to these classes of
glycan-binding protein for the purpose of developing cell surface glycan imaging

molecular toolkit.
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II. Methods

1. Glycan-Binding Protein Engineering, Expression, Purification and Modification

eSrtA Expression. pET29-e5M SrtA-His transformed E. coli BL21(DE3) were
cultured in at 37 °C in LB with 100 pg/mL kanamycin until OD600 = 0.5~0.7. For
Induction, IPTG was added to the final concentration of 0.5 mM, cell cultures then
induced for 16hr 25°C shaker. For protease inhibitor, Pierce Protease Inhibitor Tablets
(working concentration: 1 tablet/50ml solution) were used or not used in BugBuster
Master Mix lysis buffer. After induction, cell cultures were then pelleted down with
2000 g for 10 min at 4°C, cell pellets were resuspended by BugBuster Master Mix lysis
buffer with or without Pierce Protease Inhibitor followed by incubation on rotator at
4°C for 30min. Cell lysates were centrifuged with 30000 g for 20 min at 4°C,
supernatant and precipitation were then separated for later analysis. Protein analysis was
performed by SDS-PAGE followed by Western-Blot and Coomassie blue staining.

eSrtA Purification. E. coli BL21(DE3) transformed with pET29-e5M SrtA-His
expression plasmids were cultured at 37 °C in LB with 50 pg/mL kanamycin until
OD600=0.6. IPTG was added to a final concentration of 0.5 mM and protein expression
was induced for 16 hours at 25 °C. The cells were harvested by centrifugation and
resuspended in lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NacCl supplemented with
5 mM MgClI2, 10 mM imidazole and 10% v./v. glycerol). Cells were lysed by sonication
and the clarified supernatant was purified on Ni-NTA agarose following the
manufacturer’s instructions. Fractions from column were collected, as judged by
Bradford assay, and then were consolidated and dialyzed against tris-buffer saline (50
mM Tris-HCI pH7.5, 150 mM NaCl). Non-induced, induced, lysate precipitation, lysate
supernatant, flow through, elutes, and final product were analyzed with Western Blot

and Coomassie blue staining.
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diCBM40-0, 1.1, and 3.0 Construction. One forward primer and one reverse
primer were used for the construction of diCBM40-0:
5’-GCTGCTAGCATGTTATCATCATTAGGTGAGTAC-3’, and
5’-CTGACTCGAGTTTGGTTTCACCGGTTTTGC-3’; one forward primer and two
reverse primers were used for the construction of diCBM40-1.1:
5’- GCTGCTAGCATGTTATCATCATTAGGTGAGTAC-3’,
5’- CGGGAGGGAGCCACCACCTTTGGTTTCACCGGTTTTGC-3’, and
5’- ATTTCTCGAGACCTGTTTCCGGGAGGGAGCCACCACCTT-3’; one forward
primer and two reverse primers were used for the construction of diCBM40-3.0:
5’- GCTGCTAGCATGTTATCATCATTAGGTGAG-3’,
5’- CTCACTCCCATTGAGAGCTTTGGTTTCACCGGTTTTG-3,
5’- CCCACTGCCGGATCCTAACTCACTCCCATTGAGAGCTTT-3’,and
5’-GGACTCGAGACCTGTTTCTGGTAGCCCACTGCCGGATCCTAAC-3’. They
were designed as to include the Nhel/Xhol restriction sites. For these primer design,
they were considered to include the following properties: 1) having G/C content of
40~60%; 2) starting and ending with 1-2 G/C pairs; 3) having melting temperature of
50~60°C; 4) each annealing pair should have a Tm difference within 5°C; 5) primers
should not be having complementary region within their Figure 6. In gel fluorescence
assay of protein conjugation reaction result. sequences: 6) if a restriction site is included
at the 5° end of your primer, a 3-6 base pair "clamp" should be added upstream in order
for the enzyme to cleave efficiently. The PCR products after two-round PCR and
pET21a plasmid vector were digested with restriction enzymes, Nhel and Xhol
(Supporting Figure 2.), and ligated by T4 ligase, the final products were transformed to
E. coli DH5a and stored under -80°C for future usage.

diCBM40 Expression. pET21a-diCBM40-(LPETG) transformed E. coli
BL21(DE3) were cultured in at 37 °C in LB with 100 pg/mL ampicillin until OD600 =
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0.5~0.7. The testing condition include with or without 42°C heat shock for 20min before
adding IPTG; with or without proteases inhibitor in lysis solution; 16°C, 30°C, and 37°C
for induction. For induction, IPTG was added to the final concentration of 0.5 mM, cell
cultures then induced for 20hr in 16°C, 30°C, and 37°C shakers. For protease inhibitor,
Pierce Protease Inhibitor Tablets (working concentration: 1 tablet/50ml solution) were
used or not used in BugBuster Master Mix lysis buffer. After induction, cell cultures
were then pelleted down with 2000 g for 10 min at 4°C, cell pellets were resuspended
by BugBuster Master Mix lysis buffer with or without Pierce Protease Inhibitor
followed by incubation on rotator at 4°C for 30min. Cell lysates were centrifuged with
30000 g for 20 min at 4°C, supernatant and precipitation were then separated for later
analysis. Protein analysis was performed by SDS-PAGE followed by Western-Blot and
Coomassie blue staining.

diCBM40 Purification. E. coli BL21(DE3) transformed with pET2la-
diCBM40-(LPETG) expression plasmids were cultured at 37 °C in LB with 50 pg/mL
kanamycin until OD600 = 0.6. IPTG was added to a final concentration of 0.5 mM and
protein expression was induced for 16 hours at 25 °C. The cells were harvested by
centrifugation and resuspended in lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl
supplemented with 5 mM MgCl2, 10 mM imidazole and 10% v./v. glycerol). Cells were
lysed by sonication and the clarified supernatant was purified on Ni-NTA agarose
following the manufacturer’s instructions. Fractions from column were collected, as
judged by Bradford assay, and then were consolidated and dialyzed against tris-buffer
saline (50 mM Tris-HCI pH7.5, 150 mM NaCl). Non-induced, induced, lysate
precipitation, lysate supernatant, flow through, elutes, and final product were analyzed
with Western Blot and Coomassie blue staining.

scFv Expression. pET28a-scFv-(LPETG) transformed E. coli SHuffle were

cultured in at 30 °C in LB with 50 pg/mL kanamycin until OD600 = ~0.6. The testing
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condition include: 16°C, and 30°C for induction temperature; 0.05mM/0.5mM/1mM for
IPTG concentration; 16hr/48hr for induction time. After induction, cell cultures were
then pelleted down with 2000 g for 10 min at 4°C, cell pellets were resuspended by
BugBuster Master Mix lysis buffer with or without Pierce Protease Inhibitor followed
by incubation on rotator at 4°C for 30min. Cell lysates were centrifuged with 30000 g
for 20 min at 4°C, supernatant and precipitation were then separated Supplementary
Figure 1. Sortase-Mediated Cell Surface Peptide Anchoring Mechanism. Figure 5.
DMSO Tolerance Test of scFv-Unituxin-LPETG (A), SLBR-N-LPETG (B), and scFv-
BR96-LPETG (C) for later analysis. Protein analysis was performed by SDS-PAGE
followed by Western-Blot and Coomassie blue staining.

scFv Purification. E. coli SHuffle transformed with pET28a-scFv-(LPETG)
expression plasmids were cultured at 30 °C in LB with 50 pg/mL kanamycin until
OD600 = 0.6. IPTG was added to a final concentration of 0.05 mM and protein
expression was induced for 48 hours at 16 °C. The cells were harvested by
centrifugation and resuspended in lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl
supplemented with 10 mM imidazole and 10% v./v. glycerol). Cells were lysed by
homogenizer and the clarified supernatant was purified on Ni-NTA agarose following
the manufacturer’s instructions. Fractions from column were collected, as judged by
Bradford assay, and then were consolidated and dialyzed against tris-buffer saline (50
mM Tris-HCI pH7.5, 150 mM NaCl). Non-induced, induced, lysate precipitation, lysate
supernatant, flow through, elutes, and final product were analyzed with Western Blot
and Coomassie blue staining.

Protein Concentration Measurement with Bradford Assay. Pilot test the
protein samples concentration by comparing the color intensities of protein samples
with pre-made BSA500 and dilute the protein sample further into proper concentration

if necessary(within the range of protein standard used to make the assay accurate).
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Setting two parallel testing rows with the standard BSA gradient, add 2ul protein sample
and 100ul 1xBradford Assay Dye to each well, and measure the 595nm absorption with
plate reader. Calculate the protein concentration by fitting the protein sample absorption
to the standard BSA absorption regression line.

eSM SrtA-mediated Protein Conjugation with Oligoglycine Dye. Mix a
solution containing 10-50 uM target protein (diCBM40-LPETG, scFv-LPETG), 20—
150 uM sortase and 1-2 mM oligoglycine probe in 1x sortase buffer (500 mM Tris-HCI
pH 7.5, 1.5 M NaCl supplemented with 100 mM CaCl2). The controls to be included
are as follows: target protein only, sortase only, oligoglycine probe only, target protein
and sortase, target protein and oligoglycine probe, sortase and oligoglycine probe.
Incubate the reactions at RT or at 37 °C. Take 1-ul aliquots after 2, 4, 6, 8 and 16 h. Add
I1x LDS gel-loading buffer to the aliquots to stop the reaction and boil it for 2 min.
Analyze the aliquots by SDS-PAGE followed by Western Blot and Coomassie blue

staining.

2. Mammalian Cell Lines Culture

Mammalian Cell MCF10A and MCF10A GNE KO Culture. Using media of
DMEM/F12 for mammalian cell culture, which contains 5% horse serum (HS), 1x
Penicillin-Streptomycin (PS), 20ng/ml EGF (Epidermal Growth Factor), 0.5ug/ml
hydrocortisone, 100ng/ml Cholera toxin, and 10ug/ml insulin. Thaw the cell stock from
liquid nitrogen tank in 37°C water bath to slushy condition. Resuspend and dilute the
cell with pre-warmed up DMEM/F12 media and transfer the cell culture into 15ml
centrifuge tube, and then pellet down the cell with 1200rpm for 5min. Discard the
supernatant and resuspend the cell with DMEM/F12 media. Then dilute the cell culture
to 1x10* cell/ml, and transfer into tissue flask, and culture the cell in 37°C 5% COz

incubator for 48hr.
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Mammalian Cell SKOV3, SW2, and A549 Culture. Using media of DMEM
for mammalian cell culture, which contains 5% Fetal Bovine Serum (FBS), 1x
Penicillin-Streptomycin (PS). Thaw the cell stock from liquid nitrogen tank in 37°C
water bath to slushy condition. Resuspend and dilute the cell with pre-warmed up
DMEM media and transfer the cell culture into 15ml centrifuge tube, and then pellet
down the cell with 1200rpm for Smin. Discard the supernatant and resuspend the cell
with DMEM media. Then dilute the cell culture to 1x10* cell/ml, and transfer into tissue
flask, and culture the cell in 37°C 5% CO; incubator for 48hr.

Mammalian Cell SH-SYSY Culture. Using media of DMEM/F12 for
mammalian cell culture, which contains 10% Fetal Bovine Serum (FBS), 1x Penicillin-
Streptomycin (PS). Thaw the cell stock from liquid nitrogen tank in 37°C water bath to
slushy condition. Resuspend and dilute the cell with pre-warmed up DMEM media and
transfer the cell culture into 15ml centrifuge tube, and then pellet down the cell with
1200rpm for 5min. Discard the supernatant and resuspend the cell with DMEM/F12
media. Then dilute the cell culture to 1x10° cell/ml, and transfer into tissue flask, and

culture the cell in 37°C 5% CO; incubator for 4~7days.

3. Cell-Surface Antigens Binding Assay

Glycan ELISA. Prepare 4ug/ml BSA and GD2-BSA with PBS. 1/4 of the plate
will be just (50ul/well, 4ug/ml)BSA, 1/4 will be (50ul/well, 4ug/ml) GD2-BSA, 1/2 of
the plate will be blanked with PBS. Coat the plate, make sure the surface is completely
covered, incubate the plate with lid in 4°C overnight. Making blocking solution: 5%
w./v. milk in PBS, collect the cell plate from 4°C fridge, discard the blocking solution
into sink by flicking and taping on the paper towel. Wash the plate well 1~3 times with
100ul PBS, for each wash tapping the plate followed by flicking and taping on paper

towel. Add pre-made 200ul blocking solution to the plate, blocking incubate the plate
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with lid in 4°C overnight or room temperature shacking for 2 hours. Making 4uM scFv-
Unituxin solution in 2.5% w./v. milk in PBST, add 150ul to each well in the row A;
adding 120ul 2.5% w./v. milk in PBST to all the rest of wells (row B to row H); take
40ul solution in the previous row to the next row for a 1:4 serial dilution. Collect the
cell plate from 4°C fridge or the shaker, discard the blocking protein solution into sink
by flicking and taping on the paper towel; Wash the plate well 1 time with 150ul PBST,
tapping the plate followed by flicking and taping on paper towels. Add 100ul binding
protein from the no-binding plate into the corresponding wells of the binding plate;
incubate the plate with lid in room temperature shacking for 1 hour. Secondary antibody
solution making: 10ml 0.2 ug/ml (1/5000) aHis-HRP(ab1187) with 2.5% milk/PBST
solution. Discard the binding protein solution into sink by flicking and taping on the
paper towel. Wash the plate well 3 times with 150ul PBST, for each wash shaking
tapping the plate followed by flicking and taping on paper towels. Add 100ul secondary
antibody solution to His-tagged protein well(Unituxin), shaking incubate at room
temperature on plate shaker for 1hr. Discard the secondary antibody solution into sink
by flicking and taping on the paper towel. Wash the plate well 4 times with 150ul PBST,
for each wash tapping the plate followed by flicking and taping on paper towels. Add
100ul HRP substrate—TMB into each well (prepare 10ml in reservoir). Waite until the
color changing stops (can store the plate in a dark room while waiting), then add 100ul
2M H2SOq into each well to stop the reaction; if color changes within Smin wait for
maximum additional 10min, if not, waiting time should not exceed 30 min. Send to the
plate reader for 450nm absorption measurement.

Cell Surface ELISA Assay. Cell in culture flask collected from 37°C 5%CO;
incubator, check cell health via observing the cell morphology by optical microscope.
Discard the old DMEM media and wash the cell culture with 1x PBS to wash out old

DMEM. Detaching the cell from the flask by adding 0.05% trypsin and incubate for
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15min in 37°C 5%CQO:> incubator, check the detachment by optical microscope. Add
new DMEM to the culture flask to stop the trypsin digestion and transfer into centrifuge
tube to pellet down the cell with 1200rpm for 5Smin. Discard the supernatant and
resuspend the cell with DMEM. Using hemacytometer and 10ul cell culture for cell
number counting and dilute the cell culture to 5x10"4 cell/ml, add 100ul to each well in
96-well culture plate, culture the cell in 37°C 5% CQO?2 incubator for 24hr, after which
discard the old DMEM:F12 media and add 100ul new media with 1ug/ml doxycycline
for protein induction. Incubate the plate in 37°C, 5%CO2 incubator for another 24hr.
For fixing and blocking the plate, discard the old DMEM with multichannel and wash
each well with 150ul 1x PBS. Add 100ul fixation solution (4% (g/ml) PFA in 1xPBS)
to each well, incubate at room temperature for 15min. Discard the fixation solution with
multichannel and wash each well with 150ul PBS for 3 times. Add 150ul blocking
solution (5% (g/ml) milk powder in 1xPBST) to each well, and seal the plate with
sealing tape, followed by blocking at 4°C overnight. After blocking, wash the plate well
3 times with 150ul PBST, and then add 100ul binding protein solution to each well in
2.5% w./v. milk in PBST, shaking incubate at room temperature on plate shaker for
1.5hr. Discard the binding protein solution and wash the plate well 3 times with 150ul
PBST. Add 100ul secondary antibody solution (0.2 ug/ml (1/5000) aHis-HRP(ab1187);
1 ug/ml (1/2000) Avidin-HRP(Sigma E2886)) to each well, shaking incubate at room
temperature on plate shaker for 1.5hr. Discard the secondary antibody solution and wash
the plate well 3 times with 150ul PBST, and add 100ul HRP substrate—
tetramethylbenzidine (TMB) into each well. Waite until the color changing stops (store
the plate in a dark room while waiting), then add 100ul 2M H2SO4 into each well to
stop the reaction. Lastly, send the plate to the plate reader for 450nm absorption

measurement.
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Fluorescence-activated cell sorting (FACS). Harvest the cell from culture step
and adjust cell number to a concentration of 1x1076 cell/ml in 1ml ice cold pre-made
FACS buffer (0.1% BSA in PBS (W./V.)), and aliquot the cell into the Eppendorf tubes
(250ul each). Add 0.1~10 ug/ml of primary antibody (scFv735; scFv-Unituxin) into
corresponding tubes; dilution, if necessary, should be made in FACS buffer. Rotating
incubate the cell samples for 1hr at 4°C, or room temperature for 30min. Wash the cells
2~3 times by centrifugation at 1500 rpm for 5 minutes and resuspend them 1ml of ice
cold FACS buffer. Add conjugated secondary antibody(anti-His FITC, ab1206, Abcam;
anti-Mouse AF488, A-11013, Thermo Fisher) lug to every 100ul cell sample (2.5ug per
250ul cell sample), resuspend the solution and rotating incubate the cell for 30min at
4°C in the dark, or room temperature for 30min in the dark (wrapped with aluminum
foil). Wash the cells 2~3 times by centrifugation at 1500 rpm for 5 minutes and
resuspend them in 1ml of ice cold FACS buffer. Keep the cells in the dark on ice or at
4°C in a fridge until the scheduled time for FACS analysis. Data analysis was performed

with FlowJo and FCS Express 7 Research.

4. Cell Imaging

Dilute the cell culture (MCF10A) to 1x1074 cell/ml, add 2ml to glass-bottom
35mm dishes for each cell line, and culture the cell in 37°C 5% CO; incubator for 48hr.
Wash the dishes with 1ml 0.5%BSA PBS buffer 3 times, add 100ul the labeling protein
solution into the glass center well and incubate the cell in dark ice-bath for 1hr. Wash
the dishes with 1ml 0.5%BSA PBS buffer 3 times, add 1ml fresh 0.5% BSA PBS buffer
to dishes and send them to imagining room; using 488(fluorophore) and 457(DAPI)

channel for signal detecting.
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III. Results and Discussions

1. Glycan-Binding Protein Engineering and Modification

We designed 4 different constructs for diCBM40 (Figure 6.), among which
construct 1.1 and 3.0 will be at the most suitable for eSrtA-mediated protein
conjugation. Compared the construct 0, constructs of 1.1, 2.0, and 3.0 contain a LPETG
motif that can be recognized by sortase, and according to the transpeptidation
mechanism the C-terminus His tag will be cleaved off upon completion of the reaction
(73), which further facilitates the separation of protein conjugates and unreacted

proteins. We then successfully expressed and purified the construct 0, 1.1, and 3.0 in E.

...ALNGSELGSGSG...

diCBM40 Native Linker ~LPETG m—

...GGGS...

Construct 2.0: 4@ diCBM40 Linker LPETG E—

...GGGS...

Construct 0:  ——— diCBM40 M—

Figure 6. Systematic Design of diCBM40 Construct. Different positioning of His
tags and LPETG tags are shown, the linker sequences are designed to be at least
interfering the structural integrity.

Construct 3.0:

Construct 1.1:

Coli strain BL21(DE3) (Figure 7.). Construct diCBM40-0, 1.1, and 3.0 have molecular
weight of 45.4kDa, 46.1kDa, and 46.9kDa, respectively, and the band shifting patterns
in figure 2 can roughly demonstrate these size difference. Upon Ni-NTA resin
purification, the unrelated protein was significantly reduced. Using BCA protein assay,
the concentration of these constructs was measured. We then used the purified construct
0, 1.1, and 3.0 as the target protein in eSrtA-mediated protein conjugation reaction, in
which we used AZDye647-GGG (Click Chemistry Tool) for probing the conjugated

protein. After overnight conjugation reaction, diCBM40-1.1 and diCBM40-3.0 were
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Figure 7. Expression Results of diCBM40-0, 1.1, and 3.0. Band shifting patterns are correlated with the
sizes of different constructs. Western blot is shown on the left, Coomassie blue staining on the right.

successfully labeled with oligoglycine dye as expected (Figure 8. Lane #6 & #12). The
construct that without LPETG tag, diCBM40-0, was not labeled with fluorophore
(Figure 8. Lane #1). While the unlabeled or reacted diCBM40-0 showed up in elution
fraction of the reaction on anti-His Western-Blot gel and Coomassie Blue Staining
gel(Figure 8. Lane #2). Sample lane F.T.#2 (Lane #6) and F.T.#3 (Lane #12)
demonstrated a very strong labeling efficiency in in-gel fluorescence, and, in this figure,
no significant conjugation efficiency difference was observed between construct 1.1 and
3.0 where LPETG motifs were distanced differently from the binding region of
diCBM40. Interestingly, when the triglycine dye was absent in the diCBM40-1.1 and
diCBM40-3.0 reacting systems, the His tags originally engineered after the LPETG tags
disappeared resulting in proteins being washed out in flow-through fractions as well,
which are detectable on Coomassie Blue Staining gel, but not on anti-His Western Blot

nor with in-gel fluorescence (Figure 8. Lane #8 & #14). Among all the diCBM40
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constructs we engineered, construct 1.1 and 3.0 will be at the most suitable for eSrtA-
mediated protein conjugation and the following cell surface glycan imaging. But before

moving on to cell imaging we need to verify the binding ability and efficiency of these

protein constructs.

# 1 2 3 4 5 6 7 8 9 10 1" 12 13 14 15
Sample| FT E. FT. E. P. FT. E. FT. E. L P. FT. E. FT. E.
diCBM40 S5uM 5uM 5uM 5uM 200ng 5uM 5uM 5uM 5uM \ 200ng 5uM 5uM 5uM  5uM
(V] ) 0) 0) (1) (@) @) (1) (1) (30 (B0 (30 (300 (3.0
eSrtA) 5uM  5uM  5uM  5uM \ 5uM 5uM 5uM  5uM \ \ 5uM  5uM 5uM  5uM
AZDye647GGG 300uM 300uM  \ \ \  300uM 300uM \ \ \ \  300uM 300uM \ \

In Gel Fluorescence

#12 #13 #14 #15

#2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #1 #2 #3 #a #5 #6 #7 #8 #9 #10 #11

#1
- ‘
' —50 kD

—50 kD .
m o -
- —37 kD

—37kD

—25kD

Coomassie Blue
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Figure 8. In gel fluorescence, anti-His western blot, and Coomassie blue staining assays of protein
conjugation reaction result. Lane 1~4 are showing results with construct 0, the one without LPETG tag;
lane 5~9 are showing construct 1.1 that with LPETG tag and a shorter linker sequence; lane 11~15 are
showing construct 3 with LPETG tag and a longer linker sequence. F.T.: Flow Through, E.: Elution, P:

Unreacted scFv-Unituxin-LPETG, L.: Ladder.
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Figure 9. scFv-Unituxin-LPETG Protein Conjugation Results under the reaction condition of room
temperature for 16 hours (A) and 4°C for 24 hours (B). F.T.: Flow Through, E.: Elution, P: Unreacted

scFv-Unituxin-LPETG, L.: Ladder. ¥¢: Conjugated scFv-Unituxin-LPETG with dye, ©: Reacted scFv-
Unituxin-LPETG without dye, °: scFv-Unituxin-LPETG(~25.9 kD), %*: eSrtA (~17 kD).
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Figure 10. scFv-Unituxin-LPETG (A), and SLBR-N-LPETG (B) Protein Conjugation Results under the
reaction condition of 4°C for 24 hours with lower dye concentration (25uM, 1:5) and room temperature
for 4 hours with the same dye concentration (300uM, 1:60). F.T.: Flow Through, E.: Elution, P: Unreacted
scFv-Unituxin-LPETG/SLBR-N-LPETG Construct, L.: Ladder. ¢ : Conjugated scFv-Unituxin-
LPETG/SLBR-N-LPETG with dye, ©: Reacted scFv-Unituxin-LPETG/SLBR-N-LPETG without dye,
°: scFv-Unituxin-LPETG(~25.9 kD)/SLBR-N-LPETG(~28.2 kD), %: eSrtA (~17 kD).

With the LPETG tag engineered to their N-termini, scFvs or SLBRs can be
similarly recognized and conjugated with an oligoglycine dye by evolved sortase A.
Using conventional protein analytic techniques—Coomassie blue staining, Western
Blot, and in-gel fluorescence, we also can evaluate this protein conjugation efficiency.
Firstly, we tested two protein conjugation conditions for scFv-Unituxin-LPETG, room
temperature for 16 hours and 4°C for 24 hours, both with 1:60 protein to dye ratio. As
the results indicated (Figure 9.), this reaction is more efficient under the lower
temperature. While under room temperature, although we can detect some fluorescence

signal from in-gel fluorescence, the protein retrieved from the reaction system is in low
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quantity as suggested in Coomassie blue staining pattern (Figure 9. A). This could be
stemmed from the low stability of scFv protein in room temperature for a relatively long
time. We then applied this seemingly preferred reaction condition—4°C for 24 hours—
to other proteins, scFv-BR96, SLBR-N, and SLBR-B. Unfortunately, there is no clear
evidence of conjugation reaction happening for them. Interestingly, even though no
fluorescence signal detected from both SLBR constructs, clear flow-through bands
showed up on Coomassie blue staining gel in the lane of reaction samples that are in
absence of oligoglycine dye. This provided a clue that these SLBR proteins might not
be stable in the environment with concentrated dye. To test this hypothesis, we lower
the dye concentration for SLBR-N-LPETG conjugation reaction. Alternatively, we
tested the reaction efficiency under the room temperature for shorter time, scFv-
Unituxin-LPETG was also set up in these conditions as a positive control. As shown in
Figure 10., scFv-Unituxin-LPETG worked in both low-dye-concentration and shorter-
time conditions, although an inefficient conjugation took place in low-dye concentration
condition as two flow-through bands showed up on Coomassie blue staining gel in the
lane of reaction sample containing oligoglycine dye and some unreacted protein showed
up in elution lanes (Figure 10. A). On the other hand, there is still no fluorescent band
detected in SLBR-N-LPETG reaction systems (Figure 10 B.), we thus believed that this
commercial dye, AZDye-647-Gly-Gly-Gly, is not tolerable for SLBR proteins, since
SLBR-N-LPETG has shown to be stable in 3% DMSO solution where this dye is
dissolved. As for scFv-BR96-LPETG protein, we deducted that the major reason for it
not being conjugated was attributed to low protein quality, since the target scFv-BR96
bands are faint in all gel images. Accordingly, we will move scFv-Unituxin-LPTEG
forward to glycan target binding and cell labeling tests and expecting effective outcome,
predicated by its great conjugation efficiency and DMSO tolerance. We also tried to use

a different fluorophore, AZDye-488-Gly-Gly-Gly, and a adjust reaction recipe for scFv-
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Unituxin. We intentionally increased the concentration of the protein, eSrtA, and
fluorophore, as well as a lower protein-to-dye ratio to save material. The labeled protein
is showing in Coomassie Blue Staining Gel and In-gel Fluorescence Gel with ideal
molecular weight and fluorescence-emission(Figure 11. #1), sortase is recovered from
column elution fraction and is showing in Coomassie Blue Staining Gel and aHis
Western Blot(Figure 11. #2 & #4). The His-tag cleaved but no fluorophore labeled scFv-
Unituxin is missing in the gel images(Figure 11. #3), which could be resulted from low

gel loading quantities.

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
scFv-Unit(mr; 125 125125 125 (2ug) 125 125125 125 (2ug) 125 125125 125 (2ug)
eSrtA (uM) | 125 125125 125 \ 125 125125 125 \ 125 125125 125 \

Oligoglycine-
AZDye488 | 500 500 \ \ \ 500 500 \ \ \ 500 500 \ \ \
(M)
; 200 200 40 40 \ 200 200 40 40 \
Reaction | 54y 200 40 40  \
Volume (pl)

Fracton| FT. E. ET E FT. E FT E FT. E. FT E  \

—35 kDa
<
‘. —25 kDa
*

—17 kDa

In-gel Fluores¢ence aHis Western Blot

Figure 11 . Reaction Recipe and Product Gel Images for Sortase Reaction. 1:1:40 or 1:1:0 Protein to
enzyme to dye ratio was used in the reactions, and the reactions was conducted under room temperature,
in dark tube, for around 16 hours with rotation. Reaction product fractions were separated with Ni-NTA
resin column, #1 and #3 are from column flow-through and #2 and #4 are from column elution. F.T.:
Flow Through, E.: Elution. V¥: Fluorophore-Conjugated Protein (showing in Coomassie Blue Staining
Gel and In-gel Fluorescence Gel); %: Sortase (showing in Coomassie Blue Staining Gel and aHis Western
Blot); ¢ : Starting Protein (showing in Coomassie Blue Staining Gel and aHis Western Blot); ?: His-tag
cleaved protein is missing in the Coomassie blue staining gel.
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2. Cell-Surface Antigens Binding Assay

Cell surface ELISA assay was chosen for primary binding assay and human
breast epithelial cell line (MCF10A dct moxGFP-MUCI and MCF10A dct moxGFP-
MUCI1 GNE KO, engineered by Paszek Lab) was chosen as our model organism. GNE
gene encodes the  bifunctional = UDP-N-acetylglucosamine-2-epimerase/N-
acetylmannosamine kinase (GNE/MNK), the key enzyme of sialic acid biosynthesis
(96). By knocking out this gene, the silica acid biosynthetic pathway will be impaired.
As a result, in MCF10A GNE KO cell line, no cell surface glycans with terminal N-
acetylneuraminic acids will be found. From ELISA assay, we have demonstrated that
diCBM40 binding to cell surface NeuSAc or a(2,3)-sialyl-lactose is concentration
dependent and three constructs we used have similar binding efficiency with construct
3.0 being slightly higher than other two (Figure 12.). We have also showed that when
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Figure 12. Cell Surface ELISA Assay for diCBM40-0, 1.1, & 3.0 with MCF10A (A) and MCF10A GNE
KO (B) Cell Lines. (ns=not significant, P values>0.05; *, P values=0.05; **, P values=0.01; *** P
values=0.001; **** P values=0.0001)
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cell surface lacking Neu5Ac, the binding efficiency of diCBM40 will be significantly
decreased (Figure 13.). When comparing to wheat germ agglutinin (WGA), although
the binding signals for diCBM40s are clearly higher, we have to be cautious of saying
that diCBM40 is a better glycan binding protein than WGA is, since the interaction
bases for ELISA assay of them were different. However, based on the P-values those
proteins’ binding efficiency to GNE (+/-), it is safe to say that diCBM40 is better in

differentiating cell surface glycans with terminal NeuSAc.
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Figure 13. Cell Surface ELISA Assay for diCBM40-1.1 (A), along with biotinylated wheat germ
agglutinin (WGA-Biotin) (B) with MCF10A and MCF10A GNE KO Cell Lines. (ns=not significant, P
values>0.05; *, P values=0.05; **, P values=0.01; *** P values=0.001; **** P values=0.0001)

We then changed the binding test method to FACS. In this test, one

commercialized mouse anti-GD2 full-length IgG (14.G2a) (BD Biosciences®)
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Sample Name Subset Name | Count
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Figure 14. Fluorophore-Activated Cell Sorting (FACS) Analysis of SH-SY5Y Cell Surface Tumor-
Associated Antigen Binding Tests. (A) SH-SY5Y ploy-sialic acids binding test with scFv735, aHis-FITC
was used as secondary antibody; (B) SH-SY5Y GD2 binding test with commercialized 14G2a, aMouse-
488 was used as secondary antibody. The gating strategies were shown on the left, respectively. 51.8% of
scFv735 labeled cell population and 47.9% of 14G2a labeled cell population were selected for fluorophore
emission detection.

(97~103) was used. Antibody clone 14.G2a is an isotope switch variant (IgG2a) of

antibody Ch14.18 which is produced by [gG3-producing hybridoma that specially react
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with human and mouse GD2 (104). The first cell model used in this test is SH-SYS5Y
with the presence of GD2 being reported (102~103). As shown in Figure 14, scFv735
was firstly used targeting for poly-sialic acid (Figure 14. (A)), one of the pre-established
SH-SYSY tumor-associated surface antigens. The reason for including this antigen
binding test is to verify the authenticity of our cell line, as well as to test the validity of
our flow cytometry cell binding protocol. Through the gating strategy shown in the

figure, 99.9% of the cell culture demonstrated clean poly-sialic acid positive binding.
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Sample Name Sample Name
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Figure 15 . Fluorophore-Activated Cell Sorting (FACS) Analysis of SH-SYSY Cell Surface Tumor-
Associated Antigen Binding Tests. (A) SH-SYS5Y labeled with engineered scFv-Unituxin as primary
antibody and anti-His tag FITC as secondary antibody, labeled cells are highlighted in the pink region
with 81% of total count; (B) SH-SYSY labeled with commercially acquired anti-GD2, 14G2a, as primary
antibody and anti-mouse AF488 as secondary antibody, labeled cells are highlighted in the pink region
with 83.6% of total count; (C) scFv-Unituxin labeled and 14G2a labeled SH-SYSY cells in the same
histogram for direct comparison.

The commercial anti-GD2 full-length IgG was then used in following (Figure

14. (B)). In the figure, we observed an inconsistency in cell labeling, or, in other words,
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different cells have shown different GD2 positive signal intensities, compared to poly-
sialic acid binding test. This phenomenon may have to do with the general accessibility
of GD2 molecules as they are relatively short in height in comparison to other
glycoproteins. When replicating our first result (Figure 15.), we also include the in-
house engineered scFv-Unituxin (Figure 15. (B)). The results have shown a similar
labeling pattern in 14G2a binding test and scFv-Unituxin binding test. This proved that
our engineered protein obtains a comparable binding ability to the commercialized one.
We then tested the binding ability of our in-house engineered scFv-Unituxin-LPETG
(Figure 15. (A)). The commercial anti-GD2 full-length IgG was used in following for
parallel compare (Figure 15. (B)). In the figure, both antibodies are shown being able to
label the GD2 in SH-SYSY cell surface, and we observed an inconsistency in cell
labeling, or, in other words, different cells have shown different GD2 positive signal
intensities, compared to previous poly-sialic acid binding test. This phenomenon may
have to do with the general accessibility of GD2 molecules as they are relatively short
in height in comparison to other glycoproteins. When comparing these two antibodies
directly, we can see a better labeling ability for commercial antibody 14G2, and a greater
consistency for engineered scFv-Unituxin, as the average signal intensity is higher in
14G2a and the range of signal intensity is narrower in scFv-Unituxin (Figure 15. (C)).
This leads to the conclusion that 14G2a has a higher GD2 affinity and scFv-Unituxin
has a better sensitivity for cell surface GD2. In general, despite the differences, these
results have shown a similar labeling pattern in 14G2a binding test and scFv-Unituxin
binding test. This proved that our engineered protein obtains a comparable binding

ability to the commercialized one.
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3. Cell Imaging

We scaled-up the labeling previously engineered diCBM40-1.1(LPTEG-tagged
with short linker) with oligoglycine-AZDye647 (Compound 1, Click Chemistry Tools)
through evolved sortase A-mediate transpeptidation, the LPETG motif can be
recognized by sortase, and according to mechanism the C-terminus His tag will be

cleaved out upon completion of the reaction (38), which further facilitates the separation

# 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Sample ET# E# FT#2 E#2 P11 L FT.#1 E#1 FTL#2 E# P11 L FT.#1 E#1 FT# E# P11 L
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Figure 16 . Coomassie blue staining, in gel fluorescence, and western blot analysis of diCBM40-LPETG
fluorophore labeling result. Reaction sample #1 was sortase-mediated conjugation of diCBM40-LPETG
with oligoglycine dye, #2 was without dye. Since the His tag on conjugated protein will be cleaved out,
the target product will be coming through the nickel resin which will be collected and noted as flow
through. The elution fraction was also collected and analysis, so reaction efficiency can be evaluated.
F.T.: Flow Through, E.: Elution, P-1.1.: Unreacted diCBM40-1.1 Construct, L.: Ladder. ¥: Conjugated

diCBM40-1.1 with dye, ©: Reacted diCBM40-1.1 without dye, °: diCBM40-1.1 (~45.1 kD), % eSrtA
(~17 kD).

of protein conjugates and unreacted proteins. After overnight labeling, the reaction
product was analyzed with Coomassie blue staining, in gel fluorescence, and western
blot (Figure 16.). Similar to previous result, the conjugation efficiency was proven to be
strong. Lane 1 and 3 were loaded with Ni-NTA resin flow through of the reaction

mixture with and without oligoglycine dye respectively, where the target fluorophore-
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labeled diCBM40s were expected to be, while land 2 and 4 were loaded with Ni-NTA
resin elution, which were collected to evaluate the conjugation efficiency. Comparing
the flow through and elution fraction of the mixture, it is clear that almost all of the
diCBM40-LPETG were labeled with fluorophore in reaction sample #1 (Figure 16.,
Lane #1 & #2)and that the His tag was cleaved even in absence of oligoglycine dye in
reaction sample #2 (Figure 16., Lane #3 & #4). According to cell surface ELISA result,

diCBM40 should be exhibiting a great glycan binding affinity and specificity.

MCF10A dct moxGFP-MUCI1 (1E7) GNE KO MCF10A dct moxGFP-MUCI (1E7)

Merged Merged

20nM WGA-Biotin-
Streptavidn-

Channel with Higher
Energy (750V, 0.5%)

10pm

*All other channels were in the same energy level (650V, 0.3%)

Figure 17 . Live cell imaging. MCF10A and MCF10A GNE KO cells were seeded on 35mm glass-bottom
dishes with 1x104 cell/ml density;6 samples of cells were labeled with different concentrations of
diCBM40-AF647 with 1x Hoechst Buffer in 0.5% BSA PBS Buffer for lhr in dark room; 2 samples of
cells were firstly labeled with Biotinylated Wheat Germ Agglutinin (WGA-Biotin) for lhr in dark room,
then labeled with Streptavidin-AF647 with 1x Hoechst Buffer in 0.5% BSA PBS Buffer for 1hr in dark
room.
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Live cell imaging was performed with two same cell lines as in ELISA,
MCFI10A dct moxGFP-MUCI1 (1E7) and MCF10A dct moxGFP-MUCI (1E7) GNE
KO. The GNE KO cells were considered as negative control, as no terminal N-
acetylneuraminic acid is present on cell surface glycan. As shown in figure 8, diCBM40
protein was able to label the cell surface glycan with terminal N-acetylneuraminic acid,
the one on MCF10A cell, in a concentration-dependent manner (Figure 17.). As the
increase of diCBM40-AF647 concentration, 647nm channel signals on MCF10A dct
moxGFP-MUCI (1E7) cells were getting stronger, whereas no strong enough signal can
be detected from MCF10A dct moxGFP-MUCI1 (1E7) GNE KO cells under the same
condition. In comparison to wheat germ agglutinin (WGA), another glycan binding
protein that binds to N-acetyl- D-glucosamine and Sialic acid, diCBM40 demonstrated
a better specificity in differentiating glycan with terminal N-acetylneuraminic acid
(Figure 17.). These results can be verified correspondingly with the ELISA results
(Figure 13.).

52



IV. Conclusions and Future Perspectives

1. Conclusions of Developing a Glycan-Binding Molecular Toolkit

Here in Table 2 and Table 3 the sortase-mediated modification performances of
engineered glycan-binding proteins and the tested mammalian cell lines are
summarized, respectively. In conclusion, we have successfully engineered, modified,
performed cell surface glycan binding assay, and cell surface glycan imaging for a(2,3)-
sialyl-lactose binding diCBM40, polysialic acid binding scFv735, and GD2 binding
scFv-Unituxin. They are proven to be validate glycan-study proxies that tolerate certain
degree of modification to achieve glycan structural affinity and specificity in the
GlycoExM technique. In terms of mammalian cell lines, human lung cancer epithelial
cell line A549, human small cell lung cancer epithelial cell line SW2, human ovarian
adenocarcinoma epithelial cell SKOV3, human bone neuroblastoma epithelial cell line
SH-SYS5Y, and human fibrocystic breast epithelial cell line MCF10A were individually
cultured and tested on their expression of glycans of interest. Specifically, MCF10A
will be ideal for a(2,3)-sialyl-lactose imaging, SH-SYS5Y will be ideal for polysialic
acids and GD2 imaging. These two cell lines will be used in expansion microscopy

experiments.

2. Limitations of Conventional Glycan Imaging

Using this imaging molecular toolkit mentioned above, we are now able to
identify specific glycan structures in healthy cells or cells in their disease states.
However, revealing the nanoscale information of cell surface glycans, including their
intermolecular association and interaction, cannot be achieved by simply lighting up the
cells, which has already been accomplished by simpler conventional glycan imaging
technologies (53, 54, 56~60). The field of submolecular study of cell surface glycans is

still lagging largely owning to the limitations of in-cell imaging techniques. To be able
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to have an in-depth understanding of the constitutions, associations, and interactions of
cell surface glycans, we have to address the resolution limitation of conventional
imaging techniques that prevents us to obtain cleaner and clearer images of those
overcrowded glycocalyx. One of the major impediments for high resolution imaging is
the diffraction-limited resolution (105) which is rooted from the comparable distances
between the fluorophores or light-emitting units to visible light wavelengths, and the

light diffractions in such cases will pose a barrier on the image resolutions.

3. Super-Resolution Microscopy and Its Potential in Glycan Imaging

To overcome this diffraction-limited resolution problem, almost 20 years ago,
Xiaowei Zhuang’s lab and Eric Betzig’s lab independently, and almost simultaneously,
developed technologies called stochastic optical reconstruction microscopy (STORM)
(106) and photoactivated localization microscopy (PALM) (107), respectively. These
two technologies shared a very similar principle in which the fluorophore labeled
samples will undergo multiple rounds of imaging, and in each round only a subset of
fluorophores will be stochastically activated and turned on. The fluorophores within this
small set are going to be spatially distant and hence distinguishable from each other.
They will then be recorded and localized before being photobleached or turned off. By
repeating this procedure many times, an intact and high-resolution picture can be
generated (106, 107). As revolutionary as STORM and PALM are, they impose a certain
degree of complexity to the imaging procedure and the data analysis process. As a result,
10 years later, a new technique, expansion microscopy(108), was born in Edward
Boyden’s lab. They came up with a simple idea to achieve high resolution by expanding
the imaging sample, or physically increase the distance between the light-emitting units.
In doing so, diffraction problem can also be resolved. When firstly developed,

expansion microscopy used a so-called DNA method (108), where the antibodies were
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fused with a short sequence of DNA fragment and the fluorophore along with gel-
crosslinking functional group were conjugated to another DNA fragment with the
complementary sequence. After the treatment of these two elements, cell samples will
be fixed and crosslinked to hydrogel, and through the gel swelling, the cell sample will
also be stretched out (108). This method was then replaced by a simpler MA-NHS/GA
method in which the fluorophore and the crosslinking group were directly conjugated
to antibodies (109). In recent years, expansion microscopy has been further developed
and used in many imaging applications. Xing Chen’s group combined the expansion
microscopy with metabolic labeling and bioorthogonal chemistry for lipids, glycans,
DNA, RNA, and small molecules high-resolution imaging (110). Johan Hofkens’s
group proposed the idea of using synthetic trifunctional linker to accomplish one-step
expansion microscopy for lipid membrane and cytoskeleton labeling (111). Last year,
Jeremy Baskin’s lab developed Lipid Expansion Microscopy (LExM) to overcome the
permeability and native membrane disruption issues in the traditional ExM technologies
by utilizing metabolic labeling with unnatural lipid head groups and trifunctional linkers
(112). This method can well preserve the integrity of lipid membrane to obtain lipid
images with not only high resolution but also high fidelity (112). In addition to
biomolecule imaging, expansion microscopy has also been successfully used in

unveiling detailed brain tissue structures (113).

4. Future Work in Glycan Imaging with Expansion Microscopy (GlycoExM)
Inspired by these developments in expansion microscopy, we proposed to apply
similar concepts to the study of cancer cell surface glycans. We designed a synthetic
trifunctional linker to conjugate the aforementioned glycan-binding proteins with
hydrogel crosslinking groups and fluorophores through the same sortase-mediated

modification. Specifically, the trifunctional linker molecule will contain one triglycine

55



peptide sequence, one azido bioorthogonal handle, and one fluorophore. With several
promising glycan-binding proteins in hand, we will focus on using them to achieve high-

resolution GlycoExM with the same mammalian cell lines used before in the near future.

Table 2. Glycan-Binding Protein Sortase-Mediated Modification Performances.

diCBM40 scFv735 scFv-Unituxin scFv-BR96 SLBR-N SLBR-B

R.T. 16hr

60x AZDye-647-GGG R.T. 4hr
4°C 24hr

5x AZDye-647-GGG  4°C 24hr
60x AZDye-488-GGG ~ R.T. 16hr
R.T. 4hr

Dye-free Buffer

4°C 24hr

R.T. 4hr

3% DMSO
4°C 24hr

Table 3. Selected Mammalian Cell Lines for Cell Surface Glycan Binding and Imaging.

Cell Line A549 SW2 SKOV3 SH-SYSY MCF10A
Human LELTh H
Y Small Cell Human Ovarian Human Bone uman
Lung . Fibrocystic
Cell Type Lung Adenocarcinoma, Neuroblastoma,
Cancer, o o Breast Cell,
Epithelial ancer, Epithelial Epithelial lejitaslial
p Epithelial
GD2;
GD3; GD2;
Glycan of | LewisY; LewisY; LewisY; Mucl-Tn; Polysialic Acid;  a(2,3)-sialyl-
Interest Mucl-Tn;  Polysialic GD2 GD2 lactose
Polysialic Acid
Acid
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