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Engineering protein tools to understand changes in cell surface proteolysis and viral
protein-protein interactions

Irene Lui

Abstract
Cell surface proteolysis plays a crucial role in regulating various biological and cellular
processes, including but not limited to cell signaling, protein maturation, and extracellular matrix
remodeling. Dysregulation of these proteolytic events is often a hallmark of numerous diseases.
Understanding these changes in proteolysis may present opportunities for therapeutic intervention
as neo-epitopes are created that may be preferentially displayed in diseased states. Additionally, it
is important to understand the mechanism of action for protein-protein interactions in disease,
particularly in the case of viral infection, as these interactions may be therapeutic targets for
disruption. The following work describes the development of novel protein tools to understand
how cell surface proteolysis changes when various oncogenes are overexpressed in breast cancer
and how SARS-CoV-2 Spike protein interacts with the human ACE2 receptor. In Chapter 1, I
describe the work done to develop a method utilizing subtiligase to study changes to the proteolytic
landscape of MCF10A cells under the influence of KRAS G12V and Her2 overexpression. Chapter
2 describes the work done to study changes in cell surface proteolysis and protein secretion in
pancreatic ductal adenocarcinoma under hypoxic conditions. In Chapter 3, I describe the develop

of various protein-Fc fusions to study the protein-protein interactions of Spike protein and ACE2.
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Chapter 1
Direct identification of proteolytic cleavages on living cells using a glycan-tethered

peptide ligase



Abstract

Proteolysis is a critical and irreversible post-translational modification that is prominent in
the extracellular milieu. These cleavage events trigger processes such as cell-cell interactions,
receptor activation, and shedding of proteins for paracrine and autocrine signaling. Dysregulated
cell-surface proteases are common among malignant cell phenotypes including most cancers.
Nonetheless, extracellular proteolysis remains poorly understood due in large part to our inability
to identify precise proteolytic events in a broad and unbiased manner. To capture proteolytic
modifications on the surface of living cells, we have developed a proteomics approach in which
an engineered peptide ligase is tethered to native surface glycans, and then used to selectively label
N-terminal amines with a biotinylated peptide ester containing a mass tag. We demonstrate the
broad utility of this approach by identifying a total of 1532 neo-N-termini across a panel of six
different cell types, including primary immune cells. The vast majority of these peptides were not
observed in a public knowledgebase of protein N-termini, highlighting the unchartered nature of
cell surface proteolysis. We further use this technology to uncover how single oncogenes,
KRAS(G12V) and HER?2, induce autologous proteolytic remodeling of the cell surface proteome.
Precise cleavage sites in proteins implicated in cancerous cell growth, invasion, and migration are
observed, revealing neo-epitopes that can serve as potential new targets for immunotherapeutic
approaches. Overall, this work provides a generalizable proteomic platform for understanding how

proteases tailor the extracellular proteome.

Introduction
The cell surface proteome comprises approximately 3,000 proteins and is functionally
critical for cellular fate and response to environmental stimuli®. Whereas intracellular proteins may

be functionally altered by hundreds of different post-translational modifications (PTMs)?, protein



modifications in the extracellular space are far more limited. Proteolysis is distinctly prominent
among cell surface PTMs, and a repertoire of membrane-embedded and secreted proteases
modulate many processes including cell-cell interactions, signal transduction, and cytokine
secretion’. It is well known that aberrant proteolysis contributes to inflammatory diseases and most
cancers®. Cleavage events create extracellular new N-termini (neo-N-termini; Fig. 1.1a).
Characterizing these proteolytic modifications may reveal new proteoforms that can be selectively
targeted for immunotherapy®.

Advances in mass spectrometry (MS) have greatly improved the global identification of
proteolysis, but extracellular proteolytic modifications remain challenging subjects to characterize
with current techniques’!?. One common approach is to isolate proteins that are proteolytically-
shed, otherwise called the secretome, into the supernatant of cell cultures!!. Although this method
generates substantial information regarding shed proteins, it does not precisely identify cleavage
sites and is primarily limited to proteins cleaved close to or within the membrane. Another
approach is to enrich and identify C- and N- proteolytic termini peptides from whole cell lysates®!'>-
4. The high complexity of the proteome and the challenging properties of many membrane
proteins — most frequently poor solubility and low abundance relative to intracellular proteins —
lead to incomplete coverage of extracellular proteolysis using these approaches.

Here, we develop an N-terminomics approach for characterizing extracellular proteolytic
modifications across diverse cell types without genetic manipulation by attaching stabiligase (a
subtiligase variant) directly to the surface of living cells. We conjugate stabiligase to an a-
nucleophile that forms a covalent linkage to native extracellular glycans and then efficiently labels
neo-N-termini. Using this approach, we profiled hundreds of neo-N-termini displayed on the

surface of a range of cell types, including both immortalized adherent cells and primary immune



cells. Collectively, we observed 1532 proteolytic modifications across 449 diverse membrane
proteins. Lastly, we applied a quantitative N-terminomics approach to reveal how prominent
oncogenes, KRAS(GI12V) and HER?2, induce extracellular remodeling through proteolysis. We
believe this general technology will greatly accelerate the ability to identify and target cell surface
proteolytic neoepitopes in healthy and diseased cells.
Results
Stabiligase attachment to native glycans enables efficient neo-N-termini labeling on intact
cell surfaces

We previously developed a proteomics technology (N-terminomics) based on subtiligase,
a mechanistically-engineered ligase that can specifically label N-terminal a-amines on diverse
proteins in a complex milieu (Fig. 1.1b)'>!6. The basic activity of subtiligase is to catalyze peptide
ligation between a donor peptide with a C-terminal ester and the N-terminal amine of an acceptor
oligopeptide or protein. The ligase and its further engineered variants are used for diverse
biotechnological applications, including peptide cyclization and protein synthesis!’. In N-
terminomics, subtiligase typically labels target proteins with a short peptide comprising a biotin
handle, a TEV-protease cleavage site, and an aminobutyric acid (Abu) mass tag (Fig. 1.2)!7!8, In
brief, biotinylated proteins are enriched, proteolytically-digested, and the N-terminal peptides are
identified after LC-MS-MS analysis by the a-mass-tag (Aminobutyric-acid, Abu; Fig. 1.1b). By
labeling proteolytic neo-N-termini in whole cell lysates with subtiligase, we have extensively
annotated the substrates of soluble proteases like caspases'®. In an attempt to identify extracellular
proteolysis, however, we found that using soluble subtiligase to label intact cells or whole cell
lysates yielded few cell surface N-termini. By genetically-encoding a transmembrane subtiligase

in HEK293T cells, however, we observed substantial improvement in labeling membrane proteins



with the cell surface-displayed ligase; this enabled the identification of hundreds of extracellular
neo-N-termini but requires cell engineering®.

Here we sought a cell surface N-terminomics method applicable to different cell types and
without genetic manipulation. To achieve this, we developed a chemical strategy to tether the N-
terminus of the stable subtiligase variant, stabliligase?!, to extracellular glycans on intact cells (Fig.
1). First, we designed a conjugation strategy for labeling the N-terminus of stabiligase with an a-
nucleophile that would readily react with extracellular glycans after cells have been treated with a
mild oxidant?>?*(Fig. 1.1b-c). Auto-prodomain removal generates an N-terminal alanine (A1) on
mature stabiligase; to site-selectively modify the ligase, we mutated A1 to serine (A1S) and created
a vicinal a-amino-alcohol. This mutation did not alter expression or purification of stabiligase (Fig.
1.3). We found that a ten minute sodium periodate oxidation of stabiligase(A1S) is sufficient to
completely convert the N-terminal amino-alcohol to a glyoxyl-aldehyde (Fig. 1.3). However, this
treatment also created a minor product consistent with the oxidation of the active site cysteine,
C221. To protect C221, we treated stabiligase(A1S) first with Ellman’s reagent (5,5'-dithiobis-(2-
nitrobenzoic acid; DTNB) and generated a TNB-C221 adduct**. We then oxidized the ligase with
periodate, incubated the N-terminal aldehyde-stabiligase overnight with either bis-aminooxy- or
bis-hydrazido- reagent in molar excess to introduce an a-nucleophile, and lastly removed the TNB-
protecting group (Fig. 1.1¢). This strategy produced stabiligase quantitatively functionalized with
either an N-terminal a-aminooxy- or a-hydrazido- group.

To pilot stabiligase attachment to cells, we treated HEK293T cells with sodium periodate

2223 and then incubated with either of the two

for ten minutes on ice to form cell surface aldehydes
conjugated-stabiligases and an amine catalyst (aniline) for fifteen-minutes on ice'*!>. Robust

tethering of both a-nucleophilic-stabiligases was determined by flow cytometry (Fig. 1.4a),



although significantly higher levels of attachment were observed for aminooxy-stabiligase under
these conditions, consistent with faster reported kinetic rates of aminooxy-nucleophiles®.
Importantly, both the a-nucleophile conjugate and periodate treatment on cells were necessary for
stabiligase attachment (Fig. 1.4a). Furthermore, we imaged HEK293T cells stained with
AlexaFluor647-anti-histidine antibody, which monitors the C-terminal histidine tag on stabiligase,
and fluorescent microscopy confirmed that the a-aminooxy-stabiligase was indeed anchored to the
membrane (Fig. 1.4b). To assess tethering specificity, we pre-treated cells with V. cholerae
sialidase?*?, a hydrolase that trims the terminal sugars of glycans, and observed dramatically
reduced attachment of the aminooxy-stabiligase (Fig. 1.4¢). We conclude that stabiligase modified
with an N-terminal a-nucleophile stably attaches to cell membranes through oxidized cell surface
glycans.

Alternate methods for covalent attachment of stabiligase to the cell surface were also
considered. We conjugated an N-terminal alkyne onto stabiligase(A1S) to test a click-based
approach. Cells were fed AcsGalNAz to metabolically incorporate azido-groups into cell surface
glycans, and then incubated with alkynyl-stabiligase under copper-based click conditions suitable
to living cells?’?8. However, only modest attachment of alkynyl-stabiligase was observed by flow
cytometry (Fig. 1.5). Given this result, we moved forward with an oxidative-coupling approach to
tether stabiligase.

To assess the ligase activities of stabiligases tethered to the glycans of HEK293T cells,
we incubated cells with a biotinylated peptide ester substrate for 15 minutes at room temperature.
Flow cytometry analysis showed that biotinylation was significantly higher for cells tethered
with a-nucleophilic stabiligases compared to cells incubated with a soluble stabiligase and the

peptide ester (Fig. 1.4d). Cytoplasmic and membrane fractions were isolated and immunoblotted



with streptavidin. Biotinylated protein labeling was observed almost exclusively in membrane
fractions, and relative biotinylation intensities were congruent with flow cytometry results (Fig
1.4e and Fig. 1.6). Likewise, fluorescent microscopy of HEK293T cells stained with
AlexaFluor488-streptavidin further showed that N-terminal labeling took place along the cell
membrane (Fig. 1.4e and see also Fig. 1.6). Cell toxicity was evaluated after peptide ligation,
and we observed only a modest decrease in cell viability (15%) (Fig. 1.7). Collectively, these
data show that the glycan-tethering (GT)-stabiligase labels the cell membrane proteome, and that
a-aminooxy-functionalized stabiligase is a better conjugate for protein ligation. We were also
curious as to whether the proximity of the stabiligase domain to the glycan affected ligation and
prepared two additional GT-stabiligases with an N-terminal aminooxy group attached via a 2 or
7 unit poly(ethyleneglycol) (PEG) linker. Although these alternative conjugates add flexibility
and theoretical distance between the glycan and ligase domain (up to a three-fold increase in
linker length), we observed virtually no difference in biotin labeling (Fig. 1.4f).
Mapping neo-N-termini with glycan-tethered (GT) stabiligase N-terminomics

Robust GT-stabiligase tethering and subsequent biotinylation of membrane proteins on
HEK293T cells encouraged us to pursue N-terminomics experiments. We treated HEK293T cells
with sodium periodate, GT-stabiligase, and the biotinylated peptide ester as described above.
Labeled proteins were enriched using neutravidin, digested on-bead with trypsin, and lastly
incubated with TEV-protease to release the mass-tagged (Abu) N-terminal peptides for LC-MS-
MS analysis (Fig. 1.1a). Using features retrieved from UniProt knowledge database®, we
identified 507 Abu-tagged peptides (protein neo-N-termini) that mapped to extracellular topology
within membrane proteins, extracellular secreted proteins, or GPI-anchored proteins localized in

the plasma membrane (Fig. 1.8a). Among the proteins observed via N-terminal peptides, most



proteins were type 1 single-pass proteins (53%), which is not surprising since type 1 membrane
proteins comprise the majority of cell surface proteins and display an extracellular N-terminus
available to both native extracellular proteases and GT-stabiligase®>. We also identified neo-N-
termini corresponding to multi-pass proteins (20%), secreted proteins (15%), and GPI-anchored
(11%) proteins. In contrast, only a few cleavages were observed in type Il membrane proteins (2%)
which are oriented with a cytoplasmic N-terminus. We repeated the experiment using a-aminooxy-
PEGg7-stabiligase and observed similar numbers of cell surface peptides (407 neo-N-termini) which
further supports the notion that GT-stabiligase is flexibly incorporated into the cell surface
proteome. These data indicate that there is sufficient length, flexibility and mobility in the
membrane for GT-stabiligase to access N-termini and hereafter we use the original a-aminooxy-
stabiligase for cell surface N-terminomics.

Further analysis showed that identified neo-N-termini were distributed across several
types of proteolytic events: the removal of initiator methionine, signal peptide cleavage, propeptide
removal, and post-maturation cleavage within the extracellular regions. The majority of neo-N-
termini (74%) mapped to the latter group and represent potential cleavage sites of extracellular
proteases. Alignment of residues (P4-P4’) flanking these inferred cleavage sites did not reveal a
significant consensus sequence around the scissile bond (Fig. 1.8a), which suggests, not
surprisingly, that multiple proteases are responsible for generating these neo-N-termini. We also
considered the protein structure at extracellular cleavage sites; the neo-N-termini mapped
predominantly to either interdomain, disordered regions or beta-strand regions within domains,
consistent with proteolytic substrate preferences (Fig. 1.9)%.

To evaluate utility of GT-stabiligase N-terminomics in other cell types, we applied this

technology to six different cell types including adherent cells and primary immune cells (Fig.



1.8b). Across cell types we observed hundreds of neo-N-termini, ranging from 500-600 for
adherent cell lines and 200-400 for immune cells. As seen with HEK293T cells, the majority of
extracellular neo-N-termini observed were generated by post-maturation cleavages (mean, 74%)
while the remainder were predominantly signal sequence cleavages. In total, 1532 cell surface N-
termini from 449 cell surface proteins were captured across the six cell types (Fig. 1.8b). An over-
representation analysis based on gene ontology (GO) annotations was explored for proteins with
proteolytic extracellular N-termini, and specific cellular processes were enriched for adherent cells
and primary immune cells (Fig. 1.9)*!. Although this finding is anticipated based on the underlying
biological differences between the cell types tested, it highlights the generality of profiling
extracellular proteolysis across cellular contexts. Notably, multiple closely spaced cleavage sites
were observed within some proteins suggesting sensitive regions of proteolysis. To better
characterize how many functionally unique cleavages were observed within proteins, we grouped
closely spaced cleavages (less than three residues apart) and observed 936 unique cleavage regions
on 449 cell surface proteins.

We also assessed how GT-stabiligase N-terminomics compares to other proteomics
methods. Topfind 4.1 is a database containing experimentally-observed N-termini from other
proteomic methods (e.g., subtiligase lysate labeling!>, N-TAILs’, COFRADIC*!?) and we
compared Topfind N-termini to our GT-stabiligase data, grouping N-termini by cleavage type, and
subdividing extracellular peptides by the type of membrane protein'. Strikingly, only 143 N-
termini in our data were also found in the Topfind 4.1 database (~9%). Even among the well-
annotated protein maturation events detected by GT-stabiligase N-termini labeling (i.e., those
identified in Uniprot as signal peptide removal, propeptide cleavage, etc.), only a small percentage

were previously characterized by other methods. We also noted that ~50% of the shared N-terminal



peptides originated from extracellular regions of single-pass or secreted proteins, whereas no
cleavage sites within multi-pass proteins were found in Topfind 4.1. We then compared our data
to the CSPA (Cell Surface Protein Atlas) project, which used cell surface capture (CSC)
proteomics to identify 1492 cell surface proteins across 41 human cell types?>2. As expected, we
observed significant overlap in proteins between GT-stabiligase N-terminomics and CSPA (67%).
Notably, proteins uniquely identified by GT-stabiligase were predicted to be modestly
glycosylated (median, 2 glycosites) compared to shared proteins (median, 5 glycosites). We
speculate that these proteins were not identified in CSPA because CSC proteomics requires
glycosylation for enrichment whereas surface-anchored GT-stabiligase may label neighboring
proteins. These comparisons further support the notion that GT-stabiligase yields broad coverage
of N-termini on the cell surface with distinct utility relative to other methods.

N-terminomics with GT-stabiligase also gives several lines of evidence as to which
proteases are present and active on the cell surface. Proteases are commonly synthesized as
inactive precursors that require the removal of an inhibitory N-terminal propeptide for activation®3.
Molecular function analysis by gene ontology annotations for proteins identified with cleavages
at the pro-mature junction (57 neo-N-termini) showed significant enrichment proteins of
endopeptidase activities (Fig. 1.8d)*!. In total, we observed 11 mature, extracellular proteases
from several hydrolase families processed at their precise pro-mature junctions, including seven
metalloproteases. The latter group includes 4 catalytically-active ADAMSs, dedicated sheddases
that cleave proteins within their juxtamembrane region!!, and we thought that their activity should
be reflected in the N-terminomics data. To estimate how many shed proteins were observed, we
approximated the membrane proximal cleavage site that is typical for shed proteins. About 140

cleavage sites were located within 30 amino acids of the membrane and are considered candidate
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shed proteins (Fig. 1.8e). Consistent with this hypothesis, we observed the precise cleavage site
for well-studied examples of shed proteins including Notch (e.g., Notch 1,2)**, receptor kinases
(e.g., PTK7, PTPRK)?**, syndecans (e.g., SDC -1,-4)*%, and cell surface receptors (e.g., CD99,
CD44, CCR6)!!.

Membrane-proximal shedding is a subset of extracellular proteolysis, and more than half
of observed extracellular neo-N-termini were located further than 100 amino acids from the
membrane (Fig. 1.8e). Concurrently, we also observed activated proteases that are not typically
considered sheddases. To better characterize extracellular neo-N-termini, we determined structural
features surrounding the cleavage sites: relative domain distances, predicted secondary structure,
and solvent accessibility (Fig. 1.9). Like initial N-terminomics with HEK293T cells, neo-N-
termini localized to solvent-exposed regions and primarily unstructured or beta-strand regions.
Similar to HEK293T cells, we observed inter- and intra- domain cuts across all extracellular neo-
N-termini. Examples of previously characterized cleavages between domains include cleavages
between the ephrin-binding domain and fibronectin domains of Eph -A2 and B2, and proteolysis

3738 Precise

between the light and heavy chains of the urokinase plasminogen activator
intradomain cleavages were also identified, including the known furin-cleavage within the Sema
domain of the RON kinase receptor and autoproteolytic GPS domains for two adhesion GPCRs
(AGR2 and ADGR6)?**%40_ Across all single-pass membrane proteins, over half of neo-N-termini
(65%) were located between the first and last extracellular loop (Fig. 1.9). Although these events
are not membrane-proximal shedding events, the position of these N-termini suggests they may

have significant functional impact. Together, these findings validate that GT-stabiligase N-

terminomics is a useful technology for broadly capturing cell surface proteolytic modifications.
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Profiling proteolytic changes to the cell surface landscape induced by oncogenes

Cellular disease states are commonly associated with dysregulated proteolytic
modifications, but identifying and quantifying the cleavages induced by specific oncogenes
remains challenging. We previously quantified oncogene-induced changes in the surface
expression of membrane proteins using an immortalized, non-tumorigenic cell line (MCF10A)
transformed with individual oncogenes*!**2, Two oncogenes, KRAS(G12V) and HER?2, contributed
to significant alterations to the cell surface proteome through changes in both protein expression
and glycosylation, and we wondered if these transformations might also alter the proteolytic
landscape. Importantly, we previously found that CSC proteomics was not biased by glycan
alterations*!. Using flow cytometry, we first assessed whether glycan variations may affect the
tethering of GT-stabiligase or peptide ligation. Encouragingly, no significant differences were
observed among the parent MCF10A transduced with an empty vector (ev) and the two oncogenic
cell lines (Fig. 1.10).

For quantitative N-terminomics, MCF10A cell lines were cultured in stable isotopic
labeling of amino acids (SILAC) media. The oncogene-transformed (HER2 or KRAS(G12V)) cell
lines were combined with parental MCF10A cells transformed with an empty vector (ev), labeled
with GT-stabiligase, and incubated with the peptide ester as described above (Fig. 1.11a). N-
terminomics was performed on five biological replicates for both oncogene sets. From these we
quantified 303 neo-N-terminal peptides mapped to 151 proteins, and observed 233 N-termini on
89 proteins with differential abundances (1.8-fold threshold). Among these N-termini, 35-40% of
extracellular neo-N-termini overlapped between the HER2-overexpression and KRAS(G12V)
datasets, and the fold-change trends were similar for the vast majority of N-termini (Fig. 1.11b).

In both oncogenic-transformations, as shown in Fig. 1.11¢, enriched extracellular neo-N-termini
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predominantly mapped to cell adhesion proteins and transmembrane signal receptors, two
pathways known to undergo proteolytic modifications®>#3,

Next, we assessed whether changes in cell surface N-termini coincided with differences in
protein abundance in the presence of either oncogene. We plotted the ratios of extracellular neo-
N-termini alongside protein abundance values, as previously determined by CSC proteomics (Fig.
1.11d, and also Fig. 1.10). As shown in Figure 4d, 52 neo-N-termini with greater than 1.8-fold
change in abundance mapped to 31 proteins. 80% of these proteins were observed by CSC, and
interestingly, the protein abundance values were modestly correlated with N-termini abundance.
We note that proteolytic removal of large extracellular domains may contribute to contradictory
changes. For instance, syndecan-4 (SDC4) shedding is highly upregulated in both oncogene
datasets and the protein was not observed in CSC proteomics. It is likely that cleavage leaves
behind a juxtamembrane, neo-N-terminus not suitable for CSC identification. Transcript levels for
SDC4, however, were not significantly altered in the presence of KRAS(GI2V) suggesting that
regulation is at the level of the protease. Similar observations were made with individual oncogene
datasets (Fig. 1.10). Together these data indicate that oncogenes induce changes in expression
including proteases and the consequences can be orthogonal, upregulated proteins may or may not
correlate with up-regulation of the proteolysis of that protein.

To provide additional validation, we performed immunoblot analysis of selected proteins
detected by both CSC and N-terminomics in the parent and transformed cell lines. These
experiments used commercially available antibodies that recognize both the full-length and
cleaved proteoforms (Fig. 1.11e). Notch2 is a receptor and transcription factor in adjacent-cell
signaling pathways that is activated by a series of proteolytic cleavages. Mature Notch?2 is first

cleaved by a furin-like convertase in the Golgi (S1 site), and once on the cell surface, ligand-
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binding induces membrane-proximal cleavage by an ADAM metalloprotease (S2) followed by
cleavage within the membrane by y-secretase (S3)*. In the parent and both transformed cell lines
we observed N-terminal peptides from both S1 and S2 sites and could observe their cleavage
products by immunoblot. In KRAS(G12V) cells, cleavage at S1 was increased concurrent with
decreased cleavage at S2; in contrast, only an enriched S2 cleavage site was observed in HER?2-
expressing cells. For both cleavage sites, the N-termini ratios were in good agreement with the
protein intensities visualized by immunoblot analysis. We analyzed three other proteins of interest,
DSG-2, LDLR, and T-cadherin. Proteolysis of cell-adhesion protein DSG-2 plays a role in both
cancer and inflammatory cells**, and the neo-N-termini characterized here map to domains
reportedly cleaved by metalloproteases and ADAM-proteases**. Immunoblot analysis showed two
intense bands beneath the intact DSG-2 protein in lysates of KRAS(G12V) and HER?2 -expressing
cells consistent neo-N-termini locations. The LDLR receptor is involved in lipid homeostasis
among other functions*. The enriched neo-N-terminus of LDLR was observed in both oncogene
datasets, and matches a previous report that a metalloprotease cleavage site that results in loss of
LDL-class A ligand binding domains 1-4*. In agreement with these data, we observe strong
protein signal for a species of a molecular weight consistent with the expected product of the
cleavage event. Lastly, we observed enriched N-termini mapped to propeptide and extracellular
cleavages of a GPI-linked cadherin called T-cadherin (CAD13) which affects cell migration in
various cancer types. Similar to our N-terminomics results, we indeed observe increased
proteolytic bands consistent with its propeptide-activation and further extracellular cleavage for
both HER?2- and KRAS(G12V) - transformed cells. While not exhaustive, these examples and the

fact that we find other reported cleavages precisely matching literature reports shows that GT-
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stabiligase N-terminomics can accurately capture changes to the cell surface under oncogenic

transformations.

Discussion

In summary, we have developed a versatile proteomic technology to precisely profile
proteolytic modifications on the surface of intact cells. Using brief and gentle methods, we
covalently-tethered stabiligase to extracellular glycans, a prevalent extracellular PTM, and showed
that GT-stabiligase efficiently labels N-termini of both non-glycosylated and glycosylated cell
surface proteins. We first validated that GT-stabiligase N-terminomics was compatible with varied
cell types, including adherent immortalized lines and primary immune cells, and then characterized
proteolytic alterations induced by common oncogenes. Collectively, we identified 1637 unique
cell surface neo-N-termini across 507 proteins with diverse structures and functions. From these
N-termini, we find evidence that proteases impose marked changes to cell surface proteins that
include the shedding of entire extracellular portions, removal of discrete protein domains, or the
release of inhibitory domains.

Using GT-stabiligase N-terminomics on different cell types revealed proteolytic
modifications in distinct molecular pathways that reflect differences in underlying cell function.
A prime example is that we observed proteolytic modifications on proteins enriched in
immunological pathways among activated T-cell and natural Kkiller cells. Consistently,
extracellular proteases, such as ADAMs, are widely expressed and modulate immunity in immune
cells*®. These observations highlight the generality of the method for characterizing proteolysis in
different cell-types and environmental contexts. Notably, we also identified activating cleavages
within extracellular proteases from mechanistically-diverse families. Although the direct linkage

of hydrolase-substrate pairs is challenging due to the complexity of proteolytic networks, GT-
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stabiligase N-terminomics in combination with protease knockouts may be a useful adjunct for
connecting these relationships.

To uncover how single oncogenes may affect the regulation of cell surface proteolysis, we
quantified neo-N-termini on isogenic cell lines expressing the dominant oncogenes HER2 and
KRAS(G12V). We found that these cancerous transformations affect extracellular proteolysis in
shared and distinct ways. This was not surprising as the action of multiple proteases within
biological pathways suggest that there is not a specific proteolytic profile common to all cancers®.
Under the influence of either oncogene, for example, we observed increased proteolysis of proteins
with important roles in cell growth, proliferation, and metastasis. These effects included increased
juxtamembrane shedding of syndecan-4 and CD44, which are cut by ADAM- and metallo-
proteases to release their soluble domains and thereby modulate ligand binding and intercellular
signaling. Concordantly, previous studies suggest that upregulated shedding promotes cancerous
proliferation and cell migration***’. In another example, we observed that KRAS(G12V) cells
displayed higher levels of proteolytically-modified EphA2, a receptor tyrosine kinase that inhibits
Ras-induced growth upon ligand-binding. Metalloproteases remove the ligand-binding domain of
EphA2 to promote tumor growth at precisely the junction we observed*®*. In contrast to the
examples above, several intriguing proteins underwent differential cleavage between the HER?2
and KRAS(G12V) transformed cells, most notably Notch2. Notch signaling requires ADAM-

protease cutting close to the membrane**>%3!

, and we observed upregulation of the corresponding
neo-N-terminus in KRAS(G12V)-transformed cells and downregulation in HER2-expressing cells.

Consistently, Notch2 signaling has been reported to be up- or down-regulated in different cancer

cells, and may either promote or suppress tumor growth™’.
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Looking forward, we note that we identified many oncogene-induced proteolytic
modifications either poorly characterized or previously not annotated. In future studies,
biochemical and cellular experiments are necessary to better understand the functional
consequences of these modifications and may provide further insight into how proteins contribute
to cancerous phenotypes. We also believe that this method is also amenable to technological
improvements. Previous subtiligase engineering efforts identified multiple variants that prefer
different N-terminal amino acids, and tethering a cocktail of GT-stabiligase variants may provide
additional coverage of cell surface neo-N-termini. We also think it’s possible to use GT-stabiligase
N-terminomics with alternative quantitative methods, such as isotopically-labeled peptide
substrates or TMT-labeling methods,

A major application of GT-stabiligase N-terminomics is that it may identify disease-
relevant, neo-epitopes for immunotherapeutic opportunities. For example, we and others have
shown that the cleaved form of the cell surface receptor, CDCP1, is highly-specific epitope on
different cancer cell types*>%>3. We recently engineered antibodies that selectively bind to cleaved
CDCPI1 and demonstrated their ability to block tumor growth®. In comparison to those that
recognize both full-length and cleaved proteoforms of CDCP1, antibodies against the cleaved
proteoform were significantly less toxic. The fact that proteolysis and expression are orthogonal
events suggests these neo-epitopes would provide greater selectivity for disease over healthy
tissues. Expanding the GT-stabiligase N-terminomics platform across different physiological and
pathological contexts will provide insight into how proteases shape the functions of cell surface

proteins and may uncover neo-epitopes for precise immunotherapies.
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Methods
Cell lines and materials

HEK293T cells were purchased from the UCSF cell culture facility, A549 was gifted by
the Rosenberg lab at UCSF, isogenic MCF10A cell lines were constructed previously,!? A549
cells were gifted from the Rosenberg lab at UCSF, isogenic MCF10A cell lines were constructed
previously, PL5 were a gift from the laboratory of E. Scott Seeley (Stanford University, Stanford,
California, USA) as described previously’. Primary human T-cells were isolated from
leukoreduction chamber residuals following Trima Apheresis (Blood Centers of the Pacific, San
Francisco, CA) using established protocols*. Cell cultures were maintained in ATCC
recommended conditions. All cells were cultured at 37 °C in a 5% CO; humidified incubator and
passaged no more than 15 times. Cells were tested for mycoplasm contamination yearly.

Biotinylated peptide ester was prepared by solid phase peptide synthesis as previously
described®.The following reagents were purchased from Sigma Aldrich unless otherwise
described: O-[9-(aminooxy)nonyl]hydroxylamine, 5,5-dithio-bis-(2-nitrobenzoic acid) (Thermo
Scientific, #22585), Bis-aminooxy-PEG2 (BroadPharm, BP-23592), Bis-aminooxy-PEG7 (Broad
Pharm BP-23591), sodium periodate, aniline, iodoacetamide.
N-terminal mutagenesis and B. subtilis transformation with a prodomain-AIlS-stabiligase
construct

A site-directed mutagenesis reaction mixture was prepared with the forward primer (5°-
GATCACGTAGCACATGCGTACCCGTGCCTTACGGCGTATCAC-3") and the reverse
primer (5’-GTGATACGCCGTAAGGCACGGGTACGCATGTGCTACGTGATC-3’) at 0.5 uM
each, the plasmid prep-pro-stabiligase-his6 (100 ng)®, dNTPs (0.2 mM), 2.5 mM MgSOs, 1X KOD

Hot start DNA polymerase buffer, and KOD HOT Start DNA polymerase (0.02 U/ul). After
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thermocycle amplification, the reaction mixture was digested with Dpnl (0.8 U/ul) at 1 hr, 37 °C
at 220 rpm. The PCR product was then added to E. coli XL10 for transformation. The A276S-
stabiligase plasmid was then transformed into E. coli ER1821 and concatemeric DNA was
miniprepped. B. subtilis BG2864 was then transformed using previous methods®. Transformed
bacteria was then plated on Luria Bertani agar containing 10 pug/ml chloramphenicol.
Expression and purification of A1S-stabiligase

An overnight culture of B. subtilis BG2864 transformed with A1S-stabiligase was grown
in Luria Bertani (LB) broth supplemented with 5 pg/ml chloramphenicol. The culture was then
diluted 1:100 into 200 ml of 2XYT broth in a 1 L baffled flask. | mM CaCl; and 10 pg/ml
chloramphenicol was added to the media, and cells grew 37 °C shaking at 280 rpm for 18-20 hours.
Supernatant was clarified (4000xg, 15 min, 4 °C) and a 3:1 v/v of cold EtOH was added.
Precipitated material was collected by centrifugation (4000xg, 15 min, 4 °C), and protein was
resolubilized in 40 ml of buffer A (50 mM sodium phosphate (pH 8), 300 mM NacCl, and 5 mM
imidazole). After removing insoluble debris (4,000xg, 15 minutes, 4 °C), clarified solution was
incubated with nickel resin pre-equilibrated in buffer A for 1 hour at 4°C. Unbound material was
removed using gravity filtration, and the resin was washed with two consecutive additions of buffer
A provided at eight times the resin volume, and then a final addition of buffer A + 20 mM
imidazole. Buffer A + 400 mM imidazole was then added to the resin to elute protein. Intact
protein mass of stabiligase(A276) was evaluated by intact protein mass spectrometry (MS) using
a Xevo G2-XS Mass Spectometer (Waters) equipped with a LockSpray (ESI) source and a Acquity
Protein BEH C4 column (2.1 mm inner diameter, 50 mm length, 300 A pore size, 1.7 pm particle
size) connected to an Aquity I-class liquid chromatography system (Waters). Deconvolution of

mass spectra was performed using the maximum entropy (MaxEnt) algorithm in MassLynx 4.1
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(Waters). Using a nanodrop, protein concentration was measured and if required, concentrated
using an amicon 10K MWCO tube further to 4-6 mg/ml prior to N-terminal conjugation.
N-terminal conjugation of alpha-nucleophilic handles on A1S-stabiligase

After his-tag affinity purification, solid 5,5-dithio-bis-(2-ntirobenzoic acid) (DNTB,
Ellman’s reagent; Sigma Aldrich) was added to a final concentration of 2 mM, and the solution
was then rocked at room temperature for 30 minutes. TNB-Cys221 addition was monitored by
intact protein MS and after quantitative conversion, excess DNTB was removed using a disposable
P10-desalt column packed with Sephadex G-25 resin (Cytiva, Catalog # 17085101) and protein
was eluted into 50 mM sodium phosphate (pH 8), 300 mM NaCl. Five-fold molar excess of sodium
periodate (100 mM in dH>O; Sigma Aldrich) was added and the N-terminal oxidation proceeded
for 10 minutes at 4 "C. After verifying full oxidation with intact protein MS, the excess sodium
periodate was removed and the protein was buffer exchanged into buffer B (50 mM sodium
phosphate (pH 6.5), 300 mM NaCl). Protein concentration was measured using a nanodrop, and
concentrated to a range between 2-6 mg/ml. For hydrazone or propanyl-linked oxime conjugation,
80-100 molar excess of either adipic acid or O-[9-(aminooxy)nonyl]hydroxylamine (Sigma
Aldrich) was respectively added with the catalyst aniline (10 mM). N-terminal conjugation
proceeded at 4 °C overnight with intact protein MS monitoring after 12-16 hours. Conjugated
stabiligase was desalted and buffer exchanged into buffer C (50 mM sodium phosphate (pH 7.4),
300 mM NaCl using the P-10 desalting column. To remove the Ellman’s protecting group, 50 mM
TCEP (500 mM stock solution in 1M Tris (pH 8.5); solid from Sigma Aldrich, #75259) was added
to the solution and incubated for approximately 10-30 minutes. After MS confirmed complete
deprotection, conjugated protein was desalted and buffer exchanged into buffer C using the P-10

desalting column. Concentrated stabiligase was injected into S75 10/300 GL column or HiLoad
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16/600 Superdex 75 pg (Cytiva) equilibrated with buffer C and fractions corresponding to
monomeric conjugated-stabiligase were collected. Single-use aliquots at 150-200 uM were flash-
frozen in liquid nitrogen and then stored at -80 °C.
General protocol for cell surface stabiligase tethering and N-terminal labeling protocol for flow
cytometric analysis and western blot detection

HEK293T cells seeded in T75 cm? plates was incubated at 37 °C in 5% CO, and after
reaching confluency, cells were gently washed with DBPS and then incubated with PBS with
0.04% EDTA, free of Ca?>*/Mg*" for 10 minutes. Dissociated cells were collected and pelleted by
centrifugation at 400xg for 5 min at 4 “C, washed with cold DPBS (pH 7.4), repelleted, and then
transferred to 1.5 mL Eppendorf tubes with acidified DPBS (pH 6.5). Cells were treated with 500
uM sodium periodate (stock solution of 100 mM sodium periodate in dH>O) and gently rocked for
15 min at 4 °C. Cells were re-pelleted (400xg, 5 min, 4 °C), washed with cold DPBS (pH 6.5), re-
pelleted, and resuspended in stabiligase-tethering mixture containing DPBS (pH 6.5) to which 10
mM aniline and then 5 pM functionalized stabiligase was added. Cells were then gently rotated at
4 °C for 15 min, re-pelleted, washed with DPBS (pH 7.5), re-pelleted, and then resuspended in
stabiligase-reaction mixture consisting of 50 mM Tricine (pH 8), 150 mM NacCl, and then 1%
DMSO for a final 1 mM concentration of the biotinylated peptide ester (200 mM stock in DMSO).
Cells were then gently rotated for 15 min at room temperature before pelleting cells (400xg, 5 min,
4 °C), washing cells with PBS (pH 7.4), and then re-pelleting. To assess tethering and ligase
activity by flow cytometry, cells were then stained with 1:2000 dilution of Alexa647-anti-histidine
for monitoring the his-tagged stabiligase and Alexa-1:5000 dilution of Alexa488-streptavidin for

protein biotinylation in DPBS (pH 7.4) with 3% BSA. Cells were pelleted and washed in DPBS
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with 3% BSA prior to analysis. Samples were analyzed on a Beckman Coulter CytoFlex flow
cytometry and then using FlowJo software.

For immunoblot analysis, pelleted cells were fractionated using a subcellular fractionation
kit (Thermo Fisher) according to the manufacturer’s instructions for both the cytoplasmic
extraction and the membrane extraction. Protein concentration was measured by BCA (Thermo
Fisher) and fraction aliquots were frozen at -20°C before us. 15 pg of protein from each fraction
was subjected to SDS-PAGE and blotted on PVDF membranes using an iBlot transfer stack
(Thermo Fisher, #IB301002). Biotinylation was detected using IRDye 800CW Streptavidin
(1:5000 dilution; LI-COR Biosciences, #926-32230) and total protein loaded in each lane was
assessed using REVERT protein staining kit (LI-COR Biosciences, #926-11015) according to the
manufacturer’s instructions. Near-infrared (NIR) immunoblot images were analyzed using an
Odyssey Li-COR imaging system and further analyzed using Imagel.

General protocol for cell surface N-terminomics

For adherent cells (HEK293T, MCF10A, PL5, A549), cells were cultured to approximately
90% confluency in plates that yielded 7-12x10° cells. For SILAC-cultured MCF10A cells were
passaged at least eight times prior in the light and heavy-isotopic media. Cells were harvested by
washing plates with cold DPBS and incubating with PBS with 0.04% EDTA, free of Ca*/Mg**
incubation. For SILAC-based experiments, cells were combined in equal numbers after cell
counting using an Bio-rad TC20 automatic cell counter. Cells were pelleted by centrifugation
(400xg, 5 min, 4°C), washed with 1 mL DPBS (pH 6.4) and re-pelleted before proceeding further.
For primary immune cells (CD4" T cells, CD8" T cells, NK), cells were counted using a
hemocytometer and 20-30x10° cells were collected, pelleted by centrifugation (400xg, 5 min, 4°C),

washed with DPBS (pH 7.4) and pelleted before proceeding further.
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After harvesting cells, all cell types were treated similarly. Cells were resuspended in 1 mL
DPBS (pH 6.4) containing 500 uM NalO4 (100 mM NalOy stock solution in dH20) in a low-bind
Axygen 1.7 mL tube (Thermo Fisher). The sodium periodate reaction mixture was then covered
from light and rotated on ice at 300 rpm for 10 minutes. Cells were re-pelleted by centrifugation
(400xg, 5 min, 4 °C), washed with DPBS (pH 7.4), and then resuspended in DPBS (pH 6.4). To a
final reaction volume of 1 ml, 10 mM aniline (Sigma Aldrich) and then 5 uM GT-stabiligase was
added. The tethering reaction proceeded at 300 rpm on ice. Cells were re-pelleted by centrifugation
(400xg, 5 min, 4 °C), washed with 1 mL DPBS (pH 7.4), and then resuspended in the subtiligase
master mix (100 mM Tricine (pH 8), 150 mM NaCl, 1 mM biotinylated peptide ester (1% final
DMSO). Cells were gently rocked at room temperature for 15 minutes before centrifugation at
400xg, 5 min, 4 °C. Cells were washed two times with DPBS (pH 7.4) and then flash-frozen in
liquid nitrogen for storage at -80 °C prior to mass spectrometry sample work-up.
Sample preparation for LC-MS-MS analysis

For sample processing, frozen cell pellets were thawed on ice and then resuspended in 1
mL lysis buffer (RIPA, Radioimmunoprecipitation assay buffer) supplemented with a complete
protease inhibitor cocktail (Roche) and DNase 1 (100 pug/ml). After a 30 min incubation at 16 °C,
cells were briefly sonicated (3 pulses, 20% amplitude) and cell debris was removed by
centrifugation (20,000xg for 10 min, 4 °C). Clarified supernatant was added to 250 pl NeutrAvidin
agarose beads (Pierce, #29200) and incubated for 3 hours at 16 °C. Non-specific bound proteins
were removed by collecting beads with spin columns (Pierce, #69725) and washing iteratively
with 5 x 1 mL of RIPA buffer, 5 x 1 mL 100 mM Tris (pH 7.5) and 1 M NaCl, 5 x 1 mL 50 mM
ammonium bicarbonate and 2 M Urea. Beads were then transferred to 1.5 mL maximum recovery

tubes (Axygen, MCT-150-L-C; 1 mL of 50 mM ammonium bicarbonate and 2 M Urea). TCEP (5
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mM ) was added to the resuspended mixture and then samples were incubated 55 °C for 30 minutes
at 800 rpm. After samples were equilibrated to rt, the iodoacetamide (14 mM) was added and
incubated for 30 minutes. Beads were centrifuged (800xg, 1 min) and washed two times with 50
mM ammonium bicarbonate with 2 mM Urea. 6 pg of sequencing grade trypsin (Promega,
#V5113) was added for an overnight incubation at rt. Beads were collected and washed as
described above prior to trypsin digestion. The collected beads were then washed with an
additional 3 x 1 mL dH>O and then resuspended in TEV buffer (700 pl, 50 mM Tris (pH 8.0), 0.5
mM EDTA, 1 mM dithiothreitol). 8 ug of TEV protease was added to each sample and the beads
were incubated at rt overnight. Beads were removed with spin columns, and the supernatant was
collected into a fresh 1.5 mL maximum recovery tube. Beads were washed with 2 x 100 pl of
dH:0. The collected supernatant was dried to completion using a genovac drying system and then
desalted using preomics desalting columns per the manufacturer’s instructions.
Liquid chromatography mass spectrometry analysis of N-termini peptides

Desalted peptides (200 ng) were loaded onto a timsTOF pro equipped with a CaptiveSpray
source and a nanoFElute line (Bruker; Hamburg, Germany). The peptides were separated on a 25
cm, ReproSil ¢18 1.5 uM 100 A column (PepSep, PN. # PSC-25-150-15-UHP-nc) using a step-
wise linear gradient method with H20 in 0.1% Formic acid and acetronitrile with 0.1% formic acid
(solvent B): 5-30% solvent B for 90 min at 0.5 pl/min, 30-35% solvent B for 10 min at 0.6 pl/min,
35-95% solvent B for 4 min at 0.5 pl/min, 95% hold for 4 min at 0.5 pl/min). Acquired data was
collected in a data-dependent acquisition mode with ion mobility activated in PASEF mode. MS
and MS/MS spectra were collected with m/z ranging from 100 to 1700 in positive mode.

All acquired data was searched using PEAKS online Xpro 1.6 (Bioinformatics Solutions

Inc.; Ontario, Canada)’. Spectral searches were performed using a custom FASTA-formatted
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dataset containing swissprot-reviewed human proteome file with gene ontology localized the
plasma membrane (downloaded from Uniprot knowledge database)®. A precursor mass error
tolerance was set to 20 ppm and a fragment mass error tolerance was set at 0.03 ppm. Peptides,
ranging from 6 to 45 amino acids in length, were searched in semi-specific tryptic digest mode
with a maximum of two missed cleavages. Carbidomethylation (+57.0214 Da) on cysteines was
set as a static modification and methionine oxidation (+15.994) was set as a variable modification.
N-terminal specific peptides were identified by the N-terminal amino-butyric mass tag
(+85.052764). Lastly, peptides were filtered based on a false discovery rate (FDR) of 1%.

SILAC-labeled datasets were also analyzed in PEAKS online Xpro 1.6 with the following
alterations. Two additional variable modifications were set to account for the isotopic-labels:
13C(6)15N(2) and 13C(6) 15N(4), quantified peptides were matched between experimental
replicates and enrichments were normalized based on total ion chromatograph (TIC). Output
PEAKS files contained peptide ratios. If peptides overlapped with the same N-terminal site (i.e.,
tryptic C-termini, different oxidation), the peptides were grouped together and the average ratio
was reported for a given experimental dataset. Across replicates, peptides were removed if
observed with high variation (coefficient of variation>0.7) and peptides were quantified if present
in two biological replicates. The final N-terminal peptide ratio was then reported as the median
log> fold-change value alongside the shortest N-terminal tryptic peptide sequence.
Analysis of N-terminomics datasets

With custom python scripts and the Swiss-prot reviewed human proteome exported from
the uniprot knowledge database, MS files processed in PEAKS were further processed to filter
neo-N-termini according to the following features: topological domain of peptide, type of

membrane protein, subcellular localization, predicted glycosites, distance to signal sequence sites,
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distance to propeptide sequence sites. Cell surface displayed proteins were annotated if identified
by the following criteria: extracellular topology of membrane proteins (single-pass or multi-pass);
proteins with a subcellular localization as extracellular secreted proteins; or GPI-linked proteins
localized to the plasma membrane. For the location of the following proteolytic cleavages--initiator
methionine removal, signal peptide cleavage, propeptide cleavages—a precision ruler of 10 amino
acids from the annotated site was set. Additionally, neo-N-termini were paired to cell surface
capture surfaceomics data from the previous reference! and the cell surface atlas public datasets

(https://wlab.ethz.ch/cspa/#downloads)’. Additional analyses included amino acid distances from

neo-N-termini to the most proximal transmembrane helix or GPI-linked anchor and neo-N-termini
relative to annotated domain architectures. In some instances, incomplete annotations (missing
topological domain orientations or single-pass membrane proteins lacking typology annotations)
were observed and topology of N-termini were manually annotated based on the Protein Protter

server (http://wlab.ethz.ch/protter/start/)’. Gene ontology enrichments were obtained using the

webgestalt server using an FDR cut-off at 1%'°, and functional protein assignments were made
using the Panther server'!. For solvent accessibility and secondary structure analysis, features in
Uniprot and predicted structural features in AlphaFold 2.0 were used®!%!3,

For a topfind 4.1 comparison'4, protein accessions and peptide sequences were submitted
as lists with default parameters and a precision range within 10 amino acids. For sequence logo
generation, IceLogo was used with a precompiled Swiss-Prot Homo sapiens composition as the
reference set.

For surface accessibility and secondary structure analyses, custom R scripts recalled PDB

structures and AlphaFold 2.0 structural predictions!®!5,
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Immunoblot analysis of proteolytic substrates

For validating quantitative ratios of enriched neo-N-termini, MCF10A cells (empty vector
(ev), her2, krasG12V) were grown in 10 cm?® plates to 90% confluency. Cells were harvested by
washing plates with cold DPBS and incubating with PBS with 0.04% EDTA, free of Ca*/Mg**
incubation. Cells were pelleted, washed three times with DPBS, and then resuspended in RIPA
buffer supplemented with complete protease inhibitor cocktail (Roche) and DNase 1 (100 pg/ml).
After a 30 min incubation at 16 °C, cell debris was removed by centrifugation (20,000xg for 10
min, 4 °C). Total protein concentration was determined using a Pierce BCA Protein Assay kit (#
23225) and 20 pg of protein was incubated with 4X-SDS loading buffer containing 5% B-
mercaptoethanol on ice for thirty minutes. Samples were separated using a 4-12% Bolt, Bis-Tris,
invitrogen gel and then transferred to a PVDF membrane. The membrane was blocked with TBS
Intercept blocking buffer (LI-COR, #927-60001) rotating for 1 hour at room temperature. The
following primary antibody solutions were added for the respective protein targets: anti-Notch2
(1:1000 dilution; Cell Signaling, #5372), anti-LDLR (1:1000 dilution, R&D, # AF2148); anti-
DSG-2 (1:1000 dilution, Abcam, #ab226258), Anti-T-cadherin (1:2000, CDH13; EMD Millipore,
#ABT121). All primary antibody solutions also contained anti-actin (anti-mouse or anti-rabbit;
1:2000 dilution; Cell Signaling, #3700 or #4970). All, with the exception of anti-DSG-2, were
rocked overnight at 4 “C. For DSG-2, the blot was incubated with anti-DSG-2 solution for 1 hour
at room temperature. After iterative washing three times with TBS-T, blots for detecting Notch2,
DSG-2, T-cadherin were incubated with either IRDye-680/800-anti-mouse and IRDye-680/800
anti-rabbit (1:10000 dilution) based on the primary antibody used. For blots detecting LDLR,
IRDye-800-anti-goat (1:10000 dilution) and IRDye-680-anti-mouse were used. Blots were rocked

at room temperature for 1 hour in the dark before iterative washing three times with TBS-T. Near-
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infrared (NIR) immunoblot images were analyzed using an Odyssey Li-COR imaging system and

further analyzed using Imagel.
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Figure 1.1: An N-terminomics approach for capturing proteolytic neo-N-termini by
chemically-tethering stabiligase to glycans on living cells.

a, Membrane-embedded and secreted proteases modify cell surface proteins and create new N-
termini (neo-N-termini) often exposed within the extracellular environment. To characterize
proteolytic modifications on the cell surface, we considered attaching the engineered ligase,
stabiligase, to cell surfaces. b, In the presence of accessible N-termini, stabiligase tags a-amines
with a peptide ester containing a biotin (blue), a TEV-protease cleavage site, and an amino-butyric
acid mass tag (A, Abu, green sphere)?. After a MS workflow (protein enrichment on neutravidin,
proteolytic digestion, release from neutravidin), Abu-N-termini peptides are identified using LC-
MS-MS. ¢, Strategy for cell surface tethering of a-nucleophile stabiligase. Treating cells with a
mild periodate condition creates aldehydes on extracellular glycans which may react with N-
terminal nucleophiles to facilitate a direct stabiligase tether to cell surfaces. d, Synthetic
conjugation scheme to modify the N-terminus of stabiligase with an a-nucleophile. Purified
stabiligase(A1S) was incubated with Ellman’s reagent to create a C221-adduct, and then incubated
briefly with sodium periodate to generate an N-terminal aldehyde. The aldehyde-stabiligase then
reacted completely after an overnight incubation with either excess bis-amino-oxy or bis-
hydrazide-based reagents. Following the removal of the Cys-TNB with a reducing agent, fully-
functionalized a-nucleophilic-stabiligases were obtained.
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Figure 1.2: Chemical structure of the biotinylated peptide ester substrate for stabiligase.
The peptide ester was prepared using solid-phase peptide synthesis as reported previously>.
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Figure 1.3: Schematic showing the synthetic method for N-terminal conjugation of
stabiligase(A1S) and corresponding intact protein mass spectrometry traces.

a, Stabiligase(A1S) is purified using similar conditions as reported®. In the presence of Ellman’s
reagent (5,5-dithio-bis-(2-nitrobenzoic acid), DTNB), the active site cysteine (C221) is protected.
Then, TNB-protected stabiligase is treated with sodium periodate briefly on ice and forms a mass
consistent with the formation of a N-terminal glyoxyl group. After an overnight incubation with
aminooxy-reagents (O-[9(aminooxy)nonyl]-hydroxylamine shown, see SI Fig. 2 for additional
conjugate masses), complete conversion to the N-terminal aminooxy-stabiligase is observed. b,
Deconvoluted intact mass spectrometry traces show complete conversion of N-terminal serine
stabiligase into an N-terminal functional group based on respective bis-aminooxy-reagents or an
aminooxy-alkynyl-reagent.
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Figure 1.4: Stabiligase conjugated to an N-terminal nucleophile forms a covalently tether to
native glycans on living cells and efficiently labels cell surface N-termini

a, Stabiligase tethering to HEK293T cells, initially treated with sodium periodate and then
conjugated stabiligase variants, was monitored by flow cytometry with AF647-anti-histidine
staining. An N-terminal aminooxy- group mediates higher stabiligase tethering onto cells
compared to a hydrazide group. b, Fluorescence microscopy of HEK293T cells tethered to
aminooxy-stabiligase showed exclusive membrane staining. ¢, Pre-treatment of HEK293T cells
with Vibrio cholerae sialidase showed greatly reduced attachment of aminooxy-stabiligase. d,
Compared to unconjugated soluble stabiligase, glycan-tethered (GT)-stabiligases showed
dramatically improved ligase activity in the presence of a biotinylated peptide ester substrate. Cells
were stained with AF-488-streptavidin to detect labeling by flow cytometry analysis. e,
Immunoblot detection of biotinylated proteins within the subcellular membrane fraction was
consistent with flow cytometry staining of cells in panel d. f, Labeling efficiencies of GT-
stabiligases with varying linker lengths were compared using immunoblot analysis. Increasing the
linker distances between the glycan and the stabiligase domain did not affect N-termini
biotinylation. Data are representative of at least three independent experiments with similar results.
In a, and d, data are presented as the mean + s.e.m., and P values were calculated using one-way
ANOVA followed by Tukey’s multiple comparisons test.
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Figure 1.5: Click-based tethering of stabiligase onto HEK293T cells.

Cells were cultured with azido-GalNAz similar to previous literature. After 48 hours, cells were
then harvested, washed three times with DPBS, and then incubated with BTTAA, CuSQOs, and an
N-terminal-alkynyl-stabiligase using previous methods suitable for living cells. HEK293T cells
were subsequently washed, incubated with AF647-anti-histidine (1:5000), and analyzed using

flow cytometry. As shown by analysis obtained from FlowJo, modest attachment of stabiligase
was achieved.
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Figure 1.6: GT-stabiligase attached to cells biotinylates predominantly membrane proteins
as shown by immunoblot detection with streptavidin.

a, In the following order, HEK293T cells were tethered with GT-stabiligase, labeled with the
biotinylated peptide ester substrate, and then lysed cells were fractionated using subcellular
fractionation. 20 pg of cytoplasmic and membrane fractions were loaded onto a SDS-PAGE gel,
transferred to PVDF, and then blotted with Revert 700 total protein stain (LI-COR) and IRDye-
800-Streptavidin (LI-COR). b, HEK293T cells tethered with aminooxy-stabiligase pelleted
(400xg, 4 °C for 5 min), washed, and kept on ice before subcellular fractionation (Thermo
Scientific subcellular protein fractionation kit, Catalog #78840). Membrane fractions (20 pg) were
separated through PAGE and then transferred onto PVDF for immunoblot analysis as described in
panel a,. These experiments were performed on at least three individual times with similar results.
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Figure 1.7: GT-stabiligase tethering and N-terminal labeling does not significantly affect
cytotoxicity.

HEK293T cells were treated with sodium periodate, and then incubated with either soluble or N-
terminal aminooxy-stabiligase as described for other stabiligase tethering experiments.
Subsequently, 1 mM biotinylated peptide ester (1% DMSO final) was added to cells. For soluble
stabiligase reactions, an additional 2 pM soluble stabiligase was added alongside the peptide ester.
After a 15 min ligation, cells were pelleted and washed with cold DPBS (7.4). To evaluate cell
viability, the CellTiter Glo luminescence assay was used according to the manufacturer’s
instructions to quantify ATP levels and luminescence for stabiligase reactions was normalized
relative to untreated HEK293T cells as a control. Independent experiments were performed in
triplicate, and the mean + S.D. is reported.
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Figure 1.8: GT-stabiligase N-terminomics broadly captures precise neo-N-termini across
different cellular contexts

a, Initial GT-stabiligase N-terminomics was performed on HEK293T cells, which yielded 507 N-
termini on 186 cell surface proteins. The distribution of membrane proteins mapped with N-termini
was similar to the population ratios of different membrane proteins. N-termini peptides were
grouped based on the location of cleavage: initiator methionine (Met), signal peptide, propeptide
junction, transmembrane, and extracellular regions of proteins. The vast majority of cleavages
(74%) mapped to extracellular regions of proteins and were localized either to linker regions or
within domains that were predominantly predicted as beta-strands. The icelogo of the P4-P4’
residues flanking the cut-site (scissors) shows a range of amino acids at the P1 position. b, GT-
stabiligase cell surface N-terminomics captures neo-N-termini across adherent cell types and
primary immune cells. ¢, N-termini in panel b, were compared to N-termini deposited to Topfind
4.1 and only a small percentage of N-termini were observed previously (dark blue)!. d, For proteins
identified with pro-mature junction cleavages, endopeptidase activities were over-represented
based on molecular functions annotated based on Gene Ontology (GO). These extracellular
proteases represent different hydrolase families and substrate profiles. e, The number of amino
acids between the membrane anchor (either the proximal transmembrane helix or GPI-anchor) and
the cleavage site was used to approximate how far the proteolytic cleavage occurred relative to the
membrane.
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Figure 1.9: Extracellular N-termini distribution across domains, different predicted
secondary structure, and solvent accessibility.
a, Gene ontology analysis (GO) of biological processes for extracellular neo-N-termini for
adherent cells and immune cell types®. b, Localization of extracellular cleavage sites relative to
domains for single-pass membrane proteins and regions between multi-pass transmembrane
helices**. ¢, Using PDB deposited structures and structural predictions made by AlphaFold 2.09,
predicted secondary structures and surface accessibility of the extracellular cleavage sites were
made. For secondary structure assignment, H represents helix, E represents sheets, C represents

loops.
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Figure 1.10: Comparisons between N-termini fold changes and protein abundance changes
for single oncogene-driven datasets shows modest correlation.

Hierarchical heat maps represent fold-changes (1.8 or higher threshold) in the presence of the
oncogenes her2 for panel a, or kras(gl2V) for panel b,. The protein and N-termini peptide start
position are annotated for each row. For proteins not observed in CSC proteomics!, the protein
abundance row is colored gray to indicate a missing value.
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Figure 1.11: Individual oncogenes drive common and unique proteolytic cleavages on cell
surfaces.

a, Schematic depicting the application of quantitative GT-stabiligase N-terminomics to identify
differences in proteolytic, neo-N-termini in the presence of individual oncogenes, HER2 or
KRAS(G12V). After growing cells in SILAC conditions, non-tumorigenic MCF10A cells (empty
vector, ev) were combined with cells harboring the single oncogenes for GT-stabiligase N-
terminomics as described earlier. b, Venn diagram for neo-N-termini for KRAS(G12V) or HER2
transformed cells that were substantially changed (1.8-fold threshold) in comparison to the control
MCF10A cells. ¢, Protein classes represented by enriched neo-N-termini observed in the presence
of either oncogene shows an enrichment of transmembrane signal receptors and cell adhesion
proteins. d, A heat map shows comparisons between shared proteolytic neo-N-termini observed in
the presence of Her2 or KRas%'?V and corresponding CSC-based protein enrichments reported
previously*'. e, Immunoblot analysis of select proteins (NOTCH2, DSG2, LDLR, CAD13) is
consistent with quantitative proteolytic differences observed using GT-stabiligase N-terminomics.
Independent experiments were performed in triplicate with similar results. Of note, the S2 and S3
cleavage products of NOTCH2 likely overlap in the blot, and we would not expect to see the S3
cut by cell surface N-terminomics because the neo-N-terminus is intracellular.
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Chapter 2
Hypoxia induces extensive proteolytic and protein remodeling of the cell surface in

pancreatic adenocarcinoma (PDAC)
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Abstract

The tumor microenvironment (TME) plays a crucial role in cancer progression. Hypoxia,
a hallmark of the TME, induces a cascade of molecular events that affect cellular processes
involved in metabolism, metastasis, and proteolysis. In pancreatic adenocarcinoma (PDAC), tumor
tissues are extremely hypoxic, and it is important to understand how it can affect cellular
expression and function. Here, we utilized various mass spectrometry methods to analyze how
proteolysis and protein secretion changed under hypoxic conditions. Four cell lines were assayed
and we found that changes in proteolysis affected molecules involved in cellular adhesion and
motility. Under hypoxic conditions, PDAC cells secreted/shed fewer molecules responsible for
the regulating the humoral immune and inflammation response, while there was an upregulation
in proteins involved in metabolic processing and tissue development. While proteolysis did not
directly contribute to changes in the protein levels in the secretome, the two methods played
complementary roles in exploring the breadth of the effect of hypoxia on the cell surface landscape.
Introduction

Pancreatic ductal adenocarcinoma (PDAC) represents more than 90% of pancreatic
cancers. Over 50% of patients are diagnosed in the advanced stages of the disease when the tumor
cells have metastasized!. A lack of detectable biomarkers and non-specific symptoms results in a
delay in diagnosis and treatment. While treatments for many cancers have improved over the past
few years, the 5-year survival rate for pancreatic cancer remains low at 12.5%!. Understanding the
cellular physiology of PDAC and its environment may lead to improved efforts to treat the disease.

The tumor microenvironment (TME) has a major impact on cancer progression, including
effects on proliferation, invasion, metabolism, angiogenesis, metastasis, and immunosuppression®

3. One characteristic of the TME is hypoxia, caused by the uncontrolled cellular proliferation and
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changes to metabolism*>. The hypoxic environment can then cause additional changes to multiple
regulatory processes of the cellular population, some of which may confer resistance to
treatments*® It can also suppress the immune response by creating a hostile environment for
immune cells”. Most tumor tissues range from 2-10 times more hypoxic than their respective
normal tissues®, but pancreatic tumors have been found to be as much as 25 times more hypoxic*!°.

Another hallmark of cancer is the dysregulation of proteolysis'!. Proteolysis is a post-
translational modification that contributes to many cellular and physiological processes, including
cell signaling, protein processing, tissue remodeling, cellular migration, and programmed cell
death to name a few!?"!4. However, aberrant proteolysis can contribute to the progression of disease
by affecting cellular growth, responses to apoptosis and senescence, angiogenesis, invasion,
metastasis, and inflammation!>-!®, In order to study the role of proteolysis in biological processes,
various mass spectrometry (MS) methods have been developed to identify cleavage sites!”?? and
shed or secreted proteins (secretome)?3-26.

Previous studies have studied the role of hypoxia in PDAC and its effect on various cellular
phenotypes. It is known to promote migration via miR-150 downregulation?’ and can contribute to
the endothelial mesenchymal transition (EMT) and proliferation®®?°. While not directly studying

hypoxia, RNA analysis of patient samples%-*!

and MS analysis of extracellular protein expression
in mouse xenografts*? have provided insight on the proteomic landscape in hypoxic PDAC tumors.
However, we do not know how a hypoxic environment affects proteolysis of extracellular proteins
and the shedding and secretion of proteins in PDAC.

Here we utilized a glycan-tethered subtiligase to identify protein N-terminal peptides,

including those created from proteolytic cleavage events?? in 4 PDAC cell lines (KP4, Panc-1,

PaTu 8902, and MIA PaCa-2) and address how a hypoxic environment impacts the proteolytic
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landscape. Additionally, we studied how hypoxia affects the shedding and secretion of proteins
into the extracellular space. In total, we identified 906 unique N-termini that mapped to 384
membrane proteins and 517 membrane proteins as part of secretome. Hypoxia induces extensive
remodeling of the proteolytic and extracellular protein landscape of PDAC, especially affecting
proteins involved cellular adhesion, motility, and response to the innate immune system.

Results

Mass spectrometry based identification of neo N-termini in extracellular proteins in PDAC
under hypoxic conditions.

One method to identify protein N-termini utilizes subtiligase, an engineered ligase that
preferentially binds N-termini and catalyzes a reaction between it and the C-terminal ester of a
peptide substrate, creating a peptide bond. A previously described method?? was utilized to tether
subtiligase to the cell surface to explore how hypoxia affects cell surface proteolysis in PDAC. In
short (Fig. 2.1a), each cell line was cultured in stable isotopic labeling of amino acid (SILAC)
media and grown under hypoxic (1% O2) or normoxic (5% Oz) conditions for 72 hours. Cells were
mixed before tethering subtiligase to cell surface proteoglycans via a bis-aminooxy reagent. This
mixture was then incubated with a biotinylated peptide substrate containing an aminobutyric acid
(Abu) mass tag, labeling the exposed N-termini of proteins. These proteins were then processed
until only Abu-tagged peptides remained and were analyzed via mass spectrometry to identify
unique peptides across both conditions. Across the 4 cell lines (KP4, Panc-1, PaTu 8902, and MIA
PaCa-2) that were assayed, 906 unique peptides, mapping to 384 membrane proteins were
identified (Fig. 2.1b). Most proteins identified were type I single-pass transmembrane proteins,
making up ~58% of proteins. The next largest group of N-termini identified correlated with multi-

pass proteins (22%), followed by secreted proteins (10%), glycophosphatidylinositol (GPI)-
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anchored proteins (7.4%), and finally, type II transmembrane proteins (1.6%). Analysis of the
cleavage topology (Fig. 2.1¢) revealed that over 88% of the identified peptides could be mapped
to the extracellular domain of proteins, while just a small number were associated with the removal
of signal peptides, initiator methionines, pro-domains, or cleavages in the transmembrane domain.
Using PDB deposited structures (Fig. 2.1d) and AlphaFold 2.0 predicted structures (Fig. 2.2), the
secondary structure surrounding these cleavage sites correlated mostly with loops/unstructured
domains. We also measured the distance between the identified N-termini and where the proteins
were tethered to the membrane (Fig 2.1e) and found a distance distribution indicating that while
many cleavages correlate with the shedding of whole protein ectodomains (0-40 amino acids), a
significant portion occurred away from the membrane.
Hypoxia causes widespread changes in proteolytic activity

Analysis of the identified N-termini did not show a general consensus in proteolytic activity
across the 4 cell lines (Fig. 2.3a, n=5). Each cell line demonstrated its own proteolytic profile in
response to hypoxia. Gene ontology (GO) analysis of biological processes of all peptides (Fig.
2.3b) revealed an over-representation of proteins involved in receptor activity: receptor tyrosine
kinase (RTK) signaling, transducer and transmembrane signaling receptor activity. We identified
84 neo N-termini that had a greater than or equal to 1.8-fold change in abundance under hypoxic
conditions in at least 2 cell lines (Fig. 2.4a). In this enriched dataset, the presence of many N-
termini were lower under hypoxic conditions in the KP4, Panc-1, and PaTu 8902 lines. MIA PaCa-
2 cells demonstrated an increase in proteolysis at the same cut sites. Western blot analysis of the
full length (1) and cleaved (c) forms of MUC18, RTN4R, and CDCP1 were consistent with mass
spectrometry analysis (Fig. 2.4b). With several proteins, there were some N-termini that differed

only by a few amino acids. For example, MUC18 cleavage is increased under hypoxic condition
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at residue 338 in MIA PaCa-2 cells, while showing slightly lower levels in the other cell lines.
However, in KP4 and Panc-1 cells, a cleavage at residue 339 becomes more prominent and results
in the same sized cleaved product identified by western blot. It is the combination of data for these
“tandem” cut sites that can provide a clearer picture on the presence of such cleavage products. An
over-representation of proteins involved in cell adhesion, migration, and locomotion were found
based on GO analysis (Fig. 2.4¢). Hypoxia is known to affect cellular adhesion and migration33-3¢
and this data suggests that it may also impact proteolysis of such molecules.
Hypoxia induces changes in the secreted proteome

Studying N-termini and cleavage sites provided some insight on how the cell surface
proteome changes in hypoxic PDAC, however, it does not paint a full picture of the changes,
particularly with the case of secreted proteins. The residence time of these proteins near the cell
surface may not be long enough to enable subtiligase labeling of their N-termini. Fig. 2.5a briefly
outlines the method?® used to analyze proteins secreted or shed into the supernatant. Cells are
cultured in SILAC media with N-azidoacetymannosame in normoxic or hypoxic conditions to
label glycoproteins with an azide handle. The supernatant from these cultures is then collected and
the free-floating glycoproteins enriched via lectin-based pull down and click chemistry. The azido-
labeled proteins are then processed for mass spectrometry. Similar to the N-terminomics analysis,
a majority of the 517 proteins identified in the supernatant were type I single-pass transmembrane
proteins (Fig. 2.5b) and as expected, a larger number of secreted proteins was identified via this
method. A global look at the identified proteins (Fig 2.5¢) reveals three clusters of proteins across
the four cell lines. Cluster 1 (Figs. 2.5d and 2.6a) represents a group of heavily downregulated
proteins that with GO analysis, show to be involved in inflammatory and immune responses.

Cluster 2 (Figs. 2.5d and 2.6b) includes proteins that are slightly upregulated and are over-
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represented in molecules that regulate cellular metabolism. Cluster 3 (Figs. 2.5d and 2.6¢) show
an increased number of shed/secreted molecules involved in antigen processing and presentation
as well as those involved in endothelium and tissue development. Collectively, this data
corroborates existing data that hypoxic conditions can aid in immune evasion®’® and affect
cellular metabolism to promote growth of the diseased cells**-4!.
Proteolytic activity does not directly correlate with the presence of shed and secreted proteins
Thirty-six membrane proteases were identified in the secretome data set (Fig. 2.7a). Serine
proteases accounted for almost half of the proteases identified, followed by metalloproteases and
cysteine proteases (Fig. 2.7b). Many of the upregulated proteases, such as ADAM10, ADAM17,
the Cathepsins, MMP2, etc are known to be involved in extracellular matrix degradation to
increase tissue invasion. The downregulated proteases are involved in coagulation and
angiogenesis. These proteases are primarily known to be secreted or associated with the cellular
membrane, but hypoxia induces the secretion of some that normally reside in the cytoplasm,
lysosome, endoplasmic reticulum, or golgi apparatus (Fig. 2.7¢). IceLogo visualization (Fig. 2.7d)
does not converge on a definitive consensus sequence, as expected with the breadth of proteases
identified here, but the distinct presence of arginine and lysine in the P1 position reflects the
number of the identified proteases known to cleave with those amino acids in that position. Eleven
proteases were identified in both the N-terminomics and secretomics datasets (Fig. 2.8a), with
activating cut sites for ADAM10 and Urokinase were observed (Fig. 2.8b). Side by side
comparison of the enriched proteolysis sites with their respective proteins does not directly
correlate with the protein levels identified in the secretomics analysis (Fig. 2.7e¢). Hierarchical

clustering groups the neo N-termini datasets separately from the secretomics datasets, and a lack

52



of correlation when the full datasets are plotted against each other (Fig. 2.9) suggest that the effect
of hypoxia on proteolysis may not contribute greatly to changes in the proteins shed or secreted.
Discussion

Hypoxia is an important feature of the tumor microenvironment and greatly impacts the
cellular and molecular functions of cells. In the case of a disease like PDAC, where tumor cores
can be nearly 25-times more hypoxic that normal tissue*!?, it is important to understand how it
can affect protein expression and processing. Utilizing various mass spectrometry techniques, we
discovered that hypoxia strongly impacts proteolysis, protein shedding, and protein secretion, but
that the changes in proteolysis did not heavily alter changes in protein secretion. Through N-
terminomics, we identified 906 peptides associated with 384 membrane proteins, with type I
single-pass transmembrane proteins being the most abundant (Fig. 2.1b) and most cleavages
occurred in the unstructured loops of protein ectodomains (Figs. 2.1¢, 2.1d). These results
reflected a similar pattern to those previously identified in breast cancer cells under normoxic
conditions??, indicating that hypoxia does not change the overall proportions of cell surface
proteins.

Cell surface N-terminomics profiles for each cell line varied greatly under hypoxic
conditions (Fig. 2.3a). Like most cancers, PDAC is a complex disease with variable cell types?®+?
and the cell lines chosen for this study reflect that. PaTu 8902 cells express more epithelial
differentiation genes, while Panc-1, MIA PaCa-2, and KP4 cells express more basal-like
molecules, like those involved in stem-cell and epithelial-to-mesenchymal transition (EMT)
markers*?. Additionally, they carry different KRAS mutations which may contribute to different
activation levels of the Ras pathway and response to stimuli*’. When peptides were narrowed down

to those that have a >1.8-fold enrichment, either in normoxic or hypoxic conditions, it was found
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that while MIA-PaCa-2 cells displayed increased proteolysis at these sites, the other three cell lines
showed a general decrease in proteolysis. GO analysis revealed an over-representation of proteins
involved in cellular adhesion and migration (Fig. 2.3¢). In particular, the enrichment ratio for
molecules involved in cell adhesion mediated by integrins was over 45. Included in this category
was ITGB1#% ITGAV*, and ITGB5%, proteins known to be upregulated in expression under
hypoxic conditions to promote cellular migration. Downregulating the cleavage of these molecules
may be integral in maintaining that specific function. It has also been shown that cleavage of cell
adhesion molecules can contribute to signal transduction*®#’. The proteolytic ectodomain cleavage
of CADH2 is involved in signal transduction and the degradation of CREB-binding protein (CBP),
a transcriptional coactivator*’. Exposure to hypoxia may trigger a different response in MIA PaCa-
2 cells that results in increased proteolysis for signaling rather than adhesion. The western blot
validation of RTN4R in particular demonstrates how hypoxia can push proteolysis in opposite
directions in different cell lines (Fig. 2.3b). We observed an increase in the cleavage product in
PaTu 8902 cells while proteolysis was completely inhibited in the other three cell lines.

We also studied how hypoxia affected what proteins were shed or secreted into the media.
517 membrane proteins were identified in the culture supernatant and as with the N-terminomics
data, type I single-pass transmembrane proteins dominated the IDs. As expected with a method
tailored to isolating untethered glycoproteins or fragments, an increased portion of the IDs were
secreted proteins (Fig. 2.5b). This dataset converged across the four cell lines to reveal three
clusters of proteins. In cluster 1 (Fig. 2.5d), GO analysis revealed an over-representation of
proteins involved in regulating inflammation and the humoral immune response. Canonically,
proteins in the complement system defend against, however studies have shown that pancreatic

cancer increases the expression of complement proteins that can then trigger pro-inflammatory
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cytokines*®*. In other contexts, hypoxia further increases expression of complement proteins>®!,

but interestingly, we found that these proteins were down regulated, indicating that there are likely
additional factors in the tumor microenvironment outside of hypoxia that influence complement
expression in PDAC. Cluster 2 shows an upregulation of molecules that impact cellular
metabolism. This corroborates existing data that hypoxia upregulates molecules such as TGF-[3°2
and alpha-enolase’? that are involved in hypoxia tolerance. Cluster 3 shows increased secretion of
molecules involve in tissue development and an over-representation of protease inhibitors. Taking
a closer look at the secreted proteases (Fig. 2.7a) a moderate number that are overexpressed under
hypoxic conditions are involved in degrading the extracellular matrix to promote metastasis. Those
involved in coagulation are generally downregulated. Interestingly, some of the proteases over
expressed in cluster 3 are inhibitors to those found in Fig. 2.7a. TFP11°* and APLP2% are inhibitors
of coagulation factors X & XI (FA10, FA11); GDN>¢ inhibits thrombin and urokinase; and SPIT1°’
inhibits matriptase (ST14). APLP2 is also known to be shed by ADAMI0 and ADAMI17°8,
Although a number of proteases are overexpressed and secreted into the supernatant, it is possible
that the presence of the inhibitors is enough to reduce proteolysis seen in Fig. 2.4a.

Comparing the N-terminomics and secretomics datasets, there are 11 shared proteases (Fig.
2.8). However, only the activating cleavage sites for ADAM10 and urokinase have been identified
by subtiligase. While this is not an indication that the other proteases are inactive, this mass spec
method can only confirm that ADAM10 and urokinase are active. We also compared the enriched
N-terminomics dataset to their respective secreted protein levels (Fig. 2.7¢) and did not see
significant correlation; hierarchical clustering maintained them as separate groups. This was
supported by correlation plots of the data sets for each cell line (Fig. 2.9). This suggests that the

cleavage sites observed do not contribute directly to the protein levels in the supernatant.
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Subtiligase only labels N-termini and does not provide comprehensive coverage of all cleavages.
Additionally, if entire ectodomains are shed, it is possible the remaining transmembrane domains
may be recycled before subtiligase can be used to label the remnants.

Hypoxia greatly impacts the cell surface proteome in PDAC cell lines and is just one
component of the tumor microenvironment that continues to be studied. Identification of neo N-
termini could lead to the development of new targeted therapies with fewer off-target effects. The
study of the secretome allows us to learn about molecules that may interfere with existing drugs,
but that could also be potential biomarkers for a disease that currently has few early diagnostic
targets.

Methods
Cell Culture

KP4 and MIAPaCa-2 cells were a generous gift from Dr. Rushika Perera (UCSF) PANC-
1, and PaTu 8902 were purchased from ATCC (Manassas, Virginia) were cultured in IMDM
SILAC media (Thermo Fisher Scientific; Waltham, MA) + 10% dialyzed FBS (GeminiBio,
Sacramento, CA) and 1% Penicillin/Streptomycin (Thermo Fisher Scientific) containing L-['*Ce,
N3] lysine and L-['3Cs, 'N4] arginine for heavy labeling (Cambridge Isotype Laboratories,
Tewksbury, MA) or L-{!2Cs, “N>] lysine and L-['?C¢, *N4] arginine for light labeling (Sigma-
Aldrich, St. Louis, MO). Under normoxic conditions, cells were grown at 37°C, 5% O for 72
hours before harvest. Under hypoxic conditions, cells were grown at 37°C, 1% Ox for 72 hours
before harvest.

Cell Surface Capture
Labeling and capture of cell surface proteins has been described in detail previously (ref).

Cells were harvested with Versene (Thermo Fisher Scientific). Cells were washed with phosphate
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buffered saline pH6.5 (Cytiva, Marlborough, MA) and incubated with WGA peroxidase (Vector
Labs, Newark, CA) and biotin tyramide (Apex Bio, Houston, TX) at 37°C. Hydrogen peroxide
(Sigma-Aldrich) was added and the reaction allowed to proceed for 2 minutes before being
quenched and washed with sodium pyruvate (Cytiva). Cells were collected and lysed in RIPA
buffer with protease inhibitor cocktail (Sigma-Alrich). Cell lysate was incubated with neutravidin
agarose beads (Thermo Fisher Scientific at 4°C for 30 minutes. Beads were then washed with
RIPA buffer, 50 mM PBS + 1M NaCL, and 50 mM ammonium bicarbonate +2M urea buffer. The
beads were then processed for tryptic peptide elution and mass spectrometry analysis using the
iST desalting kit (Preomics, Martinsried, Germany) per manufacturer instructions.
Secretomics Capture

Secretome analysis has been described in detail previously?. Cells were incubated under
normoxic or hypoxic conditions with 100 uM N-Azidoacetymannosamine (Thermo Fisher
Scientific) for 72 hours. Conditioned media was collected incubated with Concanavalin A Agarose
beads (G-Biosciences, Overland, MO) for 2 hours at room temperature. Proteins were eluted from
the ConA beads with methyl-alpha-mannopyranoside (Sigma-Aldrich) and incubated with DBCO
beads (Vector Laboratories; Newark, CA) overnight at 4°C. Protein disulfide bonds were reduced
with DTT (GoldBio, Olivette, MO) and cysteines alkylated with iodoacetamide (Sigma-Alrich).
The protein was digested with sequencing grade trypsin and the tryptic peptides were processed
for mass spectrometry analysis using the iST desalting kit per manufacturer instructions.
Cell Surface N-terminomics

N-terminomics was performed as previously described [ref 22]. Cells were harvested with
Versene and treated with sodium periodate (Sigma-Aldrich) to oxidize cell surface glycans.

Aminooxy-peg2-stabiligase and analine (Sigma-Alrdich) were then added to cells to tether
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stabiligase to the cell surface for 15 minutes at 4°C. After washing, cells were incubated at room
temperature with a biotinylated peptide ester substrate for 15 minutes and washed with PBS. Cells
were collected and lysed in RIPA buffer with protease inhibitor cocktail. Cell lysate was incubated
with neutravidin agarose beads at 4°C for 30 minutes. Beads were then washed with RIPA buffer,
50 mM PBS + 1M NaCL, and 50 mM ammonium bicarbonate +2M urea buffer. The beads were
then incubated with sequencing grade trypsin (Promega, Madison, WI) overnight at room
temperature to release tryptic peptides. Beads were collected and washed with 50 mM ammonium
bicarbonate buffer and incubated with TEV protease and DTT overnight. The TEV protease
elution was collected and processed for mass spectrometry analysis using the iST desalting
columns per manufacturer instructions.
Liquid chromatography mass spectrometry analysis

200 ng of prepared samples were injected onto a 25 cm, ReproSil c18 1.5 uM 100 A column
(PepSep) on a timsTOF Pro with a Captive Spray source and a nenoElute line (Bruker; Hamburg,
Germay). a stepwise linear gradient method with H20 in 0.1% Formic acid and acetronitrile with
0.1% formic acid (solvent B): 5-30% solvent B for 90 min at 0.5 pl/min, 30-35% solvent B for 10
min at 0.6 pl/min, 35-95% solvent B for 4 min at 0.5 pl/min, 95% hold for 4 min at 0.5 pl/min)
was used. Acquired data was collected in a data-dependent acquisition (DDA) mode with ion
mobility activated in PASEF mode. Data was then analyzed using PEAKS online Xpro 1.6
(bioinformatics Solutions Inc.; Ontario, Canada), using the SwissProt GOCC Plasma Membrane
Database. Analyzed data was further processed using a python script previously described??.
Western Blots

20 pg of cellular lysate were loaded onto NuPAGE 4%-12%, Bis Tris Mini Protein Gels

(Thermo Fisher Scientific). Gels were then transferred to PVDF membranes using the iBlot2
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(Thermo Fisher Scientific). Membranes were blocked with 5% bovine serum albumin (BSA;
Gemini Bio) for 1 hour at room temperature. Primary antibodies were added to the blocking buffer
and incubate at 4°C overnight. -actin (1:2000), CDCP1 (1:1000), and MUC-18 (1:500) antibodies
were purchased from Cell Signalling Technology (Danver, MA). The RTN4R (1:250) antibody
was purchased from Proteintech (Rosemont, IL). Membrane was then washed 3X with PBST and
incubated with LI-COR secondary antibodies (Lincoln, NE) for 1 hour at room temperature.

Membrane was washed three times and imaged on the Odyssey DLx system (LI-COR).
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Figure 2.1: Subtiligase labeling of cell surface N-termini on PDAC cell lines under normoxic
and hypoxic conditions

a. Schematic of procedure to identify N-termini. PDAC cells are grown in heavy or light SILAC
media under normoxic or hypoxic conditions. Cells were then mixed and subtiligase tethered to
the cell surface via attachment to proteoglycans. The mixture was incubated with a peptide
substrate that label N-termini with an Aminobutyric Acid (Abu) mass tag. Cells were then
processed, resulting in peptides with an Abu tag that were then quantified on the timsTOF mass
spectrometer. b. Across four cell lines, 906 unique N-termini were identified, corresponding to
384 membrane proteins. (Figure caption continued on the next page.)
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(Figure caption continued from the previous page.) Of those annotated in UniProt, the majority of
proteins identified were Type I single-pass transmembrane proteins, followed by a number of
multi-pass and secreted proteins. ¢. Neo N-termini cleavage topology was analyzed and over 88%
of peptide mapped to extracellular domains of proteins. Cleavages were also identified at the
initiator methionine, propeptide domains, signal sequences, and transmembrane domains. d. Using
PDB deposited structures, predicted secondary structures for cleavage sites were made. H
represents helix, E represents sheets, and C represents loops, with the majority of cleavages
occurring in loops or unstructured areas. e. Distances between the cleavage site and the cell
membrane were approximated based on the number of amino acids between the cleavage site and
the membrane anchor.
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Figure 2.2: Predicted secondary structure at cleavage sites

For proteins that did not have a structure deposited on PDB, AlphaFold 2.0 models were used to
predict the secondary structure surrounding the identified cleavage sites. H represents helices, E
represents residues in sheets, and C represents residues in loop and unstructured locations.
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Figure 2.3: N-termini identified by subtiligase

a. Heatmap of identified N-termini depicting the change in peptide abundance under hypoxic
conditions. Red indicates an increased presence in hypoxia while blue indicates an increased
presence in normoxia. b. Go analysis of all N-termini reveals an over-representation of proteins

involved in signaling receptor activity.
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Figure 2.4: Hypoxic conditions induce extensive proteolytic remodeling on the cell surface.
a. Heatmap of significant N-termini with > 1.8-fold change under hypoxic conditions. Peptides
overrepresented under hypoxic conditions are represented in red while those with a higher presence
in normoxic conditions are represented in blue. In KP4, Panc-1, and PaTu 8902 cells, proteolysis
is decreased under while MIA PaCa-2 cells showed an the opposite effect. b. Western blot analysis
of full length (fl) and cleaved (cl) isoforms of MUC18, RTN4R, and CDCP1 were consistent with
quantitated proteolytic events identified by mass spectrometry. ¢. Gene ontology (GO) analysis of
biological processes showed that cleavages affecting proteins involved in cellular adhesion and
migration were overrepresented under hypoxic conditions.
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Figure 2.5: Analysis of the secretome of PDAC cell lines

a. Simplified schematic of the method to analyze secreted proteins. Cells are grown in heavy or
light SILAC media under normoxic or hypoxic conditions and incubated with N-
azidoacetymannosamine for 72 hours, resulting in azido-labelled proteins. The supernatant from
each condition was collected and mixed before lectin -based enrichment isolated all glycoproteins
from the supernatant. Click chemistry was then employed to further enrich for azido-glycoproteins.
Samples were digested with trypsin and peptides analyzed by mass spectrometry. b. 517 membrane
proteins were identified, and of those annotated, type I single-pass transmembrane proteins made
up the largest portion of identified proteins, followed by secreted proteins, with a similar number
of type II, multi-pass, and GPI-anchored identified. (Figure caption continued on the next page.)
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(Figure caption continued from the previous page.) ¢. Global heat map analysis across 4 cell lines
revealed three clusters of proteins. d. Cluster 1 contained proteins with decreased identification
under hypoxic conditions in all four cell lines. GO analysis of biological processes (Fig 2.5)
revealed a decrease in shed proteins involved in inflammatory and immune responses. Cluster 2
identified an increase in proteins involved in regulation of cellular metabolism. Cluster 3 showed
an upregulation in proteins in tissue development and antigen processing and presentation.
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Figure 2.6: GO Analysis of secretomics clusters

a. Cluster 1 identifies downregulated proteins involved in regulating the immune and inflammatory
responses. b. Cluster 2 identifies moderately upregulated proteins involved in regulating cellular
metabolism and development ¢. Cluster 3 identifies upregulated proteins involved in antigen
processing/presentation, as well as those involved in tissue development and response to stimuli.
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Figure 2.7: Secreted proteases and proteins under hypoxic conditions and correlation of N-
termini and secretomics analysis
a. Proteases identified in cellular supernatant under hypoxic conditions across 4 cell lines. Colored
tiles beneath the heat map annotate the type of protease, correlating with those in (b). b.
Classification of identified proteases. ¢. Annotated location(s) for identified proteases according
to Uniprot. d. iceLogo visualization of P4-P4’ residues flanking the cleavage site across four cell
lines. e. Heatmap comparison between shared N-termini and corresponding secreted protein

enrichments.
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Figure 2.8: Shared proteases identified in N-terminomics and secretomics
a. Venn diagram displaying proteases identified in N-terminomics, secretomics, and shared

between the datasets. b. Cleavages at activating sites of urokinase and ADAM10 and their
associated secreted protein levels.
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Identified N-termini (x-axis) and their changes under hypoxic conditions plotted against their
respective change in protein levels in secretomics (y-axis) datasets show little correlation
between proteolysis and shed/secreted proteins.
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Chapter 3

Trimeric SARS-CoV-2 Spike interacts with dimeric ACE2 with limited intra-Spike avidity
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Abstract

A serious public health crisis is currently unfolding due to the SARS-CoV-2 pandemic.
SARS-CoV-2 viral entry depends on an interaction between the receptor binding domain of the
trimeric viral Spike protein (Spike-RBD) and the dimeric human angiotensin converting enzyme
2 (ACE2) receptor. While it is clear that strategies to block the Spike/ACE2 interaction are
promising as anti-SARS-CoV-2 therapeutics, our current understanding is insufficient for the
rational design of maximally effective therapeutic molecules. Here, we investigated the
mechanism of Spike/ACE2 interaction by characterizing the binding affinity and kinetics of
different multimeric forms of recombinant ACE2 and Spike-RBD domain. We also engineered
ACE?2 into a split Nanoluciferase-based reporter system to probe the conformational landscape of
Spike-RBDs in the context of the Spike trimer. Interestingly, a dimeric form of ACE2, but not
monomeric ACE2, binds with high affinity to Spike and blocks viral entry in pseudotyped virus
and live SARS-CoV-2 virus neutralization assays. We show that dimeric ACE2 interacts with an
RBD on Spike with limited intra-Spike avidity, which nonetheless contributes to the affinity of
this interaction. Additionally, we demonstrate that a proportion of Spike can simultaneously
interact with multiple ACE2 dimers, indicating that more than one RBD domain in a Spike trimer
can adopt an ACE2-accessible “up” conformation. Our findings have significant implications on
the design strategies of therapeutic molecules that block the Spike/ACE2 interaction. The
constructs we describe are freely available to the research community as molecular tools to further

our understanding of SARS-CoV-2 biology.
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Introduction

In late 2019, a novel, pathogenic coronavirus (SARS-CoV-2) entered the human population
and has since spread throughout the world. The number of people suffering from the associated
disease (COVID-19) continues to rise, increasing the need for effective therapeutic interventions.
SARS-CoV-1 and SARS-CoV-2 Spike proteins are highly homologous (~76% sequence identity).
Similar to SARS-CoV-1, the interaction between the SARS-CoV-2 Spike protein and the
angiotensin-converting enzyme 2 (ACE2) on human cells is critical for viral entry into host cells!-
3. SARS-CoV-2 Spike is an obligate trimer, while ACE2 presents as a dimer on the cell surface®.
Several high-resolution structures of SARS-CoV-2 Spike receptor binding domain (Spike-RBD)
bound to ACE2 have been published™®. However, as of this writing, structures of SARS-CoV-2
Spike trimer in complex with either the dimeric or monomeric form of ACE2 have not been
reported, resulting in an incomplete understanding of the nature of this interaction.

Structural studies of trimeric SARS-CoV-2 and SARS-CoV-1 Spike protein demonstrate
that each of the Spike-RBDs, as in other coronaviruses, can undergo hinge-like movements to
transition between “up” or “down” conformations. The host ACE2 receptor can only interact with
an RBD in the “up” conformation, whereas the “down” conformation is inaccessible to
ACE2’. The RBDs of SARS-CoV-1 Spike can rotate away from the “down” position by different
angles to an “up” position®. Several cryo-EM structures report that approximately half of the
SARS-CoV-1 and 2 Spike particles are in the “three-down” closed conformation and half in the
“one-up” open conformation®!?, while another cryo-EM study on SARS-CoV-1 Spike reported
39% of Spike in the “two-up” conformation and 3% in the “three-up” conformation'!. The different
conformations of Spike observed by these cryo-EM studies may be affected and/or limited by the

properties of the grid and sample preparation conditions, and may also reflect differences between
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SARS-CoV-1 and 2. Thus, it remains unknown how many RBDs of SARS-CoV-2 are accessible
within a trimeric Spike to bind ACE2 under physiological conditions, and thus the degree to which
intra-Spike avidity plays in the interaction of ACE2 with SARS-CoV-2 Spike. Recombinant ACE2
and an engineered dimeric ACE2-Fc fusion have been shown in several studies to neutralize
SARS-CoV-2 virus'?> !4, However, it remains unknown whether the dimeric form of ACE2 offers
any affinity enhancements through avidity compared to a monomer. Understanding the role and
mechanism of intra-Spike avidity in binding is important for engineering tight binding antagonists
to neutralize virus infection.

To elucidate the nature of the interaction between dimeric ACE2 and trimeric SARS-CoV-
2 Spike, we performed a thorough characterization of the binding interactions of the different
multimeric forms of Spike-RBD and ACE2 (Fig. 3.1A). The results reveal that while both the
ACE2 monomer and ACE2-Fc dimer can bind the isolated Spike-RBD, only the ACE2-Fc dimer
can bind tightly to the trimeric Spike ectodomain (FL-Spike). Interestingly, the affinity of the
ACE2-Fc dimer is much higher to the RBD-Fc dimer than to FL-Spike, suggesting that although
intra-molecular avidity plays a role in both interactions, its effect is compromised in the context of
FL-Spike. Consistent with this, we find that ACE2 associates more slowly to FL-Spike, which
indicates that the RBDs in FL-Spike protein are not readily accessible to ACE2. To further probe
the conformational landscape of the RBDs in FL-Spike, we engineered ACE2-Fc as split-
Nanoluciferase (NanoLuc) reporters. We found that a proportion of FL-Spike can interact with
multiple ACE2-Fc molecules simultaneously, indicating that more than one RBD domain in a

3

Spike trimer can adopt an “up” conformation. Using pseudotyped and SARS-CoV-2 virus
neutralization assays, we further show that ACE2-Fc dimer is much more potent at neutralizing

virus than ACE2 monomer. These findings extend our biochemical insight into how a Spike trimer
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binds to an ACE2 dimer, and have important implications for how multimeric therapeutic
molecules, such as dimeric ACE2 or antibody-based biologics, can effectively target SARS-CoV-
2.
Results

To study the interaction between ACE2 and SARS-CoV-2 Spike, we constructed a panel
of Spike and ACE2 proteins in various multimeric formats (Fig. 3.1A). Trimeric SARS-CoV-2
Spike ectodomain (aa 1-1213) (FL-Spike) was expressed and purified as described. The construct
generously provided by the F. Krammer Lab has the furin cleavage site removed, a pair of
stabilizing mutations and a C-terminal T4 trimerization motif followed by a 6xHis tag added.
These modifications have been widely used for structural analysis® !5, We designed a dimeric
form of the Spike Receptor Binding Domain (aa 328-533) (Spike-RBD-Fc) containing a TEV-
cleavable Fc-fusion molecule with a C-terminal Avi tag for biotinylation!é. We also generated a
monomeric form of Spike-RBD (aa 328-533) (Spike-RBD-monomer) with a C-terminal TEV-
8xHis-Avi. The human ACE2 ectodomain contains a N-terminal peptidase domain (aa 18-614)
and a C-terminal dimerization domain (aa 615-740). We designed the monomeric form of ACE2
(aa 18-614) (ACE2-monomer) with a C-terminal TEV-8xHis-Avi tag, and the dimeric form of
ACE2 (aa 18-614) (ACE2-Fc) as a TEV-cleavable Fc-fusion molecule with a C-terminal Avi tag'®.
All of the ACE2 and Spike proteins were expressed in BirA-ER-expressing Expi293 cells!”-!8,

The Fc-fusion molecules were purified by Protein A affinity chromatography, and the
Spike-RBD-monomer and FL-Spike by Ni-NTA affinity chromatography (Fig. 3.1B, 3.1C).
However, the ACE2 monomer did not express but was generated instead by TEV release from
ACE2-Fc (Fig. 3.1A, 3.1B). All these proteins, except the ACE2 monomer were >95%

biotinylated during expression (Fig. 3.1B), facilitating their use on avidin-functionalized surfaces
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and beads. Size exclusion chromatography was performed to confirm the oligomerization state of
the different proteins. FL-Spike, Spike-RBD-Fc¢, ACE2 monomer, and ACE2-Fc all eluted at their
expected elution times (Fig. 3.1D), indicating successful generation of the different multimeric
forms of Spike and ACE2 proteins. The Spike-RBD-monomer eluted later than expected, but
further analysis of the associated SEC fractions by SDS-PAGE showed the pure protein at the
correct molecular weight (Fig. 3.2). Differential scanning fluorimetry (DSF) of ACE2-Fc and
ACE2 monomer showed these two proteins had similar Tr, values (Fig. 3.3).
ACE2 dimerization is important for binding to the trimeric SARS-CoV-2 Spike

To understand how oligomerization affects Spike/ACE2 interaction, we determined the
affinity and binding kinetics of the different Spike-RBD and ACE2 proteins by bio-layer
interferometry (BLI) (Fig. 3.4). Spike-RBD-monomer, Spike-RBD-Fc¢ and FL-Spike were
immobilized on Streptavidin or Ni-NTA sensors, and allowed to bind ACE2 monomer or ACE2-
Fc in solution. A four-fold avidity effect was observed for the Spike-RBD-monomer/ACE2-Fc
interaction (Kp = 5.5 nM, Fig. 3.4D) compared to the Spike-RBD-monomer/ACE2-monomer
interaction (Kp = 22.4 nM, Fig. 3.4A). In contrast, the Spike-RBD-Fc/ACE2-Fc interaction (Kp <
1012 M, Fig. 3.4E) showed >1000-fold increase in binding affinity compared to the Spike-RBD-
Fc/ACE2-monomer interaction (Kp =13.2 nM, Fig. 3.4B). This dramatic increase in affinity is
driven by a massive decrease in the off rate and little change in on rate, which indicates a strong
intramolecular two-on-two avidity between Spike-RBD-Fc and ACE2-Fec.

We next tested binding of ACE2 monomer and ACE2-Fc to FL-Spike to determine the
affinity and avidity effect. Surprisingly, we found that the binding interaction between ACE2
monomer and FL-Spike is very weak and could not be measured accurately (Fig. 3.4C). By

contrast, the ACE2-Fc interacts with FL-Spike with a Kp of 5.9 nM, similar to the affinity for the
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isolated Spike-RBD-monomer (Fig. 3.4F). This suggests that the presence of two ACE2 molecules
in close proximity in ACE2-Fc is essential for a productive interaction with FL-Spike, and that a
single ACE2 monomer is not sufficient to bind an RBD on FL-Spike. However, the affinity
between FL-Spike/ACE2-Fc interaction was substantially less than Spike-RBD-Fc/ACE2-Fc
interaction (Kp < 10"'2 M, Fig. 3.4E), suggesting that the high-avidity two-on-two interaction is
compromised in the context of FL-Spike. This could be due to geometric/steric constraints or the
unique conformations of the RBDs in the FL-Spike context. When FL-Spike is loaded to a much
higher density on the BLI sensor (load to 2.0 nm) and probed with ACE2-Fc, we see that avidity
can be recovered (Fig. 3.5A). This indicates that if Spike is presented at high density, the ACE2-
Fc arms can engage two RBDs if neighboring Spike trimers are close enough. In contrast,
monomeric ACE2 did not bind FL-Spike strongly even when FL-Spike was loaded until saturation,
further demonstrating the importance of ACE2 dimerization for interacting with FL-Spike (Fig.
3.5B).

Interestingly, the kon of the FL-Spike/ACE2-Fc interaction (Fig. 3.4C and 3.4F) is ~10-
fold lower than the interactions between Spike-RBD-monomer or Spike-RBD-Fc with ACE2 or
ACE2-Fc (Fig. 3.4A, 3.4B, 3.4D, and 3.4E), while the ko is also ~10- to 20-fold lower. The
decreased kon suggests that the RBDs in FL-Spike protein may have to undergo a conformational
change for binding to ACE2. Previous cryo-EM studies on SARS-CoV-2 FL-Spike show that
approximately half of the particles have the three RBD domains in the “down” conformation!®.
Additionally, molecular dynamics simulations of SARS-CoV-2 FL-Spike suggest that the RBD
exists in a series of conformations between the “down” and “up” states, and any RBD with an
angle lower than 52.2° from the body of the trimer are inaccessible to ACE2!°. Moreover,

biochemical analysis identified that SARS-CoV-2 Spike-RBD, albeit more potent, is less exposed
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than SARS-CoV-1 Spike-RBD?. Our data supports that a significant proportion of the RBDs in
SARS-CoV-2 FL-Spike protein are in a “closed” or partially “closed” state inaccessible to ACE2,
and the RBD has to open up to allow binding to ACE2. The decreased kofr, on the other hand,
suggests that the presence of multiple RBDs within the context of a FL-Spike could slow down
the dissociation of ACE2-Fc.

Split reporter assays indicate more than one RBD in a Spike trimer can be in the “up”
conformation when it binds ACE2

To further investigate the RBD conformational landscape in FL-Spike, we designed a split-
NanoLuc system to orthogonally probe the Spike/ACE2 interaction. Split-NanoLuc enzymes, in
particular NanoBiT (Promega), have been broadly used to detect protein-protein interactions and
to study analyte concentrations®!. The NanoBiT system is composed of LgBiT and SmBiT. SmBiT
is an 11 amino acid peptide which has a low intrinsic affinity to LgBiT (Kp = 190 uM), but when
SmBIiT and LgBiT are in close proximity, the two subunits assemble to form an active luciferase
enzyme. To interrogate the interaction between ACE2 and Spike, we engineered ACE2-Fc reporter
molecules where SmBiT or LgBiT were fused at the N- or C-termini (Fig. 3.6A). All constructs
expressed at high yield and purity (Fig. 3.6B, 3.6C).

To functionally validate the split reporter system, we immobilized Spike-RBD-Fc on
streptavidin magnetic beads at high-density. Incubation with 1 nM of ACE2-Fc-SmBiT and ACE2-
Fc-LgBiT, or I nM of SmBiT-ACE2-Fc and LgBiT-ACE2-Fc with substrate showed dose-
dependent luminescence signal, consistent with an assembled functional split enzyme reporter and
intermolecular proximity (Fig. 3.6D, 3.6E). We found the N-terminal fusion reporter pair showed

higher sensitivity compared to the C-terminal fusion reporter pair (Fig. 3.7) suggesting that the
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increased entropy from the flexible linker and Fc domain reduces productive luciferase
reconstitution.

We next used these split reporters to interrogate the soluble FL-Spike trimer (Fig. 3.6F,
3.6G). Increasing concentrations of soluble FL-Spike were incubated with ACE2-Fc-
SmBiT/LgBiT or SmBiT/LgBiT-ACE2-Fc, followed by the addition of substrate. The
SmBiT/LgBiT-ACE2-Fc reporters showed dose-dependent increase in luminescence signal with
1-10 nM FL-Spike. This result suggests that although FL-Spike cannot form a high-avidity two-
on-two interaction with both arms of ACE2-Fc at a time, there is a proportion of FL-Spike proteins
with “two-up” or perhaps even “three-up” RBDs that can simultaneously interact with multiple
ACE2-Fc molecules. We cannot resolve if these “two-up” or “three-up” conformations are present
prior to ACE2 binding, or appear because ACE2 binding induces a conformational change, which
enables two or more of the RBD domains to engage in the binding to a second ACE2-Fc domain.
Pseudotyped virus and SARS-CoV-2 virus neutralization assays show that dimeric ACE2-
Fc can efficiently block viral entry

To translate these studies to cells, we compared the ability of ACE2 monomer and ACE2-
Fc to neutralize SARS-CoV-2 pseudotyped virus to infect cells. Pseudotyped HIV-1 particles carry
the wildtype SARS-CoV-2 Spike protein and are capable of delivering a NanoLuc luciferase
reporter gene to ACE2-expressing HEK293T cells. Cells and pseudovirus were pre-incubated with
serially diluted ACE2-Fc or monomeric ACE2, and luciferase activity was measured in cell lysates
at 48 hours post infection. ACE2-Fc neutralized the SARS-CoV-2 pseudotyped particles at an ICso
= 0.96 pg/mL (4.75 nM), while ACE2 monomer did not substantially neutralize at the

concentrations we tested, up to 48 pg/mL (237.5 nM) (Fig. 3.8A, 3.8B). This stark difference in
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efficacy between monomeric and dimeric ACE2 confirms that ACE2 monomer binds poorly to
Spike.

We further tested the ability of ACE2-Fc and ACE2 monomer to neutralize SARS-CoV-2
virus. SARS-CoV-2 live virus was pre-incubated with 100 nM of ACE2-Fc or ACE2 monomer
prior to infecting VeroE6 cells, a monkey kidney epithelial cell line broadly used for studying viral
infectivity. 16 hours post infection, cells were lysed and intercellular viral and host RNA was
isolated, converted to cDNA, and quantified by qPCR. Consistent with the pseudotyped virus
neutralization results, ACE2-Fc neutralized SARS-CoV-2 much more potently than ACE2
monomer (Fig. 3.9A, 3.9B).

Discussion

Worldwide efforts are currently underway to develop effective and fast-acting clinical
interventions to control the spread and mortality of SARS-CoV-2. While it is clear that the
interaction between ACE2 and Spike-RBD plays a crucial role in viral entry, our current
understanding is insufficient for the design of maximally effective therapeutic options. In this
work, we systematically interrogated how an ACE2 dimer interacts with SARS-CoV-2 Spike
trimer to understand the fundamental avidity properties of the Spike/ACE2 interaction.

The results from the BLI experiments, split reporter assays, and virus neutralization assays
provide important insight into the conformational landscape of the RBDs in SARS-CoV-2 Spike
and are summarized in Fig. 3.10A. The decreased kon of ACE2-Fc suggests the majority of RBDs
in FL-Spike are in an ACE2-inaccessible, “down” conformation, which requires opening up for
binding ACE2 (Fig. 3.10A). The poor binding of monomeric ACE2 (Fig. 3.10B) and strong
binding to dimeric ACE2-Fc (Fig. 3.10C) indicate intra-Spike avidity and ACE2 rebinding plays

an important role in promoting this interaction. However, while we observed a highly productive
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avidity effect for the Spike-RBD-Fc/ACE2-Fc interaction, we did not observe the massive two-
on-two avidity for the FL-Spike/ACE2-Fc interaction (Fig. 3.10D). This weaker interaction could
be due to RBD conformations in Spike, or a sub-optimal geometry of the two proteins for high-
avidity binding. Nonetheless, we show that two or more of the RBD domains can be in the “up”
conformation allowing binding of two ACE2-Fc on one Spike trimer (Fig. 3.10E). This is
evidenced in our BLI experiment where once bound to FL-Spike, the presence of the other RBDs
slows down the dissociation of ACE2-Fc (Figure 3.4F in comparison to 3.4D). This is further
shown in the split-NanoLuc reporter experiments where ACE2 domains from two separate ACE2-
Fc split-reporters can simultaneously bind a Spike trimer to generate an active luciferase (Figure
3.6). Together these results indicate that trimeric SARS-CoV-2 Spike interacts with ACE2 with
limited but important intra-Spike avidity.

In addition to intra-Spike avidity, inter-Spike avidity could contribute to the improved
affinity of ACE2-Fc especially in the intact virus. It is possible that ACE2-Fc could bridge two
Spike molecules on the viral surface and bind with increased avidity, similar to what we observed
in the high-density loading BLI experiment (Fig. 3.5A). Previous structural studies of SARS-CoV-
1 shows the Spike proteins are densely distributed??, with ~100 Spike molecules displayed on a
viral particle with a diameter of ~100 nm?***, Using values from these studies, we estimate an
inter-Spike distance of ~180 A. The structure of the native ACE2 dimer (PDB: 6M17) shows that
the two ACE2 arms (~80 A apart) would not be able to span this predicted inter-Spike distance.
An ACE2 monomer fused Fc with flexible linker (ACE2-Fc) may be sufficient to only bridge two
Spikes that are <150 A apart. Structural studies of IgGs have shown the antigen binding sites in
the Fab arms on a flexible-hinge region of an Fc to be roughly ~117-134 A apart®®. This would

still fall short of the inter-Spike distance. However, these estimates are based on a rigid membrane
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where Spike proteins are uniformly distributed and also do not account for heterogeneity in Spike
presentation across viral particles. This may not be the case as coronaviruses are an enveloped
virus with a fluid lipid membrane that allows for Spike protein mobility and clustering, and
potentially enable inter-Spike binding by ACE2 dimers or IgGs. Indeed, cryo-EM images of
SARS-CoV-1 show irregularity and lack of symmetry of Spike distribution on the coronavirus
envelope?®. As there are no direct reports of inter-Spike avidity for dimeric ACE2, further
experiments such as engineering bivalent binders that can span various distances are needed to
thoroughly examine the Spike/ACE2 interaction on the viral surface?6-2%.

While all cryo-EM structural studies to date on SARS-CoV-2 Spike have identified only

the “closed” or “one-up” RBD conformation!%-15-2%-30

, our split reporter assay identified a
population of Spike in “two-up” or “three-up” conformation. The relative population of these RBD
conformers and whether they exist in an ACE2-unbound state or emerge only upon ACE2 binding
remains unknown (Fig. 3.10F). Previous studies have suggested that ACE2 binding could lead to
conformational change in SARS-CoV-1 or 2 Spike®2!. Molecular dynamic simulation of SARS-
CoV-2 Spike bound to ACE2 found that there is significant flexibility in the RBD conformation'®,
and an EM study of SARS-CoV-1 Spike reported that the distribution of the RBD conformers was
very different in the ACE2-bound structure compared to the unbound structure!!. In accordance
with these studies, our results support the model that ACE2 binding induces a conformational
change in Spike and enables two or more RBDs to be in the “up” conformation (Fig. 3.10F). This
complex and dynamic nature of the Spike/ACE2 interaction is likely to play a key role in the

biology of SARS-CoV-2 infection. We anticipate that further characterization of the interaction

between SARS-CoV-2 Spike and native ACE2 will elucidate the exact nature of this binding.
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Furthermore, our findings have important ramifications in developing a successful protein
therapeutic for COVID-19. Recombinant ACE2 proteins or antibodies which can block the host
ACE2-viral Spike interaction are promising as anti-SARS-CoV-2 therapeutics. The much higher
potency of ACE2-Fc in comparison to ACE2 monomer we observed in the live virus neutralization
assays suggest that monovalent therapeutics such as ACE2 monomers or Fab domains will likely
be much less effective than multimeric formats such as dimeric ACE2!4, ACE2-Fc%!? or IgG (Fig.
3.10G). Finally, our results highlight the importance of understanding the ACE2-Spike interaction
in the context of the FL-Spike trimer. We also hope that the Spike and ACE2 constructs generated
here are useful tools to the greater research community to enable better understanding of SARS-
CoV-2 biology.

Methods
Plasmids construction

Plasmids were constructed by standard molecular biology methods. The FL-Spike plasmid
was a generous gift from the Pak lab (Chan Zuckerberg Initiative Biohub) and Krammer lab (Icahn
School of Medicine at Mount Sinai). The DNA fragments of Spike-RBD, ACE2 and LgBiT were
synthesized by IDT Technologies. The Spike-RBD-TEV-Fc-AviTag, ACE2-TEV-Fc-AviTag,
Spike-RBD-8xHis-AviTag, ACE2-8xHis-AviTag plasmids were generated by subcloning the
Spike-RBD or ACE2 DNA fragment into a pFUSE-hIgG1-Fc-AviTag vector (adapted from the
pFUSE-hIgG1-Fc vector from InvivoGen). The ACE2-Fc-LgBiT fusion plasmids were generated
by subcloning the gene fragments of LgBiT to the N- or C-terminus of the ACE2-TEV-Fc-AviTag
vector with a 10-amino acid (N-terminal fusion) or 5-amino acid (C-terminal fusion) linker. The
SmBIT tag in the ACE2-Fc-SmBIiT fusion plasmids was generated by overlap-extension PCR,

which also has a 10-amino acid (N-terminal fusion) or 5-amino acid (C-terminal fusion) linker to
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the ACE2 or Fc domains. The C-terminal AviTag was removed from all the ACE2-Fc reporter

plasmids. Complete plasmid sequences are available upon request.

Expression and purification of ACE2 and Spike constructs

The ACE2 and Spike proteins were expressed and purified from Expi293 BirA cells
according to established protocol from the manufacturer (Thermo Fisher Scientific). Briefly, 30
pg of pFUSE (InvivoGen) vector encoding the protein of interest was transiently transfected into
75 million Expi293 BirA cells using the Expifectamine kit (Thermo Fisher Scientific). Enhancer
was added 20 h after transfection. Cells were incubated for a total of 3 d at 37 °C in an 8% CO:
environment before the supernatants were harvested by centrifugation. Fc-fusion proteins were
purified by Protein A affinity chromatography and His-tagged proteins were purified by Ni-NTA
affinity chromatography. Purity and integrity were assessed by SDS/PAGE. Purified protein was
buffer exchanged into PBS and stored at -80 °C in aliquots.
Generation of ACE2 monomer

ACE2 monomer was obtained by TEV treatment of ACE2-Fc and subsequent purification.
50 pul Ni-NTA agarose (Qiagen) and 50 pl Neutravidin resin (Thermo Fisher Scientific) were
washed with PBS-25 mM imidazole twice and combined in 100 pul PBS-25 mM imidazole. Next,
20 pg His-Tagged recombinant TEV protease and 1 mg purified ACE2-Fc protein were mixed,
and the reaction tube was rotated at 4 °C for 30 minutes. The cleavage reaction was then incubated
with the washed beads, rotating, at 4 °C for 30 minutes. While the incubation occurred, an
additional 25 pl of magnetic Protein A beads and 25 pl or Ni-NTA beads were prepared as
described before. Supernatant from the first bead clearance was transferred to the newly prepared

beads and allowed to incubate for an additional 30 minutes at 4 °C. To remove beads from the
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protein supernatant, reaction mixture was spin filtered at 1000 g for 2 min and washed with an
additional 250 uL of PBS-25 mM imidazole. The His-tagged TEV, biotinylated Fc, and the uncut
ACE2-Fc remained on the beads while the monomeric ACE2 was isolated in the flow-through.
The purity of monomeric ACE2 was confirmed by SDS-PAGE electrophoresis. Purified protein
was buffer exchanged to PBS and store at -80 °C in aliquots.
Differential scanning fluorimetry

To assess the stability of proteins, we measured the melting temperature (Tm) by doing
differential scanning fluorimetry (DSF) as the method described previously32. Briefly, purified
protein was diluted to 0.5 uM or 0.25 uM in DSF buffer containing Sypro Orange 4x (Invitrogen)
and PBS. 10 pL of reaction mixture was transferred to one well of a 384-well PCR plate. Duplicate
was prepared as needed. In a Roche LC480 LightCycler, the reaction was heated from 30°C to
95°C with a ramp rate of 0.3°C per 30 sec. The intensities of the fluorescent signal at an ~490 nm
and ~575 nm (excitation and emission wavelengths) were continuously collected. The curve peak
corresponds to the melting temperature of the protein. Data was processed and T, was calculated
using the Roche LC480 LightCycler software.
In vitro binding experiments

Biolayer interferometry data were measured using an Octet RED384 (ForteBio).
Biotinylated Spike or Spike RBD protein were immobilized on the streptavidin (SA) biosensor
(ForteBio). After blocking with biotin, purified ACE2 proteins in solution was used as the analyte.
PBS with 0.05% Tween-20 and 0.2% BSA was used for all diluents and buffers. A 1:1 monovalent
binding model was used to fit the kinetic parameters (kon and kofr).

Magnetic bead and solution based NanoBiT assays
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For the Spike-Fc magnetic bead assay, magnetic beads were prepared by taking 100 pL of
Streptavidin Magnesphere Paramagnetic Particles (Promega) and incubated with 5 pM of Spike-
Fc-AviTag for 30 minutes, rotating at room temperature. Following, the beads were blocked with
10 uM biotin for 10 minutes. The beads were washed three times with PBS + 0.05% Tween +
0.2% BSA. 10 pL of 10-fold dilutions of the beads were incubated with 10uL of premixed 2 nM
ACE2-Fc-SmBiT and ACE2-Fc-LgBiT fusions. The sample was incubated shaking at room
temperature for 20 minutes. NanoGlo Lucfierase substrate (Promega) diluted in NanoGlo
Luciferase buffer was added to each well (15 pL) and luminescence was measured on a Tecan
M1000 plate reader after 10 minutes. For the FL-Spike detection, 10 uL of FL-Spike dilutions
were combined with 10 uL of premixed 2 nM SmBiT-ACE2-Fc and LgBiT-ACE2-Fc. Samples
were incubated with substrate and luminescence was detected as described above.

Pseudotyped virus neutralization assay

HEK293T cells overexpressing full-length ACE2 carrying two inactivating mutations in
the catalytic domain (H374N & H378N) were generated using standard lentivirus transduction.
The cells were maintained in DMEM (Gibco) with 10% heat-inactivated fetal bovine serum,
Gentamycin and 5 pg/ml Blasticidin.

Pseudotyped HIV-1 particles expressing the SARS-CoV-2 Spike glycoprotein and
NanoLuc luciferase as a reporter were generated by transfection of HEK293T cells with
pNL4-3DEnv-NanoLuc and pSARS-CoV2-Suune. pNL4-3DEnv-NanoLuc was derived from
pNL4-3% by inserting a 940 bp deletion after the vpu stop-codon, resulting in loss of Env-
expression. The NanoLuc Luciferase reporter gene (Nluc, Promega) was inserted in place of bp 1-
100 in the nef~frame. pSARS-CoV2-Suunec Was generated by insertion of a human-codon optimized

gene encoding for 19 AAs C-terminally truncated SARS-CoV-2 Spike (Geneart) into pCR3.1.
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Supernatants containing virus were harvested and filtered 48 hr post transfection and used
for infection of ACE2-overexpressing 293T cells. Pseudotyped virus was pre-incubated with
serially diluted ACE2-Fc or ACE2 monomer at 37 °C for 1 hr before addition to cells., Cells were
washed twice with PBS 48 hr post infection and lysed with Luciferase Cell Culture Lysis 5x
reagent (Promega). Relative luminescence units were normalized to those derived from cells
infected with SARS-CoV-2 pseudotyped virus in the absence of Ace2-Fc/Ace2 monomer. The half
maximal inhibitory concentration (ICso) was determined using 4-parameter nonlinear regression
(GraphPad Prism). Each concentration of Ace2-Fc/Ace2 monomer was tested in duplicate and
reported as an average and standard deviation for each experiment. Two biological replicates of
ACE2-Fc treatment were obtained (exp #1, exp #2).

SARS-CoV-2 virus neutralization assay

All handling and experiments using SARS-CoV-2 was conducted under Biosafety Level 3
containment with approved BUA and protocols. SARS-CoV-2 clinical isolate 2019-nCoV/USA-
WA1/2020 was obtained through BEI Resources (Harcourt et al., 2020). Prior to experiments,
virus was passed in Vero E6 cells to create working stocks and titers were measured by plaque
formation assay. For experiments, Vero E6 cells were cultured in Minimal Essential Media
(MEM), 10% Fetal Bovine Serum (FBS), 1% Pen-Strep and seeded on 6-well culture plates at
3.8ES5 cells/well the day prior. Infection with SARS-CoV-2 was performed using MOI of 0.1.
Virus was incubated in infection media (EMEM 0% FBS) containing 100 nM monomeric ACE2,
100 nM dimeric ACE2-Fc, or no blocker for 1 hour at 37 °C. Culture media was removed from
Vero E6 cells and 300 pL of the blocker/virus inoculum was added for 1 hour at 37 °C.
Subsequently, 1 mL of cell culture media was added and cells were incubated at 37 °C for an

additional 16 hours before RNA harvest.
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Viral entry into cells and cellular transcription of viral genes was measured by qPCR.
Cellular RNA was isolated and converted to cDNA using RNAeasy RNA extraction kit (Qiagen)
and Quantitect Reverse-transcriptase kit (Qiagen) according to manufacturer instructions. qPCR
reactions were prepared using SYBR Select Master Mix (Thermo) and the following conditions:
for N gene, E gene, and hGUSB gene primer (cross reactive with Cercopithecus aethiops)
concentration was 400 nM and annealing temperature was 58 °C, and for hACTB gene primer
(cross reactive with Cercopithecus aethiops) concentration was 500 nM and annealing temperature
was 60°C. Primer sequences (IDT) were the following — wviral genes: N F
= CACATTGGCACCCGCAATC; N R = GAGGAACGAGAAGAGGCTTG; E F
= ACAGGTACGTTAATAGTTAATAGCGT; E R = ATATTGCAGCAGTACGCACACA; and
host genes: hGUSB _F = CTCATCTGGAATTTTGCCGATT; hGUSB R
= CCGAGTGAAGACCCCCTTTTTA; hACTB primers were IDT PrimeTime assay
reagent. Relative copy number of viral transcript level compared to cellular transcript was

determined using the AACT method.
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Figure 2.1: Purification and characterization of Spike and ACE2 variants.

(A) Cartoon representation of antigens: FL-Spike, Spike-RBD-Fc, Spike-RBD, ACE2-Fc¢ and
ACE2. (B) SDS-PAGE gel (4-12%) analysis of purified proteins stained with Coomassie blue.
Protein was incubated with reducing agent or neutravidin to determine biotinylation. (C)
Purification method and expression yield per construct. (D) SEC traces of purified protein. Dotted
lines mark retention time of a molecular weight standard. *Retention time of Spike-RBD monomer
does not precisely match elution profile of standard, but further SDS-Page gel analysis of SEC
fractions shows pure protein at the correct molecular weight (Fig. 3.2).
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Figure 2.2: SDS-PAGE analysis of SEC fractions shows pure Spike-RBD protein at the correct
molecular weight.
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Figure 2.4: BLI characterization of binding affinity and kinetics of Spike and ACE variants
Bio-layer Interferometry (BLI) data of ACE2 monomer or ACE2-Fc dimer binding to immobilized
Spike RBD-monomer, RBD-Fc dimer, or trimeric FL-Spike ectodomain. Spike variants were
loaded onto sensors until binding was between 0.4-0.6 nm. ACE2 monomer or ACE2-Fc were
used as analytes in solution, with concentrations ranging from 100 nM to 3.125 nM. Although
ACE2 monomer bound Spike-RBD-monomer and Spike-RBD-Fc at Kp of 18.5 and 12.0 nM,
respectively, it did not bind FL-Spike strongly (A-C). In contrast, the ACE2-Fc dimer bound to
these forms with affinities of 5.5 nM, <1 pM, and 5.9 nM (D-F). Although ACE2-Fc can bind
Spike-RBD-Fc with strong intramolecular avidity, this 2-on-2 interaction is not present in the
context of FL-Spike, indicating that only one arm of ACE2-Fc can engage an RBD in FL-Spike.
The decreased kon and kot of ACE2-Fc in the context of FL-Spike (F) compared to Spike-RBD-
monomer (D) indicates that conformational changes of the RBD in the context of the Spike trimer
are important in the interaction of ACE2-Fc to FL-Spike. Representative data sets are shown. All
assays were performed in duplicate with separate batches of protein.
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Figure 2.5: Saturating FL-spike on biosensor reveals intermolecular avidity of ACE2-Fc.

FL-Spike was loaded onto sensors until saturation. (A) ACE2-Fc was used as analytes in solution,
with concentrations beginning at 100 nM to 3.125 nM at 2-fold dilutions. The affinities for the
ACE2 dimeric to saturating trimeric FL-Spike was 0.33 nM, or 18-fold higher in affinity compared

to non-saturating conditions (5.9 nM, Figure 2F). (B) ACE2 monomer did not bind FL-Spike
strongly even when FL-Spike was loaded until saturation.
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Figure 2.6: ACE2-Fc split luciferase experiments demonstrates more than one RBD in FL-
Spike are available to bind ACE2.

(A) Cartoon depiction of the N-terminal and C-terminal ACE2 NanoBiT split luciferase constructs.
(B) SDS-PAGE gel showing expression and purification of ACE2 fusions. All show a major band
at the expected molecular weight of the dimer. (C) All of the ACE2 split-reporter fusions had good
yields (>5 mg/L). (D) Cartoon depiction of the N-terminal ACE2 NanoBiT sensor system to detect
Spike-RBD-Fc bound to streptavidin magnetic beads. (E) The N-terminal ACE2 NanoBiT system
is able to detect Spike-RBD-Fc bound magnetic beads with better sensitivity than the C-terminal
fusions (Fig. 3.7). (F) Cartoon depiction of the N-terminal ACE2 NanoBiT sensor system to detect
FL-Spike in solution. (G) The N-terminal ACE2 NanoBiT system is able to detect FL-Spike in
solution, indicating that more than one RBD in a FL-Spike trimer can be in the “up” conformation
for two ACE2-Fc molecules to bind and reconstitute the split enzyme. For all assays, the
luminescence signal is normalized to a no-bead control and the average and standard deviation is
plotted (N=3).
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Figure 2.7: C-terminally fused ACE2-Fc Split Luciferase Reporter is not as sensitive as the
N-terminal fusions.

(A) Cartoon depiction of the C-terminal ACE2 NanoBiT sensor system to detect Spike-RBD-Fc¢
bound to streptavidin magnetic beads. (B) The C-terminal ACE2 NanoBiT system is able to detect
Spike-RBD-Fc bound magnetic beads, but with lower sensitivity than the N-terminal fusions. (C)
Cartoon depiction of the C-terminal ACE2 NanoBiT sensor system to detect FL-Spike in solution.
(D) The C-terminal ACE2 NanoBiT system is not able to detect Spike-RBD-Fc¢ bound magnetic
beads due to lower sensitivity. For all assays, the luminescence signal is normalized to a no-bead
control and the average and standard deviation is plotted (N=3).
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Figure 2.8: ACE2-Fc neutralizes pseudotyped virus more potently than ACE2 monomer.
(A) Neutralization of luciferase-encoding pseudotyped lentivirus expressing SARS-CoV-2 Spike
glycoprotein. Pseudotyped virus pre-incubated with ACE2-Fc or ACE2 monomer at indicated
concentrations was used to infect HEK293T cells overexpressing ACE2. Luciferase activity in cell
lysates were determined at 48 hours post infection and normalized to no treatment control. (B) The
half-maximal inhibitory concentration (ICso) was obtained for the two ACE-Fc treatment by fitting
the normalized data to a 4-parameter nonlinear regression. The average ICso between two
biological replicates of ACE2-Fc treatment was 0.98 ng/ml (4.8 nM).
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Figure 2.9: ACE2-Fc neutralizes SARS-CoV-2 live virus more potently than ACE2
monomer.

SARS-CoV-2 live virus pre-incubated with 100 nM of ACE2-Fc or ACE2 monomer was used to
infect VeroE6 cells. 16 hours post infection, cells were lysed and intercellular RNA was isolated
and converted to cDNA. Viral entry and cellular transcription of viral genes was measured by
qPCR. Relative copy number of viral N or E gene transcript for each treatment arm was determined
using either (A) host gene GUSB (hGUSB) or (B) host gene ACTB (hACTB) as the reference
control. Primers are cross reactive between Homo sapiens and Cercopithecus aethiops (VeroE6
cells). Two biological replicates were conducted, with two technical replicates per assay. For both
panels, the average relative copy number from two biological replicates are shown. Error bars
show the standard deviation (S.D.).
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Figure 2.10: Model of the ACE2/Spike interaction and therapeutic strategies.

(A) The majority of FL-Spike proteins are in the “closed” or partially “closed” conformation and
“opening up” of RBD on Spike is necessary for ACE2 binding. (B) Monomeric ACE2 binds poorly
to trimeric Spike, (C) ACE2-Fc binds much stronger to Spike than monomer, indicating that
rebinding and intra-Spike avidity contribute significantly to the high-affinity nature of this
interaction. (D) Dimeric ACE2-Fc does not interact with FL-Spike with a full two-on-two
intramolecular avidity. (E) More than one RBD can be in the “up” conformation, enabling the
engagement of separate ACE2 molecules. For (B-E), only the “two-up” conformation is shown
but other RBD conformations are also possible. (F) A proposed model where ACE2 binding may
induce a conformational change in Spike, resulting in “two-up” or “three-up”” RBD conformations.
(G) Dimeric molecules such as ACE2-Fc or IgG will be more potent than a monomeric inhibitor
for neutralizing SARS-CoV-2 virus. For all panels, RBD in the “open” conformation is colored in
green and RBD in the “closed” formation colored in grey.
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