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ABSTRACT

CYTOSOLIC DELIVERY OF INHIBITORY ANTIBODIES WITH CATIONIC LIPIDS
Hejia Henry Wang
Andrew Tsourkas

Antibodies have become powerful therapeutics and research tools because they can be
developed to directly inhibit almost any protein, but their inaility to enter the cytosol limits
inhibitory antibodies to extracellular targets. Given that roughly two-thirds of drug targets lie inside
of cells and many targets lack binding targets for small-molecule drugs, developing a cytosolic
antibody delivery system would dramatically expand the druggable proteome. Cytosolic
antibodies also offer unique opportunities to directly inhibit and study intracellular protein function.

Here we demonstrate that immunoglobulin G (IgG) antibodies that are conjugated with
anionic polypeptides (ApPs) can be complexed with cationic lipids through electrostatic
interactions, enabling close to 90% cytosolic delivery efficiency with only 500 nM 1gG. The ApP is
fused to a small photoreactive antibody-binding domain (pAbBD) that can be site-specifically
photocrosslinked to nearly all off-the-shelf IgGs without perturbing IgG binding affinity.
Furthermore, the pAbBD can be functionalized with chemical moieties such as fluorophores at its
C-terminus via proximity-based sortase-mediated ligation (PBSL), a chemoenzymatic
bioconjugation approach that we have developed.

We show that cytosolically delivered IgGs can inhibit the drug efflux pump multidrug
resistance-associ ated protein 1 (MRP1) d&lmsdvork dstablisheasanscr i pt
a new approach for using existing antibody collections to modulate intracellular protein function

and provides the foundations for therapeutic cytosolic antibodies.
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Chapter 17 Background

1.1 Why cytosolic antibody delivery?

With the advent of the genomic revolution, increasing portions of the human proteome
have been causatively linked to human disease® 4. However, the disease-associated proteome
overlaps poorly with the druggable proteome i the human proteins that can bind drug-like small
molecules i significantly limiting the potential for basic science research on the biological
mechanisms underlying disease to translate into therapeutics' 4. This is most apparent in
oncology, where famous oncogenes such as Myc have been studied for decades without any

therapeutic breakthroughs®.

The poor overlap between the disease-associated and the druggable proteome is
primarily attributable to the need for small-molecule therapeutics to bind to target proteins via
smal | pockets that are i nt eg#28 Thede pocketh @e frequentlyei noés b
found in privileged protein classes, such as enzymes or nuclear hormone receptors, that natively
bind to small-molecule ligands, but large swaths of the proteome do not contain druggable
binding pockets!’. Instead, many protein classes, such as scaffolding proteins and transcription
factors, operate through protein-protein interactions (PPIs), which are notoriously difficult to inhibit
with small-molecules because such interactions are spread over large surface areas® 9. New
strategies for identifying small-molecule PPl modulators are constantly being developed?®®, but
proteins with druggable binding pockets are still significantly overrepresented as targets of newly

approved therapeutics?o,

Antibodies are attractive candidates for expanding the druggable proteome because they
can be developed to tightly and specifically bind to nearly any protein epitope!!. However,
antibodies lack any intrinsic capability to enter the cytosol of cells and are currently limited to

membrane-associated or secreted targets. In this thesis, we address this problem by developing
1



a cytosolic antibody delivery system using cationic lipids, thus providing the foundations for

therapeutic cytosolic antibodies.
1.2 Antibodies

Antibodies, also known as immunoglobulins (Ig), are large proteins produced by the
humoral immune system to recognize and neutralize pathogens. In humans, there are five
antibody classes 1 IgA, IgD, IgE, IgG, and IgM i that not only differ in structure, but also differ in
the types of immune responses they can recruit upon antigen binding*?. We will primarily focus on
discussing IgGs because they are by far the most commonly used antibody class for therapeutics
and as research tools. For the rest of the thesis, antibody will be used interchangeably with the

IgG antibody class.

1.2.1 Immunoglobulin G (IgG) structure

IgG antibodies are approximately 150 kDa and consist of four polypeptide chains i a pair
of identical heavy chains (~50 kDa) and a pair of identical light chains (~25 kDa) 1 linked to each
other by disulfide bonds. There are two classes of light chains i 8 and a-light chains 1, but they
are functionally the same. Heavy chains, however, are divided into four subclasses (in humans)
that do result in moderate functional differences??. Either light chain class can be paired with any
heavy chain subclass, resulting in four IgG isotypes i 1gG1, IgG2, IgG3, and IgG4 1 that are

named based on the heavy chain constituent.

Antigen-binding
yariable region
Both the heavy and light chains contain an N- \ l

terminal variable domain (VL for light chains and VH

Ve = N Fab
for heavy chains) that are joined together to form the ]
antigen-binding variable region. Because IgGs are
Fc
formed from two heavy and light chain pairs, each 1gG

molecule is biparatopic with two antigen-binding sites  Figure 1.1 Schematic of IgG Structure.
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(Fig. 1.1). Each variable region contains three hypervariable complementarity-determining
regions (CDRs), which are usually only ~10 amino acids long and form the actual antigen-binding
site. To produce antibodies that tightly bind to specific antigens, the immune system can generate
and screen an incredible number of variable regions by undergoing V(D)J recombination, somatic
hypermutation, and affinity maturation!4. Because this process can generate IgGs that tightly and
specifically bind to almost any epitope, IgGs have become not only powerful therapeutics, but

also valuable research tools.

The remainder of the light and heavy chains consist of the constant regions, which, as the
name implies, do not change within each light chain class or heavy chain subclass. The light
chain constant region contains one constant domain (CL) whereas the heavy chain constant
region contains three constant domains (CH1, CH2, CH3) with a hinge region joining CH1 and
CH2. IgGs can also be divided into an antigen-binding fragment (Fab), which consists of the VL
and CL domain of a light chain paired with the VH and CH1 domain of a heavy chain, as well as
the crystallizable fragment (Fc), which consists of the CH2 and CH3 domains of both heavy

chains paired together (Fig. 1.1).

The tertiary and quaternary structure of IgGs are held together by an intricate series of
disulfide bonds that are key to antibody stability and function. Multiple inter-chain disulfide bonds
in the hinge region link both heavy chains together i the precise number depends on the IgG
subclass. Each heavy chain is also joined to its partner light chain by one inter-chain disulfide
bond. Finally, a buried intra-chain disulfide bond stabilizes each variable and constant domain

found within an IgG?*5.

All IgGs have a conserved glycosylation site at Asn 297 (N297) of each heavy chain that
can be linked to dozens of different glycans, affecting both antibody stability and function.
I nteractions between N297 gl ycans andabilizdhteeFheavy c ha

quaternary structure!3. More importantly, N297 glycans can significantly affect IgG binding to
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effector proteins either by inducing conformational changes in the Fc region or via glycan-protein

or glycan-glycan interactions13.16,

1.2.2 1gG function

Foll owing generation, |l gGs can directly inhibit
hub for recruiting various arms of the immune system, or both1213, Because IgGs are large bulky
proteins, they can often sterically block their antigens from engaging in key protein-protein or
protein-ligand interactions. Examples include antibody-mediated neutralization of bacterial
virulence factors??, the anthrax toxin'7:18, as well as viruses such as HIV%20, Ebola?'??, and
influenzal®23, A wide array of effector proteins can also bind to the IgG Fc region to induce IgG
effector responses. Examples include C1q binding for complement activation and FcoRllla

binding on natural killer cells to induce antibody-dependent cellular cytotoxicity (ADCC)1213,

Once secreted into circulation, IgGs have a remarkably long ~21-day half-life due to
their ability to evade degradation by binding to the neonatal Fc receptor (FcRn) only in slightly
acidic environments via their Fc region'324, FcRn was first identified as the receptor responsible
for maternal-fetal transfer of IgGs across the placenta and the intestine2426, but was
subsequently found to also protect IgGs from catabolism?’. Normally, vascular endothelium and
monocytes will nonspecifically take up serum proteins via endocytosis into endosomes and
subsequently degrade them following endosome maturation into lysosomes. IgGs, however, can
bind to FcRn under slightly acidic conditions (pH 6-6.5) within endosomes, allowing them to be
sorted into recycling endosomes and ultimately released back into circulation by the FcRn
because of the physiological pH at the cell surfacel32428, By strengthening or weakening antibody
Fc affinity to the FcRn, antibody half-life can be extended or shortened, respectively, depending

on the therapeutic need?*.



1.2.3 Generating antibodies for research and therapeutic uses

Antibodies were first used as therapeutics for infectious diseases in the early 20t century
in the form of serum obtained from immunized animals, but they were largely abandoned with the
advent of antibiotics due to variable efficacy, the need for intravenous administration, and the
potential for severe allergic responses?®. Although non-human polyclonal antibodies continue to

be used in the form of antivenom, variability and toxicity remain a major limitation2°.

In 1975, Milstein and coworkers developed hybridomas, which allowed monoclonal
antibodies to be easily isolated3°. This technique involves isolating B cells from the spleen of an
animal immunized with the desired antigen and fusing the B cells with myeloma cells to create
immortal hybridomas that can perpetually secrete 1gGs. Individual hybridoma cells can then be
isolated and cultured to create clonal hybridoma cell lines, each secreting a specific or
monoclonal IgG. Panels of monoclonal IgGs can then be screened to identify ones with the

desired affinity, specificity, or activity3'32,

Although hybridomas can be stored and continually cultured to produce IgGs, they can
be genetically unstable and their non-human origin can lead to significant immunogenicity in
patients2%:33, Furthermore, because their Fc site binds poorly to many human effector proteins,
non-human IgGs have a short half-life and are poor at inducing 1gG effector functions in
humans34. As a result, large scale IgG production has primarily shifted towards recombinant
expression in mammalian systems?2°:33, Not only can immunogenicity be decreased by grafting
animal-derived CDR or variable region sequences to a human framework 1gG, but mammalian

production systems also result in greater yields and consistency?%:33/ 35,

Even though antibody humanization has produced numerous clinically approved
therapeutic IgGs'?, the humanization process requires considerable antibody engineering and

often results in some loss in antigen binding affinity35. As an alternative, immunization can be



performed on transgenic animals containing human IgG genes36. Immunization, however, is time

consuming with some antigens having poor immunogenicity due to immunological tolerance3137,

Bypassing animals and immunization altogether, phage display and other in vitro display
technologies have also emerged as a prominent method for generating new IgGs. Libraries of VH
and VL sequences can be expressed as IgG fragments (discussed in subchapter 1.2.5) on the
coat protein of a bacteriophage31:32:37.38 or the surface of yeast®®, and undergo rounds of selection
to identify IgGs with the desired properties. Not only can libraries be constructed from human
sequences, but display techniques are also far more high-throughput than traditional

immunization.

1.2.4 Research applications for antibodies

Most biological samples are complex mixtures of macromolecules that cannot be easily
distinguished from each other. Because IgGs can be developed to recognize a wide range of
antigens with great specificity, they grant researchers the ability to quantify, visualize, or isolate
almost any biologically relevant macromolecule. Thus, IgGs have become ubiquitous tools across
biomedical research. Over decades, large and well validated collections of IgGs have been built
containing IgGs that can specifically recognize almost any well-studied protein“®4t, We will

discuss some of their applications briefly.

The most basic application for IgGs is for quantifying the amount of antigens present in a
biological sample. This is commonly done via an enzyme-linked immunosorbent assay (ELISA).
First, the biological sample containing the antigen of interest is immobilized onto a microplate
either directly through non-specific interactions with the plate surface or via a pre-immobilized
capture antibody. Afterwards, enzyme-linked antibodies can be used to specifically recognize and
quantify the amount of antigen present3!. Typically, two antibodies will be used for detection i a
primary and a secondary antibody. The primary antibody is the one that specifically binds to the

antigen whereas the secondary antibody is conjugated to an enzyme used for detection and
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specifically recognizes the primary antibody. A two-step dual antibody approach is used rather
than directly conjugating the detection enzyme with the primary antibody because conjugating
enzymes to an antibody without negatively perturbing the function of either the enzyme or the
antibody can be quite difficult (discussed in subchapter 1.3). By using secondary antibodies that
only bind to IgGs of a specific species and subclass, enzyme conjugation can be limited to only a

handful of secondary antibodies, but almost any antibody can be still used as a primary antibody.

Western blotting, or immunoblotting, uses antibodies to detect the presence of specific
proteins and their molecular weights in a biological sample. Proteins from a sample are first
separated by molecular weight via electrophoresis and then transferred to a solid support i either
a nitrocellulose or polyvinylidene difluoride (PVDF) membrane. The proteins of interest can then
be detected by chemiluminescence or fluorescence via labeled primary antibodies or primary

antibodies paired with a labeled secondary antibody?32.

Immunofluorescence or immunohistochemistry uses antibodies to detect antigens and
their localization in cells or tissues. Cells or tissues are first chemically fixed by crosslinking or
precipitation to increase sample stability and to preserve their internal structure. Then, the
antigens of interest can be visualized by microscopy via labeled primary antibodies or primary

antibodies paired with a labeled secondary antibody32.

Immunoprecipitation uses antibodies to isolate specific antigens from complex biological
mixtures. Antibodies are first incubated with a sample to allow for antibody-antigen binding. Then,
a solid-support 1 typically an agarose resin or magnetic beads i capable of binding to the
antibody is added. The solid-support, antibody, and antigen can subsequently be separated from
the rest of the sample by centrifugation or magnetic separation3!l. Immunoprecipitation can be

used to determine whether and how the antigen interacts with other proteins, RNA, or DNA.



1.2.5 scFvs, nanobodies, and antibody-like binding proteins

As an increasing number of new technologies prominently featuring antibodies have been
developed, researchers have also recognized some of their limitations. Most research antibodies
are still produced from hybridomas, but hybridomas can be genetically unstable and largely
preclude antibody engineering. Full-length IgGs can be recombinantly expressed only in
mammalian systems because the numerous disulfide bonds that are crucial to IgG structure do
not form properly in the reducing environment of the E. coli cytosol®242, Although mammalian
expression systems are routinely used in industry, they are expensive and more labor intensive
than bacteria systems, which are major barriers for easy adoption by academic researchers42.
Finally, many applications use antibodies only for their binding ability, rendering the entire 1gG Fc

region as unnecessary bulk*243,

The first antibody alternative developed was the single-chain variable fragment (scFv) in
which the variable domain from a heavy chain (VH) is linked to the variable domain of its paired
light chain (VL) by a flexible linker to create a monovalent binding protein composed of a single
polypeptide chain with no Fc region#4. Unfortunately, scFvs are often unstable and have lower
binding affinity than their parent IgG, requiring significant engineering to be useful4345,
Furthermore, scFvs often require proper disulfide bond formation within their VH and VL domains,
which can introduce significant hurdles for recombinant scFv expression in E. coli*®. To purify
scFvs in any appreciable amount, they often must be either exported to the oxidizing environment
of the E. coli periplasm#546 or expressed in E. coli engineered to have increased cytoplasm
disulfide bond formation*’. In spite of these drawbacks, scFvs continue to be popular because
their amino acid sequence can be derived from previously established hybridoma stocks and they

are widely used with display technologies®s.

Unexpectedly, camelids i which includes camels, alpacas, and llamas i were discovered

to have antibodies solely composed of heavy chains*®4°, which antibody engineers quickly seized
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upon to generate recombinant single camelid VH domain binding proteins called nanobodies*243,
Because nanobodies are extremely stable and express remarkably well in E. coli, they have
emerged as often a superior alternative to scFvs®. Their main limitation is a more laborious
development process i libraries of VH domains have to first be obtained from the B-cells of
immunized camelids and then screened via phage display*®. However, large synthetic nanobody

libraries have been developed that are beginning to abrogate the need for any immunization490,

Finally, designed antibody-like binding proteins have also emerged as a class of antibody
alternatives. These designed proteins are often built upon small protein scaffolds that are easily
expressed in E. coli and contain regions amenable to inserting recognition residues to create
artificial binding pockets. Libraries of the scaffold can then be screened with various display
technologies to identify potent binders against a given target*2. Some of the more prominent
protein scaffolds include affibodies, DARPIns, affitins, knottins, and monobodies*?. Two scaffolds
that we utilize in this thesis are affibodies and DARPIns. Affibodies are derived from the B-domain
of Staphylococcus aureas protein A and are only ~6kDa, allowing them to be recombinantly
expressed or synthesized via solid-phase peptide-synthesis*251, Designed ankyrin repeat
proteins (DARPIns) are derived from the consensus sequence of human ankyrin repeat proteins

and are larger (~14-21kDa) than affibodies, but have a larger target protein binding site52:53,

Clinically, antibody alternatives suffer from a short half-life due to their small size and the
absence of an Fc region that can engage the FcRn receptor*3. A short half-life can be
advantageous when rapid clearance is desired, such as for molecular imaging®4, but is usually
prohibitive for therapeutic applications. Strategies for half-life extension include conjugating
proteins to polyethylene glycol (PEG) to increase t
proteins to domains with a naturally long half-life such as the IgG Fc region or human serum

albumin®s.



1.2.6 Therapeutic monoclonal antibodies

The first approved monoclonal IgG therapeutic was in 1985 with muromonab-CD3
(OKT3), a mouse IgG2a antibody used to treat acute rejection in organ transplants. Although
OKT3 suffered from many of the limitations of non-human IgGs discussed in subchapter 1.2.3, it
illustrated the massive potential for monoclonal IgG therapeutics. Due to the advent of numerous
strategies for developing humanized or human IgGs, the number of approved monoclonal
antibody (mADb) therapeutics has exploded (>60), resulting in ~$89 billion in revenue in 20161011,
Almost all pharmaceutical and biotechnology companies have developed substantial expertise
with mADbs, resulting in hundreds of therapeutic mAbs under clinical development. For some

clinical indications, such as oncology, most new therapeutic approvals are now mAbs.

Monoclonal IgGs have emerged as an important class of therapeutics largely because of
their ability to overcome many of the shortcomings and limitations faced by small molecule drugs.
Small-molecule drug development depends on screening large libraries in a high-throughput
manner to first identify promising chemotypes. Then, significant medicinal chemistry efforts must
be made to identify a clinical l ead that can
minimal off-target engagement, sufficient cell permeability, and adequate pharmacokinetic

properties®®. This process can take years and success is not guaranteed.

In contrast, current immunization and display technologies almost guarantee identification
of a mAb that can potently bind its target. IgGs bind to targets via much larger surface areas®%7,
resulting in much greater specificity and reducing toxicity due to off-target effects. Therapeutic
IgGs must be administered intravenously, but they naturally have a long ~21 day half-life and
thus, only require dosing every two to four weeks!324, Furthermore, in addition to inhibiting their
tar get 6s chvityprhAgcancrecruit various effector arms of the immune system
(discussed in 1.2.2), and thus operate through modalities unavailable to small-molecules. For

example, rituximab, an anti-CD20 mAb usedtotreat Non-Hod gk i ndés | ymphoma
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lymphocytic leukemia, kills CD20-positive B cells by simultaneously inducing antiproliferative
signaling, complement-dependent cytotoxicity, and ADCC!158, Even if a potent small-molecule
CD20 binder could be identified, it would likely only induce antiproliferative signaling and
ultimately may not result in a therapeutic benefit. Finally, antibody engineering has allowed for
therapeutic antibodies to operate via mechanisms that are not available to endogenous IgGs,

which will be discussed below.

1.2.7 Novel mechanisms of action for therapeutic mAbs i antibody-drug conjugates

(ADCs)

A key challenge for developing chemotherapeutic agents is maximizing their therapeutic
index 1 that is, identifying dosing regimens where the agent is capable of killing cancer cells
without causing undue toxicity to normal tissues. Although oncology often tolerates very narrow
therapeutic indexes, some agents remain too toxic for therapeutic use. Antibody-drug conjugates
(ADCs) offer a solution by conjugating extremely potent cytotoxic agents to recombinant mAbs in

order to grant them specificity towards tumors and increase their therapeutic index.

The first ADC, gemtuzumab ozogamicin, an anti-CD33 mAb conjugated to calicheamicin,
was approved for acute myeloid leukemia (AML) in 2000, but was withdrawn due to lack of
efficacy compared to standard of care. Significant advances in ADC development, though, led to
the approval of brentuximab vedotin in 2011 and trastuzumab emtansine in 2013, which remain in
clinical use. Currently, there are dozens of ADC in clinical trials and they have become an

important subclass of the mAb therapeutic space®°.

The four key components of ADCs are the payload, the targeting mAb, the linker between
the payload and the mAb, and the mAb labeling chemistry. The payload must be extremely potent
because ADCs deliver relatively low concentrations of drugs into cancer cells. Auristatins and
maytansinoids, both tubulin-disrupting agents, are two of the most commonly used payloads®°.

The targeting mAb must bind to an antigen that is highly expressed on cancer cells to be capable
11



of delivering large quantities of payload, but poorly expressed or even absent on normal tissue to
reduce off-target toxicity. The linker must be stable in circulation to premature release of the
payload, but must also be cleavable once internalized in cancer cells®°. Finally, it is preferable to
use site-specific labeling chemistry for conjugating the linker to the mAb because it results in

more homogeneous ADC products®.

1.2.8 Novel mechanisms of action for therapeutic mAbs i bispecific antibodies (bsAbs)

The immense clinical success of chimeric antigen receptor (CAR) T cell therapy®'63 and
checkpoint blockade®*5 has ushered in a new age of immuno-oncology, which is the utilization of
the i mmune system to treat cancer. One prominent st
recognize and attack cancer cells. CAR T cells achieve this by using lentivirus to genetically
introduce a synthetic receptor that recognizes a cancer-associated antigen into autologous T
cells®3. Although extremely effective, CAR T cells are autologous and must be specifically
manufactured for each patient. Not only does this result in significant logistical and manufacturing
challenges, but CAR T cell therapy is also tremendously expensive, which poses a significant
challenge for massive adoption of the therapy®3. There are significant efforts underway to develop
allogenic off-the-shelf CAR T cells via genome editing technologies, but their efficacy and safety

have yet to been proven®667,

Bispecific antibodies (bsAbs) i antibodies that have been engineered to be capable of
simultaneously binding two different antigens 1 offer a promising alternative to T cell-based
therapies. By simultaneously binding the CD3 receptor on T cells and a cancer-specific antigen
on cancer cells, bsAbs can potentially offer the efficacy of T cell reprogramming, but with the
lower cost and off-the-shelf nature of biologics®8. Although the concept of T cell redirecting bsAbs
date back to the 1980s%°, due to challenges in bsAb manufacturing, the first bsAb - catumaxomab
(anti-CD3 and anti-epithelial cell adhesion molecule)i was ndét approved until 2009,

performed poorly commercially and was withdrawn in 2017. Blinatumomab (anti-CD3 and anti-
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CD19), the second bsAb approval, however, induced impressive response rates in acute
lymphoblastic leukemia (ALL) patients and in conjunction with the rise of immune-oncology,
reinvigorated the field”®. Currently, there over 40 T cell redirecting bsAbs under clinical

development®®,

Because bsAbs are engineered antibodies, they can be constructed in almost limitless
ways, but bsAbs that are under clinical development broadly fall into three categories. Fragment-
based bispecifics are the simplest and involves linking two antibody fragments together to form a
bivalent binder®8. Fragment-based bispecifics can be produced in bacterial expression systems,
but are small and do not contain a Fc region, resulting in poor circulation half-life. Symmetric
bispecifics uses a conventional mAb scaffold, but fuse it to antibody fragments, usually resulting
in a tetravalent binder®8. Finally, asymmetric bispecifics consist of fragment-based bispecifics
linked to a Fc domain or antibodies with two different variable regions to create monovalent
binders®8. Both symmetric and asymmetric bispecifics retain the long half-life of mAbs, but

symmetric formats have greater avidity, which can affect potency®.

1.2.9 The frontiers of therapeutic antibodies

The rapid rise of mAb and engineered antibody therapeutics over the past two decades
has illustrated their nearly boundless therapeutic potential. However, there are two major
compartments within the body in which small-molecule drugs can access that antibodies cannot i

the central nervous system (CNS) and the interior of cells.

The major barrier for developing therapeutics for targets in the CNS is the blood-brain
barrier, which only allows privileged molecules to traffic between the blood and the cerebrospinal
fluid. IgGs do have some access to the CNS, but their concentration in cerebrospinal fluid is
typically 100- to 1,000-fold lower than in circulation!. Thus, current antibody therapeutics under
clinical development with CNS targets must be extremely potent and dosed at high

concentrations to have any therapeutic utility’"1, Emerging strategies for improving antibody
13



delivery into the brain have primarily focused on using bispecific formats to hijack endogenous
blood-brain barrier transcytosis pathways. For example, bispecific antibodies that engaged the
transferrin receptor were shown to be capable of delivering functional anti-b-Amyloid or anti-b-
secretase antibodies into the brains of mice and primates, respectively’?73. Although
encouraging, identifying the optimal bispecific format and the ideal transcytosis receptor remains

an extremely active area of research1.74,

Antibodies can natively enter the cell via macropinocytosis or internalization of a receptor
they are bound to, but they can only access the endosome-lysosome system, which is
topologically equivalent to the extracellular space. Given that the majority of drug targets lie within
the cytosol, organelles, or nucleus’, a cytosolic antibody delivery system would dramatically
expand the therapeutic utility of antibodies. Current progress on cytosolic protein delivery will be

discussed in subchapter 1.4.

1.3 Protein Bioconjugation

Conjugating diverse chemical moieties and macromolecules to proteins has been an
integral part of both basic science research as well as therapeutics. For example, conjugating
enzymes to antibodies has enabled ELISA, western blotting, and immunohistochemistry.
Conjugating fluorophores to antibodies has enabled fluorescence microscopy, flow cytometry,
and fluorescence-activated cell sorting (FACS). Conjugating polymers to antibody-like proteins
extends their circulation half-life and cytotoxic agents to antibodies enable ADCs. In this
subchapter, we will discuss the various strategies that have been developed for protein

bioconjugation, particularly ones commonly used for antibodies.

1.3.1 Classical side chain labeling chemistries

Chemically modifying the side chains of naturally occurring amino acids is extremely

attractive since it enables easy functionalization of most endogenous proteins without any genetic
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engineering. Although side chain selective labeling chemistries exist for most of the non-
hydrophobic amino acids?®77, currently cysteine and lysine are overwhelmingly the most
commonly targeted residues. Exploiting the reactivity of natural occurring amino acids, however,
comes with three major limitations i 1) Some proteins cannot be labeled because they lack
surface cysteine or lysine residues. 2) Lysine-selective chemistries often generate heterogeneous
products because proteins often contain multiple surface lysines®%7878,_ 3) Endogenous proteins
have to be purified prior to labeling due to the abundance of cysteines and lysines in most

biological samples.

Cysteines have been extensively used as reactive labeling handles because not only are
they the most nucleophilic of the canonical amino acids, but they can also be easily oxidized to
form disulfide bonds. Furthermore, because they are a relatively rare residue, cysteine can often
be genetically introduced into proteins without any native surface cysteines to enable site-
selective modifications. The most commonly used cysteine labeling chemistries are disulfide bond
conjugations to form S-S bonds and Michael addition with maleimides to form S-C bonds, but it
should be noted that both can be reversible?678, Disulfide bonds are reversible under reducing
conditions and maleimides can undergo retro-Michael deconjugation, resulting in thiol exchange
with cysteines on unlabeled proteins®182, Maleimide reversibility, however, can be addressed by

hydrolyzing the maleimide ring following conjugation59:81.82,

Unfortunately, IgG antibodies are held together by an intricate series of disulfide bonds,
which renders cysteine bioconjugation quite tricky. 1gG disulfide bonds, however, differ in their
susceptibility to reduction®3, enabling semi-selective conjugation to interchain cysteines+85,
Selective disulfide reduction, however, is imprecise and results in heterogeneous products, which
can be a major challenge for therapeutics such as ADCs69828485 Tg address this, in 2008,
Genentech developed antibodies containing a free reactive cysteine on their heavy chain CH1

domains called THIOMABs®¢. THIOMAB production require a complex reduction followed by re-
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oxidation purification strategy, but ultimately resulted in nearly homogeneous ADCs with two

drugs per antibody?®8.

Lysine side chains contain a very nucleophilic primary amine and can be selectively
labeled over thiols with activated esters, sulfonyl chlorides, and isocyanates”®78. Due to their
abundance, lysines are generally labeled when product heterogeneity is less of a concern. Some
proteins, however, contain specific lysines with significantly enhanced reactivity due to their

microenvironment®’, making site-selective lysine modification possible with specialized reagents.

Antibodies typically contain dozens of surface lysines, rendering lysine-reactive chemistry
inherently imprecise. Labeling must be performed carefully since excessive amounts can often
reduce antibody stability or impair antigen binding. Regardless, N-hydroxysuccinimide ester
(NHS) chemistry is used extremely often for functionalizing antibodies in research settings, such
as with fluorophores for microscopy or flow cytometry. Some early generation ADCs such as
gemtuzumab ozogamicin and trastuzumab emtansine also used lysine chemistries, but their

therapeutic efficacy were at least partially compromised by labeling hetereogeneity®°.

1.3.2 Glycoconjugation

Bioconjugation reactions targeting glycans are uncommon outside of metabolic
glycoengineering’® due to the heterogeneous glycosylation patterns found in most proteins®s.
Glycoconjugation, however, has been frequently employed for functionalizing antibodies since
IgGs are naturally glycosylated at Asn 297 (N297) of each heavy chain. Historically, sodium
periodate was used to oxidize antibody glycans to aldehydes, which can then be used in
additional biorthogonal labeling reactions. This reaction was used to label antibodies with
horseradish peroxidase to produce secondary antibodies used for chemiluminescence
detection®. However, the need to use high periodate concentrations resulted in heterogeneous
glycan oxidation and methionine oxidation®85, Antibody methionine oxidation has been

associated with decreased FcRn binding and thus, decrease circulation half-life®®.
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Current strategies for antibody glycoconjugation have focused on increasing antibody
glycan homogeneity prior to functionalization8°85, For example, a mixture of
galactosyltransferases and sialyltransferases can be used to incorporate sialic acid onto glycans
at the N297 glycosylation site®°. Sialic acid can then be oxidized under mild conditions with
extremely low concentrations of sodium periodate to generate a homogeneous population of
aldehyde-functionalized antibodies®. A similar enzymatic strategy was also used to install azido-

functionalized sialic acids, which can then be used in bioorthogonal labeling reactions®.

1.3.3 Bioorthogonal Reactions

Labeling reactions are bioorthogonal if they can proceed without interfering with biological
processes’®. For protein bioconjugation, this generally means that canonical amino acids cannot
participate in bioorthogonal reactions. In practice, many site-selective protein bioconjugation
reactions using bioorthogonal reactions require two steps. First, a reactive handle that is
chemically distinguishable from the canonical amino acids is introduced at a desired position
within a target protein. Afterwards, a bioorthogonal reaction can be used to site-specifically

conjugate functional chemical moieties to the target protein via the reactive handle.

Aldehydes and ketones are electrophiles that can react with U-effect amines such as
alkoxylamines or hydrazines to form oxime and hydrazone linkages, respectively, under mild
conditions”®91, A major advantage of these linkages is that they are very small and are less likely
to perturb protein function®?. It should be noted, however, that these reactions are not strictly
bioorthogonal since cells contain high concentrations of endogenous aldehydes and ketones (for

example, glucose and pyruvate), but they are effectively bioorthogonal with purified proteins.

Azides are particularly powerful reactive handles that can participate in bioorthogonal
reactions with not only purified proteins, but also in the cellular milieu. Azides can participate in 3
main bioorthogonal reactions i the Staudinger ligation, the copper catalyzed azide-alkyne 1,3-

dipolar cycloaddition (CUAAC), and the strain-promoted alkyne-azide cycloaddition (SPAAC)76.0,
17



The Staudinger ligation was introduced as a bioorthogonal labeling reaction between azides and
triarylphosphines in 20009, Although instrumental in making azides a popular reactive handle, it
has become less popular due to slow reaction kinetics?678. CUAAC was then developed in
2002924 as a copper(l) catalyzed reaction between azides and alkynes that forms triazoles. Due
to its reaction efficiency and speed, CUAAC quickly gained widespread adoption for protein
bioconjugation. The only limitation to CUAAC is that copper(l) can be quite toxic to cells?8, which
prompted the development of the copper-free SPAAC reaction®, which uses strained
cyclooctynes to react with azides. Although SPAAC reactions were extremely slow compared to
CUuAAC?®, modern cyclooctynes reagents have become considerably faster®®:%7, albeit still slower

than CuAAC, and are currently workhorse bioorthogonal conjugation reagents.

Inverse-electron demand Diels-Alder (IEDDA) reactions between strained alkenes and
tetrazines are emerging as powerful bioorthogonal reaction?6:89.98.99 The reaction occurs under
physiological conditions, does not require metals, and occurs orders of magnitude faster than
CuAAC*®. The rapidity of IEDDA even under low reactant concentrations and in the presence of

serum has made it increasingly popular for use in pre-targeted PET and SPECT imaging100.101,

1.3.4 Native and expressed chemical ligation

Solid-phase peptide synthesis can be used to synthesize polypeptides conjugated to
nearly any chemical matter, but it is rarely successful for peptides significantly longer than 50
amino acids. To address this limitation, native chemical ligation (NCL) was developed in the early
1990s and enabled the ligation of an unprotected peptide with a C-terminal thioester with an
unprotected peptide containing an N-terminal cysteine?2. Originally, NCL always resulted in a
cysteine at the ligation site, but the development of auxiliary thiol-derived variants of canonical
amino acids has largely abrogated that requirement93:104, By chaining NCL reactions together,
proteins as large as erythropoiesis proteini® (166 amino acids) and HIV-1 protease'® (203 amino

acids) have been synthesized.
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Although it possible to synthesize proteins up to a moderate size with NCL, it quickly
becomes prohibitively cumbersome. Expressed protein ligation (EPL) uses peptide synthesis and
recombinant protein expression to greatly extend the length of proteins that can be produced via
semi-synthesis'3. Semisynthetic proteins with N-terminal modifications can be produced using a
synthesized peptide with a C-terminal thioester and a recombinantly expressed protein with an N-
terminal cysteinel®. Following the discovery of proteins that self-splice to create C-terminal
thioesters97, EPL was extended to produce semisynthetic proteins with C-terminal modifications
108 EPL, however, is still subject to the length limitations of peptide synthesis, requires reducing
agents to be present, and is generally limited to producing proteins with modifications close to

either terminis2.

1.3.5 Genetic incorporation of unnatural amino acids

Genetically incorporating unnatural amino acids (UAAS) into proteins allows for precise
control of the placement of reactive handles for bioorthogonal labeling reactions while minimally
perturbing protein structure. The genetic code has three redundant stop codons that could in
principle be hijacked with an engineered tRNA. The amber stop codon (UAG) is the most
amenable to reassignment because it is the least-used stop codon in E. coli, S. cerevisiae, and
humans. Codon reassignment was initially demonstrated by chemically aminoacylating an amber
suppressor tRNA engineered to recognize the amber stop codon and using it for in vitro
translation199.110, However, because in vitro translation produces such minute amounts of protein,

this strategy was not widely adopted for protein bioconjugation.

In 2001, Schultz and coworkers first demonstrated site-specific incorporation of the
unnatural amino acid O-methyl-L-tyrosine in E. coli via the amber suppression approach!!l. To
accomplish this feat, an amber suppressor tRNA that could not be recognized by endogenous

aminoacyl-tRNA synthetase and an orthogonal aminoacyl-tRNA synthetase that could charge the
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suppressor tRNA with the desired unnatural amino acid, but not recognize any endogenous

tRNAs had to be simultaneously introduced into E. coli.

This was made possible by the discovery that the thermophilic archael bacteria M.
jannaschii contained a tRNA™" and M. jannaschii tyrosyl-tRNA synthetase (TyrRS) pair that was
not only mostly orthogonal to endogenous E. coli tRNAs and aminoacyl tRNA-synthetases, but
also amenable to re-engineering!?' 114, The M. jannaschii tRNA™" was evolved to be completely
orthogonal in E coli. by generating a library of tRNA mutants and subjecting it to multiple rounds
of negative selection to ensure orthogonality following by positive selection to ensure that it could
still be aminoacylated by its M. jannaschii TyRS pair!'>. The M. jannaschii TYyRS was engineered
to only aminoacylate the amber suppressor tRNA with O-methyl-L-tyrosine by subjecting a library
of M. jannaschii TYRS active site mutants to multiple rounds of positive selection for functionality

and negative selection to ensure O-methyl-L-tyrosine selectivity over its native tyrosine!!!,

Since the initial report of O-methyl-L-tyrosine incorporation, similar tRNA and aminoacyl-
tRNA synthetase engineering strategies have been employed to enable the incorporation of more
than a hundred different UAAs in E. colill6'118 For some applications, such as the incorporation
of small fluorophores, fluorescent UAA can be directly incorporated into recombinant proteins with
amber suppression!6118QOther chemical moieties, though, can be easily site-specifically
conjugated to proteins via genetically encoded UAAs that contain reactive handles such as
azides, strained alkenes, alkynes, and ketones’6116, Though the selection is more limited, UAA

incorporation is also possible in mammalian cells and even in mice!167119,

Although tremendously powerful, UAA incorporation does have some drawbacks.
Depending on the exact UAA tRNA/tRNA-synthetase pair, UAA incorporation efficiency can vary
and allow for unwanted incorporation of canonical amino acids into the protein'!?. Because amber
suppressor tRNAs can fail to outcompete endogenous release factors, UAA incorporation can

result in truncated recombinant proteins and thus, reduced yields'7*20, Premature truncation also
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makes it extremely challenging to incorporate multiple UAAs in a protein. Extensive optimization
of amber suppressor tRNA and orthogonal tRNA synthetase expression can improve some of
these parameters!?9.121, Even greater improvements can be achieved with significant engineering
of either the E. coli genome or the E. coli translational machinery. Examples include deleting
release factors1?2123, reassigning endogenous amber stop codons!?3124  developing orthogonal

ribosomes!?>, and relaxing elongation factor quality control125,

Genetically encoded UAAs have been used in mammalian expression systems to
produce antibody drug conjugates with site-specifically labeled payloads. p-acetylphenylalanine
and azide-containing lysine analogues have been introduced into the heavy chain of IgGs to
enable site-specific auristatin conjugation via oxime ligation and CuUAAC, respectively1271129,
Although UAA incorporation in large scale mammalian cultures may require significant
optimization?8, it results in homogeneous ADC products that have superior efficacy and

pharmacokinetics compared to cysteine-based ADCs.

1.3.6 Peptide tags and chemoenzymatic bioconjugation

Rather than exploiting bioorthogonal chemistry for site-specific labeling, chemoenzymatic
bioconjugation approaches utilizes the selectivity of enzyme active sites to specifically recognize
peptide tags installed on proteins. Compared to genetic incorporation of UAAS, peptide tags do
not require any modification of the expression system, but they are larger in size and are often
constrained to modifications at protein termini. In this section, we will briefly introduce some
enzymes that are commonly used for chemoenzymatic bioconjugation, but in subchapter 1.3.6,
we will extensively discuss the history and applications of sortase A (SrtA) for site-specific protein

bioconjugation.

Transglutaminases (TGases) are enzymes that normally crosslink proteins together by
catalyzing amide bond formation between the primary amine of a lysine and the amide of a

glutamine!®®, TGases, however, are relatively promiscuous with regards to their amine-containing
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substrate and was first shown in 2006 by Ting and coworkers to be useful for protein
bioconjugation®3, Unfortunately, TGases have a poorly defined glutamine recognition motif,
which can make it challenging to perform site-specific protein bioconjugation'32, Regardless,
bacterial TGases have had some utility for producing antibody-drug conjugates. S. mobaraensis
TGase was found to be capable of modifying IgG heavy chains at Q295, but only following
enzymatic deglycosylation of the glycan at N297 to increase Q295 accessibility to the enzyme133,
Alternatively, S. mobaraense TGase was found to have a more restrictive active site that primarily

recognizes a LLQG tag, enabling site-specific labeling of engineered antibodies!34.

Sulfatases in eukaryotes and prokaryotes contains a catalytic formylglycine which is
posttranslationally generated via cysteine oxidation by the formylglycine generating enzyme
(FGE)'35. M. tuberculosis FGE, the most commonly used for bioconjugation, canonically
recognizes a CXPXR motifl3¢, but also tolerates some noncanonical sequences!®’. Thus, by co-
expressing FGE with proteins engineered to contain the CXPXR motif, the final purified protein
will contain an aldehyde which can subsequently be used as a reactive handle for bioorthogonal
labeling reactions6. This strategy works not only in E. coli'%6, but also in mammalian cells'38,
which has subsequently enabled the production of antibody-drug conjugates using the hydrazine-
Pictet-Spengler (HIPS) ligation3°. Although much more efficient than other aldehyde
bioconjugation chemistries4%, HIPS ligation still requires extremely high protein concentrations

and long reaction times*2%, which limits the utility of FGE.

Trypsiligase is an engineered version of the trypsin protease that recognizes a YRH motif
to enable N-terminal and C-terminal protein modification?4!. For N-terminal modifications,
trypsiligase can ligate guanidinophenyl ester (OGp) derivatives to the arginine!#! whereas for C-
terminal modifications, trypsiligase can act as a transpeptidase between the YRH motif and a

nucleophilic peptide beginning with RH42. Although trypsiligase is an extremely fast enzyme, it is
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limited by relatively few commercially available OGp derivatives for N-terminal modifications and

low ligation efficiencies due to a hydrolysis side reaction for C-terminal modifications42,

Subtiligase is an engineered version of the B. subtilis subtilisin serine protease that can
ligate peptides with an U-amine to peptides with a C-terminal ester or thioester43144, |t has a
broad substrate scope, which can allow the installation of chemical moieties in a native protein
sequence context, but can also make ligation efficiency difficult to predict43145, This has been
somewhat addressed with modern proteomic techniques have allowed for extensive substrate
mapping!46. Regardless, the need to generate a C-terminal esters or thioesters on target proteins
makes C-terminal bioconjugation with subtiligase more laborious to implement when compared to

other chemoenzymatic bioconjugation approaches.

Butelase is a cysteine transpeptidase from the plant C. ternatea that normally catalyzes
peptide cyclization, but also has utility as an extremely fast peptide ligase!4’. Butelase recognizes
a D/N-HV motif and can then catalyze amide bond formation between the aspartate/asparagine
and almost any other peptidel#8, Because butelase recognizes peptide sequences that are
orthogonal to those of sortase A, both transpeptidase can be used together for one-pot double
labeling of target proteins'4®. The main drawback for butelase is that it currently cannot be
produced recombinantly and must be extracted directly from C. ternateal4”.14%, However, the
closely related O. affinis asparaginyl endopeptidase (OaAEP1) can be recombinantly purified

from E. coli and initially appears to have the same ligase ability as that of butelase®°.

1.3.7 Site-specific protein bioconjugation with sortase A (SrtA)

Sortase A (SrtA) is a calcium-dependent bacterial transpeptidase that is crucial for
anchoring surface proteins onto the cell wall of gram-positive bacteria'®152, In the presence of
Ca?*, S. aureas SrtA binds to its LPXTG recognition motif and attacks the peptide bond between
the Thr and the Gly with a catalytic Cys to form a thioester acyl-enzyme intermediate (Fig. 1.2).

The thioester acyl-enzyme intermediate is relatively long-lived and is normally resolved by
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nucleophilic attack from the oligoglycine of lipid Il in bacteria or a peptide for protein
bioconjugation (Fig 1.2)15%1155 Water, though, can also serve also as a nucleophile, albeit at

relatively slow rates, resulting in the production of a hydrolysis side-product (Fig. 1.2).

Originally pursued as an antibiotic target, in 2004, Mao and coworkers demonstrated that

S. aureas SrtA tolerates nucleophilic oligoglycines containing additional chemical substituents

LPXTGGG*

GGG*>/ E
@pﬁdeﬁon

_acylation,
hydrolysis
LPXT ' YS!
Protein SrtA %’ \ LoxT

and thus, could be used as a peptide-protein ligase%6. For sortase-mediated ligation, peptides

Figure 1.2 SrtA ligation mechanism.

containing an N-terminal oligoglycine are ligated onto target proteins engineered to contain a C-
terminal LPXTG SrtA recognition motift53.157, Alternatively, for N-terminal protein modification,
SrtA can ligate a peptide containing its LPXTG recognition motif to a protein with an N-terminal
glycine%8, Because SrtA can be recombinantly produced in high amounts?®’, the LPXTG SrtA
recognition motif is relatively small, and the synthetic ease of producing functionalized short
peptides, SrtA mediated-ligation has rapidly become a popular approach for site-specific protein
bioconjugation?3. SrtA has been employed to conjugate proteins to not only small chemical
handles!®?, but also fluorophores%6:15°  nucleic acids'69, lipids'6l, polymers?62, glycans'é3, and

surfaces162.164,

In addition to the canonical LPXTG recognition motif, naturally occurring and engineered
SrtA variants have been also identified that recognize other motifs'53165 S, pyogenes SrtA can
recognize LPXTA matifs in addition to the canonical LPXTG motif and ligate nucleophilic peptides
containing an N-terminal alanine, allowing it to be used in conjugation with S. aureas SrtA for dual

labeling%8. A S. aureas SrtA FA0A mutant is capable of recognizing the APATG motif, but has
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reduced reaction rates relative to wild-type S. aureas SrtAl%®, Finally, yeast display has identified

a series of heavily mutated SrtA that were capable of recognizing LAETG and LPEXG motifs67.

SrtA is also not limited to peptide nucleophiles i under certain conditions, SrtA can
tolerate many primary amines as the nucleophile. Class C pilin-specific sortases, for example,
normally recognizes the Bamine of lysines as the nucleophile!52. Armed with this observation,
Chilkoti and coworkers found that S. aureas SrtA could also catalyze isopeptide bond formation
between a labeled LPETG peptide and the Uamine of a lysine within a pilin domain sequence?6e.
Similar lysine labeling activity was also detected with an engineered version of the C. diphtheria
SrtA9, Finally, a heavily engineered SrtA7M variant was also found to be capable of ligating a

variety of amine-containing small molecules to LPETG sequences?0.

Although extremely versatile, SrtA has relatively poor reaction rates due to a mM affinity
to its LPXTG recognition motif and a moderate kcat'’?, resulting in long reaction times, incomplete
reactions, and poor ligation efficiencies56:160.162_ Using large excesses of the peptide nucleophile
can partially address these shortcomings, but can be cost-prohibitive for custom-synthesized
peptides and impossible for peptides with low solubility in agueous buffers. Long reaction times
can drive ligation reactions towards completion, but also result in decreased ligation efficiency

due to accumulation of the hydrolysis side product€°,

This motivated the development of engineered SrtA variants with superior performance.
The first major effort was led by Liu and coworkers, who used yeast display to identify a
pentamutant SrtA (SrtA5M) with 120-fold increase in kcat/Kwm relative to the native SrtAl71,
Additional screening using a high-throughput FRET assay using a SrtA5M-based library identified
an addition three mutations that further increased kca/Km by 5-fold relative to SrtA5M172, These
two variants, with or without additional mutations that abolished Ca?* dependency!’3174, have

largely replaced native SrtA for in solution bioconjugation?ss,
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The Tsourkas lab has taken a different approach to improving SrtA-mediated ligation with
the development of Sortase-tag expressed protein ligation (STEPL)75. Rather than expressing
target proteins with just the LPXTG SrtA recognition motif as in sortase-mediated ligation, in

Sortase A (SrtA) STEPL, the target protein is expressed in series with a

Protein

LPETG SrtA recognition motif followed by a flexible

linker, the native SrtA enzyme, and an affinity tag (Fig.

T

l ?;Sg 1.3). Following expression, the target protein-SrtA
- fusion protein can be immobilized on a resin via the
‘0
é affinity tag and then the SrtA ligation reaction can be
©
' § performed on resin (Fig. 1.3). Because the LPXTG
GGG_*l SrtA recognition motif is tethered to SrtA, its effective

concentration is significantly increased, accelerating
the ligation reaction. Furthermore, only the labeled
Figure 1.3 Schematic of STEPL.
target protein is released from the resin following the
reaction, consolidating target protein purification, labeling, and separation from the SrtA enzyme
to a single process (Fig. 1.3). By using STEPL, proteins have been labeled to fluorophores’s,
MRI contrast agents!”®, nanoemulsions!’®, and hydrogels'’’. Unfortunately, occasionally, fusing
SrtA to target proteins can significantly decrease

utility. We have addressed this limitation by developing proximity-based sortase-mediated ligation

(PBSL), which will be discussed in chapter 2.

1.3.8 Self-labeling protein domains

UAA incorporation of bioorthogonal reactive handles and chemoenzymatic bioconjugation
approaches are invaluable when one desires to minimally perturb the protein to be labeled.
However, they may require significant optimization to achieve high labeling efficiency and may be
difficult to adopt in complex environments such as inside cells or in lysates. Self-labeling protein

domains are typically engineered enzymes that can covalently link themselves to specific
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chemicals or peptides extremely rapidly and efficiently. Although they generally cannot be used in
therapeutics and their bulkiness can deleteriously affect protein function, self-labeling protein
domains offer the simplicity of genetically encoded protein tags with the power of synthetic

chemistry and have become extremely useful research tools.

SNAP tags and CLIP tags are both engineered versions of the human DNA repair
enzyme OS-alkylguanine-DNA alkyltransferase (hAGT). Normally, hAGT transfers an alkyl group
from mutagenic O8-alkylguanine-DNA to its catalytic cysteine to irreversibly form a methionine
and restore the nucleobase back to a guanine’®. hAGT, however, can also tolerate OS-
benzylguanosine with substituted benzyl rings as substrates!’®. Thus, fluorophores or chemical
handles can be installed onto the O8-benzylguanosine benzyl ring and be covalently linked to an
engineered version of hAGT called SNAP-tag'’®. By using phage display, a second version of
hAGT called CLIP-tag was also produced which recognizes O?-benzylcytosine derivatives!®,
SNAP-tag and CLIP-tag are orthogonal to each other'8® and have been used extensively as

genetic fusions in cells for microscopy.

HaloTag is based on an engineered version of the Rhodococcus dehalogenase capable
of forming an irreversible covalent bond between its catalytic Asp and a chloroalkane!8!, Thus,
similarly to SNAP-tag and CLIP-tag, HaloTag fusions can be easily labeled with fluorophores or
chemical handles that are linked to a chloroalkane. Of note, in addition to standard fluorophores,
HaloTag can also be coupled with newer generation fluorophores that can be photoactivatable or

compatible with in vivo imaging!82' 184,

The SpyCatcher-SpyTag domain-peptide pair was derived from the CnhaB2 domain of the
S. pyogenes fibronectin binding protein (FbaB), which normally spontaneously forms an
intramolecular isopeptide bond between an Asp and a Lys to increase protein stability'®>. Howarth
and coworkers split the CnaB2 domain into a domain containing the isopeptide bond-forming Lys

as well as a peptide containing the isopeptide bond-forming Asp and found that the halves still
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retained the ability to spontaneously form an isopeptide bond. After significant optimization, they
arrived at the SpyCatcher-SpyTag domain-peptide pair, which can undergo isopeptide bond
formation rapidly and efficiently, even at low concentrations'86.187, Furthermore, isopeptide bond

formation readily occurs under a wide range of conditions, including within cells18s.

1.3.9 Light activated site-specific conjugation of native IgGs (LASIC)

As discussed in this subchapter, there exists a wealth of approaches for site-specifically
modifying recombinant antibodies. Recombinant antibody expression, however, is a time
consuming process and the amino acid sequence for many commercial antibody collections are
not easily attainable by researchers. Without genetic re-engineering, the only site-specific
antibody bioconjugation methods available are primarily via glycoconjugation to glycans at N297
(subchapter 1.3.2) or modifying Q295 with transglutaminase following N297 deglycosylation

(subchapter 1.3.5), both laborious and relatively inefficient processes.

BecauselgG anti bodies are crucial for the i mmune sy
pathogens, many bacteria have evolved virulence factors that bind to IgGs as part of an immune
evasion strategy®8. Because of their high affinity and specificity towards 1gGs, fragments from
IgG-binding virulence factors such as protein A from S. aureas, protein L from P. magnus, and
protein G from Streptococcus have become indispensable research tools8°. For example, once
immobilized on a solid support, they can be used for purifying antibodies and for isolating
antibody-antigen complexes. Although these proteins bind IgGs with high affinity (nM), non-
covalent interactions are reversible and can be disrupted in environments with low pH or high
concentration of non-specific antibodies!®. Thus, the Tsourkas lab and others have sought to
develop antibody-binding proteins that could be site-specifically and covalently linked to native

19Gs.

Protein Z is derived from the B domain of S. aureas protein A% and only binds to I9G Fc

regions®?. In 2011, Hober and coworkers used solid-phase peptide synthesis to produce protein
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Z variants containing the photocrosslinker unnatural amino acid benzoylphenylalanine (BPA)°1,
They identified that BPA replacement of either F5 or H18 did not perturb protein Z Fc binding
affinity, but did allow protein Z to be photocrosslinked to IgGs following irradiation with 365nm
light'%1. In 2014, the Tsourkas lab demonstrated that not only can BPA be genetically
incorporated via amber suppression in recombinantly expressed protein 2121192 but protein Z
could also be integrated into the STEPL system to enable labeling with fluorophores and reactive
handles!®3. Subsequently, the Tsourkas lab identified a panel of BPA incorporation sites that
enabled photocrosslinking to human IgG1 (hlgG1), higG2, higG4, mouse IgG1 (mlgG1), migG2a,
mlgG2b, mIgG3, rat IgG1 (rlgG1), rigG2b, rigG2c, hamster IgG1, and rabbit IgG (rablgG)
antibodies®4. Unfortunately, IgGs were not fully photocrosslinked, even with a large excess of

protein Z1%4,

The Tsourkas lab then focused a thermally hyperstable 1IgG-binding fragment derived
from the b1 domain of Streptococcal protein G19 mutated to only be capable of Fc binding.
After screening a panel of positions, the Tsourkas lab found that BPA incorporation at A24
resulted in nearly complete photocrosslinking to higG1, higG2, higG3, higG4, migG2a, migG3,
and rlgG2c as well as significant photocrosslinking to mlgG2b and rabbit IgGs197.
Photocrosslinking efficiency is almost quantitative, did not perturb IgG-antigen binding affinity,
and, in conjunction with STEPL, could be used to label IgGs with fluorophores and reactive
handles!%’. Mass spectrometry revealed that protein G-A24BPA specifically photocrosslinked to
M252 on 1 gG heavy chains due to BPAG6s strong photoc
sulfides98200, Thus, protein G-A24BPA cannot photocrosslink to IgGs that lack M252 such as

mligG1, rlgG1, rlgG2a, and rigG2b197,

In chapters 3 and 4, we will utilize LASIC and protein G-A24BPA to conjugate cell
penetrating peptides or anionic polypeptides, respectively, to IgGs to enable cytosolic antibody

delivery.

29



1.4 Cytosolic Protein Delivery

As discussed in subchapter 1.1, developing a cytosolic delivery system for IgG antibodies
or antibody-like binding proteins would dramatically expand the druggable proteome, allowing

targeting of protein considered | argely o6undruggabl

Cytosolic delivery of inhibitory antibodies also offers unique advantages as a research
tool over genetic or small-molecule approaches for modulating protein function. siRNA and
shRNA are both popular nucleic acid-based approaches for protein knockdown or knockout, but
because they do not directly act on target proteins, they perform poorly against proteins with long
half-lives?°! and can induce significant cellular compensatory responses?®2, Small-molecule
inhibitors and modulators can avoid these limitations, but even for proteins druggable by small-
molecules, identifying potent compounds and then validating their selectivity can be
challenging?%. In contrast, inhibitory antibodies directly bind to target proteins, act on fast time
scales, and can be generated far more easily than small-molecules. Finally, cytosolic inhibitory
antibodies also offer the opportunity to discriminate between and modulate the activity of proteins
with specific post-translational modifications or certain isoforms of a protein, which are generally

not possible with traditional approaches.

Because of its potential profound therapeutic and basic science research implications,
efficient cytosolic protein delivery systems have been pursued for more than two decades. In this
subchapter, we will discuss the current progress on approaches that have been employed for

cytosolic protein delivery.

1.4.1 Physical delivery methods

Since the plasma membrane is the primary barrier for macromolecule entry into the
cytosol, physical delivery methods take the most straightforward approach by temporarily

disrupting the plasma membrane without killing the cell.
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The oldest cytosolic macromolecule delivery method, first reported in 19112%4, is
microinjection, which uses micromanipulators to physically pierce cells with glass micropipettes
and inject macromolecules into the cell. Microinjection requires significant user skill, is extremely
low throughput, and thus, is currently rarely used outside of pronuclear injection for creating

transgenic mice.

The other physical delivery method still frequently used is electroporation, first reported in
1982, which uses short high voltage electrical pulses to induce pores to transiently form in the
plasma membrane?°5, Although electroporation protocols have improved significantly from its first
inception and can be extremely effective26207 it requires expensive equipment, can result in

significant toxicity, and has only moderate throughput.

New physical delivery methods such as microfluidic electroporation, microfluidic
constriction, localized heating, nanoscale electroporation, nanoneedles, and targeted cavitation
are under active development, but their ultimate utility remain to be demonstrated2°8, Even if
newer physical delivery technologies replace electroporation, they cannot be adopted for
therapeutic purposes other than ex vivo manipulation of cells. Thus, effective biology-inspired or
carrier-mediated approaches must be developed to unlock the potential of cytosolic protein

therapeutics.

1.4.2 Physical delivery of inhibitory antibodies

Although currently rarely used, historical studies using microinjection to cytosolically
deliver antibodies have not only demonstrated the feasibility of, but also the power of cytosolic
antibody-dependent inhibition of proteins. Following the development of hybridomas in 1975, one
of the first steps when studying a new protein was to develop a panel of IgGs against the protein
and epitope map them. Afterwards, antibodies against the protein of interest can be microinjected
into cells and then one can assess for perturbation of phenotypes predicted to be associated with

the protein. This strategy was used to demonstrate in 1982 that the tumor suppressor p53
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regulated DNA synthesis?%® and in 1985 that the Ras oncogene was crucial for cell division in
cancer cells?10, Since, microinjecting inhibitory antibodies have helped to unveil the biological
roles of the heat shock protein hsp702!%, the Jun and Fos transcription factors?'?, the cyclin
proteins?!3214/ the signaling protein phosphatidylinositol 3-kinase (P13-K)?!5, the regulatory protein

Raf kinase inhibitory protein (RKIP)?'6, and many others.

Physical antibody delivery has also demonstrated that cytosolic IgGs can interact with the
cytosolic antibody receptor tripartite motif 21 (TRIM21) via their Fc region to stimulate innate
immune signaling?'7218 and degrade antibody-bound proteins2°?. Normally, the TRIM21 pathway
plays a crucial role in disabling and degrading antibody-bound viruses and bacteria that are
internalized by cells?1°. However, Schuh and coworkers demonstrated that the TRIM21 pathway
could be hijacked to rapidly degrade almost any cytosolic or nuclear protein with antibodies

cytosolically delivered by microinjection or electroporation2%7,

Finally, physical antibody delivery studies have revealed that IgG antibodies have a
surprisingly long half-life in the cytosol. Tracking cytosolic IgG concentrations by radioactivity,
autoradiography, or western blotting have all revealed a cytosolic IgG half-life of approximately 24
hours?07.220.221 |nitially, this may seem perplexing given that IgGs cannot fold properly in the
reducing environment of the cytosol, but once folded, the majority of IgG disulfide bonds are

buried and become significantly more resistant to reduction.

1.4.3 Intrabodies

Intrabodies are intracellularly expressed antibodies that can modulate intracellular protein
function. Initially pursued as a strategy for treating HIV with gene therapy??2223, intrabodies have
now emerged as important research tools after major advances in scFv engineering and the
advent of small antibody-like binding proteins?24225, |nitial efforts at using intrabodies primarily
relied upon expressing scFvs or Fabs, which are functional in the endoplasmic reticulum (ER)???,

but express poorly in the reducing environment of the cytosol due to poor disulfide bond
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formation*>228, Accordingly, a multitude of strategies have emerged for increasing scFv
stability?25, such as identifying scFv framework sequences that are stable in the cytosol?27:228 or
generating scFvs that do not contain disulfide bonds?2%:23°, Currently, nanobodies and antibody-
like binding proteins (discussed in subchapter 1.2.5) have become the most commonly used
intrabody frameworks due to their high stability and the spread of expertise in in vitro display

technologies.

Well-validated inhibitory intrabodies have been generated against dozens of targets?24.225
and have proved to be particularly useful tools for drug discovery. Rabbitts and coworkers used
an anti-Ras inhibitory intrabody to counter-screen a fragment-based small-molecule library and
identify a compound capable of inhibiting Ras-effector protein interactions231, O6Bryan and
coworkers generated an anti-H/KRas monobody that demonstrated H/Kras can be inhibited by
blocking their dimerization?®2. Finally, Koide and coworkers developed a monobody that inhibited
WDRS5, a component of the mixed lineage leukemia 1 (MLL1) methyltransferase complex, to

validate WDRS5 as a viable drug target for acute myeloid and acute lymphoblastic leukemia?33,

Although inhibitory intrabodies are clearly powerful research tools, they require
considerable expertise in in vitro display technologies to implement, which can be a major barrier
for easy adoption by researchers. Therapeutic intrabodies are possible, but they would require
gene therapy, which introduces significant risks associated with insertional mutagenesis. Thus,
there is a major need for a system capable of therapeutically delivering inhibitory proteins into the

cytosol.

1.4.4 Detecting cytosolic protein delivery

It is crucial to use reporter systems with a low false positive rate when developing
cytosolic protein delivery technologies. Most delivery technologies will first induce cargo proteins
to bind to the outer surface of the plasma membrane, then be taken up into the cell via some form

of endocytosis, and then finally induce endosome escape for protein delivery into the cytosol.
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Because the outer plasma membrane and the endosome-lysosome system is topologically
equivalent to the extracellular space, ideal reporter systems will only report on cargo delivery to
the cytosol?34. In this section, total cellular uptake refers to cargo protein that remain stuck in the
endosome-lysosome system in addition to cargo successfully delivered to the cytosol. Total
cellular association refers to cargo protein bound to the outside surface of the plasma membrane

in addition to the total cellular uptake.

The most straightforward method for detecting cytosolic protein delivery is to label cargo
proteins with a fluorophore and then following delivery, look for fluorescence in cells via
microscopy or flow cytometry. Although simple, fluorescent labeling of cargo proteins only reports
the total cellular association of cargo proteins. This method can be improved to report on total
cellular uptake by stringently washing cells with trypsin235, heparin23¢, or trypan blue23¢ to remove
any cargo proteins bound to the outer surface of the plasma membrane?3. In theory, cargo
proteins stuck in endosomes can be distinguished from cytosolically delivered proteins by their
punctate fluorescence, but in practice, it is extremely difficult. Fluorescence microscopy must be
done on live cells since even mild fixation conditions can cause cargos trapped in the endosome
to redistribute into the cytosol?3”. Furthermore, confocal fluorescence microscopy must be used to
eliminate diffuse out-of-plane fluorescence, but even then, it can be difficult to distinguish
between aggregated cargo proteins and endo-lysosomal cargo proteins?34. Finally, fluorescently
labeled cargo proteins that are degraded in lysosomes may release the fluorescent dye into the
cytosol, resulting in diffuse cytosolic fluorescence without any cytosolic protein delivery. Due to
the multiple potential sources of false positives associated with tracking fluorescently labeled
cargo proteins, any study that claims cytosolic protein delivery using only fluorescently labeled

cargo proteins must be treated skeptically.

Even some techniques that try to separate and distinguish between cytosolic and endo-

lysosomal cargo proteins can be flawed. Ultracentrifugation can be used to separate the
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endosome fraction of cellular lysates from the cytosolic fraction, but it is technically very
challenging and rarely achieves complete separation. Cargo proteins can be conjugated to pH-
sensitive fluorophores that are non-fluorescent in the acidic environment of endosomes or
lysosomes, but the fluorophore may still be weakly fluorescent in some endosomes and free
fluorophores can still be released into the cytosol following lysosomal degradation of the cargo
protein. Given that many cytosolic protein delivery processes achieve an extremely low (<<10%)
endosomal escape efficiency?38239 even a small contaminant signal from non-cytosolic cargo

proteins can swamp out the cytosolic signal and significantly complicate data interpretation.

Toxic enzymes that induce cell death such as caspase 324° or RNAse?*! are frequently
used as cargo proteins so cell death can be used as a proxy for cytosolic delivery efficiency.
These systems should be approached cautiously because it can be difficult to differentiate

between toxicity due to successful cytosolic delivery from toxicity due to the delivery system?234,

Several stringent reporter-gene assays have been developed for detecting cytosolic
delivery. The splice-correction assay uses reporter cells containing a luciferase gene interrupted
by an intron that can be spliced out by cytosolic RNA delivery, resulting in turn-on luciferase
expression?#2. Delivery of genome-editing proteins such as Cre recombinase, TALENS, or Cas9
can be used to turn on expression of fluorescent proteins243244, Finally, cargo proteins can be
conjugated to dexamethasone, which upon cytosolic delivery, can activate a synthetic
glucocorticoid receptor that induces nuclear translocation of a transcription factor that activates
reporter gene expression245. These reporter-gene assays generally have low false positive rates
and are extremely sensitive due to transcriptional amplification of the cytosolic delivery signal?34.
However, these assays have poor dynamic range and their signals plateau once cytosolic cargo
concentrations rise above a low cutoff concentration. For example, genome-editing reporter
systems only require a few molecules to reach the nucleus to fully turn on. Thus, reporter-gene

assays may be misleading if the goal is to achieve high cytosolic concentrations of the cargo.
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Reporter systems that rely on protein cargos to interact with cytosolic enzymes can be
extremely reliable because not only do they have a low false-positive rate, but they also have a
large dynamic range?34. Plickthun and coworkers labeled cargo proteins with an avi-tag, a
substrate for the E. coli biotin ligase (BirA), so they could be biotinylated upon cytosolic delivery
into BirA-expressing cells, which can be subsequently detected by western blotting238. The main
downside to the biotinylation reporter system is the low-throughput nature of western blotting.
Kritzer and coworkers developed the chloroalkane penetration assay (CAPA), which uses
chloroalkane-labeled cargos and HaloTag-expressing reporter cells246. Upon cytosolic delivery,
cargos will covalently link to HaloTag via the chloroalkane, which will subsequently block HaloTag
from interacting with chloroalkane-labeled fluorophores, resulting in a fluorescent signal inversely
proportional to the extent of cargo delivery. The main limitations to CAPA is its low sensitivity, the
need to conjugate chloroalkanes to cargos, and the potential for cargo-degradation related

artifacts.

Finally, protein complementation-based reporter systems have also emerged as reliable
methods for assessing cytosolic protein delivery?34. The most prominent is the splitGFP reporter
system, which relies upon a self-reassembling splitGFP that is asymmetrically split between a
large splitGFP(1-10) half and a short 15 residues-long splitGFP S11 half?4’. Cargo proteins are
expressed with the S11 reporter peptide and upon cytosolic delivery into reporter cells expressing
splitGFP(1-10), induces splitGFP complementation and turn-on fluorescence?42.2481250 The
splitGFP reporter system has a low false positive rate, has moderate throughput, and requires no

extraneous modification of the cargo protein.

1.4.5 Cell-penetrating peptides (CPPs)

Cell penetrating peptides (CPPs) are short, poly-cationic peptides that can induce cellular
uptake of not only the CPP, but also cargos conjugated to them. The first CPPs were identified
almost 30 years ago as fragments of naturally occurring proteins such as penetratin from the
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Drosophilia transcription factor Antennapedia?s! and Tat from the HIV protein trans-activator of
transcription (Tat)2%2. Sugiura and coworkers then found that simply poly-arginine peptides could
also translocate into cells?%3. These initial observations resulted in immense excitement for the
potential of CPPs resulting in the development of well over a hundred purported CPP

sequences?>4,

Even though there has been an enormous amount of research into CPPs, evaluating
CPP efficacy can be extremely difficult. CPPs were initially believed to directly cross the plasma
membrane since their cytosolic uptake appeared to be unaffected by low temperature (4°C) and
ATP-depletion?517253, but Lebleu and coworkers demonstrated in 2003 that these observations
were due to artifacts associated with chemical fixation23?. Thus, any conclusions about CPPs
drawn from fluorescence microscopy of fixed cells must be discarded. Even though CPP studies
since 2003 have largely avoided fixation, most studies still relied upon tracking fluorescently

labeled CPPs, which tend to give rise to false-positives as discussed in subchapter 1.4.4.

Due to the widespread use of cytosolic delivery detection methods that are prone to
false-positives and the tendency for researchers to focus on different CPPs, the mechanisms by
which CPPs enter the cytosol remain largely elusive?34255, The most accepted mechanism for
CPP-mediated delivery of large cargos is that the CPP first binds to the outer surface of the
plasma membrane through either electrostatic interactions between the CPP and negatively
charged surface proteoglycans234.256i 258 gr direct binding of the CPP to surface receptors2°,
Afterwards, the CPP as well as any cargo is taken up by the cell via some form of endocytosis or
macropinocytosis234.255.257, Finally, the CPP induces disruption of the endosome to induce
endosomal escape and cytosolic delivery for the cargo. The endosomal escape step is the least
understood due to difficulties associated with studying endosome dynamics within living
cells?34257.260 hyt is believed to be extremely inefficient for CPPs243 and is the bottleneck for CPP-

mediated cytosolic delivery of large cargos.
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Although the enthusiasm for them has largely waned, improved CPPs continue to be
developed by using more stringent reporter systems?242:246.261.262_ nfortunately, many of these
studies only track delivery when the CPPs are conjugated to very small cargos and it is not clear

how effective newer CPPs are at delivering larger proteins.

1.4.6 Improving the endosomal escape efficiency of cell-penetrating peptides

In a seminal paper in 2004, Dowdy and coworkers demonstrated using a stringent Cre
recombinase reporter system that the limiting factor for CPP-mediated cytosolic delivery of large
protein cargos is the endosome escape step?43. Endosomal escape efficiency and thus cytosolic
delivery was improved for the Tat CPP when it was conjugated it to the endosomolytic peptide
HA2243, HA2 is derived from the N-terminus of the influenza hemagglutinin protein, which
undergoes pH-dependent conformational changes as the lumen of a maturing endosome acidifies
to facilitate endosome escape for the influenza virus?3. At a slightly acidic pH, protonation of HA2
side chains increases its hydrophobicity, allowing it to insert and then disrupt the endosome
membrane?%4, The HA2 endosomolytic peptide has since been used to improve cytosolic delivery

efficiencies for a supercharged GFP265, the tumor suppressor p532% and siRNA267,

Given the potential of endosomolytic peptides to solve the endosome escape problem,
numerous endosomolytic peptides have now been developed. We will briefly discuss a few
notable examples. Pellois and coworkers found that dimerized Tat CPP (dfTAT) exhibited
profoundly improved endosomal escape efficiency, allowing for cytosolic delivery of transcription
factors that activated a luciferase reporter gene?!, Liu and coworkers screened a panel of
antimicrobial peptides and found that aurein 1.2 disrupted endosomes to improve delivery of the
Cre recombinase?88. Finally, Futaki and coworkers developed L17E by modifying a membrane-
lytic peptide to only disrupt membranes in low pH environments and used it to deliver Cre
recombinase and the toxin saporin?6°. Although it is clear that endosomolytic peptides improve

CPP effectiveness, endosomal escape efficiency remains low, though, since high peptide or
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concentrations must be used for detectable delivery. Furthermore, most studies have still only
delivered cargo proteins capable of amplifying their effects such as enzymes or transcription
factors. In chapter 3, we will discuss out attempts at improving the endosomal escape efficiency

for CPPs to enable delivery of small proteins and IgG antibodies.

1.4.7 Activatable cell penetrating peptides (aCPPs)

Even if the cytosolic delivery efficiency for CPPs can be dramatically improved for large
protein cargos, CPPs lack any intrinsic targeting capability, limiting the potential targets for
therapeutic cytosolic antibodies. Tsien and coworkers have developed aCPPs, which utilize the
elevated expression of specific extracellular proteases under pathological conditions to engineer
tissue specificity into CPPs270, Since CPPs are largely poly-cationic, they can be linked to a poly-
anionic sequence to mask their capacity to induce cellular uptake?7°. By designing the linker
sequence to be protease cleavable, aCPPs are only functional in tissues with high expression of
the protease??%'273, Matrix metalloproteinases 2 and 9 (MMP-2/9) are commonly used for aCPP
activation in therapeutic applications for oncology because not only are they heavily secreted in
tumors, but their substrate sequence and specificity are well known?2741276, Currently, aCPPs have

demonstrated utility in tumor imaging?’® as well as fluorescence-guided surgery?71.

1.4.8 Cytosolic delivery with bacterial toxins

Many bacteria naturally secrete toxins that can penetrate into the cytosol of cells. The
most studied bacterial toxins are of the AB-toxin class such as the anthrax and diphtheria
toxins?””. AB-toxins consist of an enzymatic A domain that causes toxicity and a delivery B
domain that is responsible for cell uptake and translocation of the A domain across endosome
membranes into the cytosol?”7. Due to their natural modularity, AB-toxins have been exploited to

delivery cargo proteins such as DARPins, monobodies, and affibodies into the cytosol?38278.279,

39



Although there has been some success, toxin-mediated delivery of protein cargos faces
multiple major limitations. First, for translocation, A domains must be unfolded to be translocated
across endosome membranes and then refold in the cytosol?”7:280, This limits cargo delivery to
proteins that can also be unfolded and then spontaneously refold in the cytosol to regain
functionality?”8. Second, cell or tissue-specific delivery using toxin-mediated delivery requires
significant engineering to simultaneously delete th
and to introduce a new binding moiety?81, Finally, bacterial toxins can be extremely immunogenic

and it is not clear whether immunogenicity can be decreased without compromising activity?282.283,

1.4.9 Small proteins with intrinsic cytosolic delivery capabilities

Because CPP internalization into cells is primarily due to their poly-cationic nature, many
groups have grafted positively charged amino acids onto solvent exposed area of small proteins
to grant them the ability to enter the cytosol. Schepartz and coworkers developed small U-helical
proteins with arginines displayed on one face and found that they could be taken upon by cells
via endocytosis and escape early endosomes?84286_ Barbas and coworkers used tandem zinc
finger domains engineered to have a high positive charge to deliver protein cargos into the
cytosol?®’, Finally, Liu and coworkers developed supercharged green fluorescent proteins (GFPs)
with a net charge up to +48 and demonstrated that they were capable of delivering Cre

recombinase into cells288.289,

Initial studies with these small engineered proteins have been promising, but it is not
clear how they escape the endosome, why they appear to be more effective than CPPs, and what
kinds of cargo they can efficiently deliver?34. It may be extremely challenging to significantly
reshape the surface of therapeutic proteins without perturbing their activity and there is no

obvious route for building in cell-type or tissue-selectivity with this approach.
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1.4.10 Antibodies with intrinsic cytosolic delivery capabilities

Under pathological conditions, such as in autoimmune diseases, humans can develop
autoantibodies against cytosolic or nuclear antigens. Anti-DNA autoantibodies are commonly
found in systemic lupus erythematosus and in rare cases, are capable of entering the cytosol of
cells2%0.291 Weisbart and coworkers identified an anti-DNA 3E10 antibody that appear to be taken
up by cells through the nucleoside salvage pathway by the equilibrative nucleoside transporter
ENT2292, They later found that a 3E10 scFv was capable of sensitizing cancer cells to radiation

and DNA-damaging agents via inhibition of DNA repair?°:.

Kim and coworkers identified an anti-DNA m3D8 monoclonal antibody from a mouse
model of autoimmune disease?®*, found that it could be spontaneously taken up into cells by
caveolae-mediated endocytosis, and ultimately spontaneously enter the cytosol?°t. They mapped
m3 D8 6 sp ecneeltlr ati ng capability to its VL domain and
to a human IgG1 framework to generate cytotransmabs i humanized IgGs containing a fixed VL
domain that grants it intrinsic cell-penetrating capability?%>. Using quantitative western blotting and
a modified splitGFP reporter system, Kim and coworkers estimated a cellular uptake efficiency of
~0.5% and an endosomal escape efficiency of 1 to 4%2%. Cytotransmabs are believed to first
bind to heparin-sulfate proteoglycans to induce cellular uptake and then, in the acidic
environment of maturing endosomes, become capable of binding to and disrupting endosome
membranes for endosome escape?®’. To demonstrate the utility of cytotransmabs, Kim and
coworkers used yeast display to identify a VH domain capable of inhibiting KRas and
transplanted the VH domain to the cytotransmabs framework to create an anti-KRas
cytotransmab called RT112%8. RT11 was capable of inhibiting KRas signaling moderately at high
concentrations in cell culture, but inhibited tumor growth in murine models rather modestly even

at extremely high concentrations2%,
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Although Kim and coworkers have demonstrated with RT11 that cytotransmabs could
potentially be powerful therapeutic cytosolic antbodies?%8, cytotransmabs come with several major
drawbacks. First, its delivery capability is found within the VL domain so cytotransmabs can only
bind to target proteins via its VH domain. This imposes significant constraints when generating
new inhibitory cytotransmabs and cytotransmabs cannot be easily adapted from pre-existing scFv
or antibody sequences. Second, RT11 inhibited KRas rather modestly so cytotransmabs likely
need additional improvements in cytosolic delivery efficiency to achieve any significant
therapeutic benefits in humans. Finally, Kim and coworkers engineered tissue specificity into
RT11 by conjugating it to the RGD10 cyclic peptide, which moderately improved tumor
accumulation. Bispecific antibodies must be constructed, however, to use protein-based targeting
ligands for cytotransmabs, which can be technically challenging. Given these limitations, it
remains to be seen whether cytotransmabs will be adopted by the cytosolic protein delivery

community.

1.4.11 Nanocarriers for cytosolic protein delivery

Similarly to nonviral nucleic acid delivery, in nanocarrier-mediated protein delivery, cargo
proteins are complexed with delivery lipid or polymer formulations that can induce endocytic
uptake and then destabilization of the endosome membrane to allow for cytoplasmic release of
cargo proteins2°6.234, This takes advantage of advances in non-viral nucleic acid delivery that
have led to delivery formulations much better at endosomal escape than CPPs2%:3%_ For
example, Alnylam has recently received FDA approval for lipid nanocarrier-mediated delivery of a
siRNA (Patisiran) into hepatocytes for hereditary transthyretin amyloidosis3%. Depending on the
formulation, nanocarriers can induce endosome escape via membrane fusion, using osmotic

pressure, via nanocarrier swelling, or by directly destabilizing the membranes°?,

Although many nanocarrier systems for protein delivery have been developed, they

should be evaluated cautiously i most were developed by tracking fluorescently labeled protein
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cargos, which is extremely prone to false positives (see subchapter 1.4.4). In fact, evaluation of 4
commercially available protein transfection systems for IgG delivery using a very stringent Cre-
recombinase based cytoplasmic delivery reporter system revealed that none were capable of
delivery to > 6% of cells, indicating that these systems suffer from poor efficacy, poor
reproducibility, or likely both392, We will, however, review some of the more well-validated

approaches for cytosolic protein delivery.

One of the major challenges for nanocarrier-mediated protein delivery is poor protein
encapsulation efficiency. Classic methods such as reverse phase evaporation, detergent
removal, thin film hydration, or freeze-thaw cycling result in low protein loading due to poor
protein stability during the encapsulation process303:3%4, Nucleic acids are highly negative charged
due to their polyphosphate backbone, allowing them to be efficiently encapsulated via
electrostatic interactions with cationic or ionizable delivery formulations3°5:3%, Similarly, Behr and
coworkers found that proteins that are natively negatively charged i such as b-galactosidase (b-
Gal) i can be efficiently complexed with the cationic lipospermine dioctadecylglycylspermine
(DOGS) under low salt conditions3%7. Cheng and coworkers also found that negatively charged
bovine serum albumin (BSA) and b-Gal could be complexed with positively charged
fluoroamphiphiles3°8. Using these principles, some IgGs with a negative net charge have been
reported to be delivered into cells with nanocarriers, though it is unclear what their cytosolic

delivery efficiencies were307.309,

Given that protein encapsulation efficiency increases when cargo proteins can interact
with the delivery lipids304307 many groups have sought to directly engineer cargo proteins to
improve protein loading. Kataoka and coworkers decreased the net charge of cargo proteins by
reversibly conjugating citraconicorcissaconi ti ¢ ami des to the proteinds ¢
them to be complexed with cationic delivery polymers319:311, These modifications are reversible at

endosomal pH, allowing for the release of unmodified proteins into the cytosol. Using this protein
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charge-conversion method, they were able to demonstrate successful cytosolic delivery of
cytochrome ¢3! and IgGs319, Charge-conversion, however, must be carefully monitored to
prevent excessive cargo protein modification3!?. Rotello and coworkers found that b-Gal could
complex with and be cytosolically delivered by cationic gold nanoparticles®!3. They extended this
approach to other proteins that are not natively negatively charged by fusing them to an oligo-
glutamate sequence and complexing them with arginine-functionalized gold nanoparticless3!4.
Anderson and coworkers conjugated oligonucleotides to horseradish peroxidase as well as
neutravidin and demonstrated that they could be complexed with potent lipidoids designed for
siRNA delivery31®, Finally, Zuber and coworkers bound His-tagged proteins to a Ni2*-
functionalized polyanionic polymer, which could then be complexed with cationic pyridylthiourea-

grafted polyethylenimine to enable cytosolic protein delivery316,

The most exciting progress on nanocarrier-mediated protein delivery has been with
genome editing proteins. Because genome editing protein delivery applications use gene
activation reporter assays, the resulting methods tend to have low false-positive rates. In a
pioneering study, Liu and coworkers discovered that a negatively supercharged GFP (-30GFP)
could be fused to Cas9, Cre recombinase, and TALENS to enable complexation with
commercially available cationic lipids for genome editing?#4. This approach was used to treat
autosomal dominant hearing loss via gene-disruption following local injections of Cas9-RNA-lipid
complexes into the cochlea of neonatal mice®!”. The complexation strategy was also compatible
with bio-reducible delivery formulations and enabled the delivery of Cre recombinase into mouse
brains following a local injection38. More recently, anionic human proteins such as prothymosin
alpha (ProTU) were found to be even more effective than -30GFP at cytosolic protein delivery

following complexation with cationic lipids31°.

Because the Cas9 protein is similar in size to IgGs, these delivery principles may be also

applicable to cytosolic antibody delivery. However, since inhibitory antibodies must be
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stoichiometric relative to their target to achieve adequate target inhibition, they will require greater
delivery efficiency than genome editing proteins. Furthermore, all of the genome editing protein
delivery systems described thus far have only been demonstrated to have in vivo efficacy
following local injection244317.318.320.321 " syggesting that they form protein-lipid complexes that are

unstable in serum or have poor tissue-targeting capability.

Making therapeutic cytoplasmically delivered 1gGs a reality requires 1) a reproducible
method for efficiently encapsulating a large variety of IgGs into stable nanocarrier formulations, 2)
stringent testing of formulations using a cell reporter assay that only detects cytoplasmic protein
delivery, and 3) demonstration that cytoplasmically delivered IgGs can inhibit therapeutically
relevant targets in both cell culture and model organisms. In chapter 4, we will discuss our
strategy for complexing IgG antibodies with cationic lipids to enable efficient cytosolic delivery in

living cells.

1.4.12 Targeting with nanocarriers

Following successful protein encapsulation or complexation into a cytosolic delivery
formulation, the nanocarrier must then be capable of delivering its cargo protein to the desired
tissue. If the target tissue or tumor is easily accessible, local delivery can be an attractive option
since the entire nanocarrier dose reaches the target and it abrogates the need to optimize
nanocarriers for serum half-life. Unfortunately, local delivery cannot target metastases and it may
be difficult to access primary tumors deep within the body. For systematic nanocarrier
administration, targeting is typically accomplished via passive or active approaches, but can also
be strongly affected by the protein corona that forms on the nanocarrier surface following
administration322. Currently, most targeting studies have focused on nanocarrier-mediated

delivery to solid tumors, which we will give a brief overview on.

Passive targeting typically refers to utilization of the enhanced permeability and retention

(EPR) effect. First described in 1986 by Maeda and coworkers3?3, EPR refers to the passive
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accumul ation of small nanocarriers in tumors
lymphatic drainage. Although the EPR effect has been validated in tumor xenograft models322.324,
it is unclear how translatable these findings are to tumors in humans?32>. Variable endothelial
leakiness, perfusion, and interstitial pressure in tumors often result in heterogeneous nanoparticle
extravasation3?2. A recent meta-analysis of nanoparticle delivery to solid tumors via calculates

that with only passive targeting, ~0.6% of the injected dose (ID) actually reaches the target

tumors2s,

Active targeting usually refers to functionalizing nanocarriers with targeting ligands that
bind to targets associated with a desired tissue to increase nanocarrier retention. Common
ligands for tumor targeting includes small molecules like folate326, peptides that bind to
integrins®27, and antibodies or antibody-like binding proteins that bind to membrane proteins
upregulated in cancer cells328. The design of active targeting nanocarriers can be tricky, requiring
significant optimization of ligand identity, conjugation approach, and ligand density322328, There is
considerable debate as to whether active targeting even improves nanocarrier accumulation in
tumorss22:328,329 Kirpotin and coworkers provided evidence that ligand targeting increased
nanoparticle internalization rates at tumors, but not accumulation33°. Similarly, modeling analysis
suggests that targeting fails to improve accumulation for nanocarriers larger than 50 nm32°, A
recent meta-analysis, however, suggests that active targeting does improves ID from 0.6% to
0.9%325, Since active targeting definitely does improve cellular uptake of nanocarriers330, it has
been used extensively to selectively induce targeted cells to uptake macromolecules or cytotoxic
drugs®22328, The limiting factor for actively targeting nanocarriers to deliver payloads into the

cytosol is its endosomal escape efficiency.

Upon intravenous administration, serum proteins rapidly adsorb onto the surface of
nanocarriers, creating the protein corona33l. The exact composition of the protein corona can

negate the capabilities of targeting ligands332, extend or reduce circulation time333, or even
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determine nanocarrier tissue specificity. For the |
Patisiran achieves hepatocyte targeting due to adsorption of apolipoprotein E (apoE) onto their

lipid nanopatrticle surface®34. Hepatocyte gene silencing was completely abolished when patisiran

was injected into ApoE~- mice, but was restored with co-administration of synthetic ApoE along

with patisiran in the transgenic mice.

For therapeutic cytosolic protein delivery into solid tumors, protein payloads must be
designed while factoring in that for many delivery formulations, < 1% of the injected nanocarrier
dose will accumulate in the tumor3?5. The proportion of injected cargo protein that ultimately
enters the cytosol of cancer cells will be even lower given the endosomal escape bottleneck.
Thus, tumors must be exquisitely sensitive to inhid6b
or, alternatively, the therapeutic protein cargo must be catalytic in nature. In subchapter 5.3.5, we
will discuss strategies for making inhibitory antibodies catalytic through antibody-induced protein

degradation.
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Chapter 271 Proximity based sortase-mediated ligation

This chapter is adapted from our previously published work with permission from Wang, H.H., et

al. Angew. Chem. Int. Ed. 56, 5349-5352 (2017).

2.1 Abstract

Protein bioconjugation has been a crucial tool for studying biological processes and
developing therapeutics. Sortase A (SrtA), a bacterial transpeptidase, has become widely used
for its ability to site-specifically label proteins with diverse functional moieties, but a significant
limitation is its poor reaction kinetics. In this work, we address this by developing proximity-based
sortase-mediated ligation (PBSL), which improves the ligation efficiency to over 95% by linking
the target protein to SrtA using the SpyTagi SpyCatcher peptidei protein pair. By expressing the
target protein with SpyTag C-terminal to the SrtA recognition motif, it can be covalently captured
by an immobilized SpyCatcheri SrtA fusion protein during purification. Following the ligation
reaction, SpyTag is cleaved off, rendering PBSL traceless, and only the labeled protein is

released, simplifying target protein purification and labeling to a single step.

2.2 Introduction

The ability to modify proteins with diverse chemical groups has been important for both
understanding protein biology as well as engineering protein therapeutics?' 3. Site-specific
bioconjugation techniques are especially valuable because they produce samples that are more
homogeneously labeled, which is important for many applications such as the production of
antibody-drug conjugates*®. Sortase A (SrtA), a bacterial transpeptidase, has become widely
used for installing site-specific modifications because it only requires target proteins to have a
short LPXTG recognition motif (for S. aureas SrtA)%7. In the presence of Ca?*, SrtA binds to its
recognition motif and its catalytic Cys residue cleaves between the Thr and Gly residues to form a
thioester acyl-enzyme intermediate, which is resolved most commonly by nucleophilic attack from

a peptide with a N-terminal oligo-glycine causing the release of the ligated protein®®. Owing to the
70



synthetic accessibility of peptides linked to chemical groups (for example, imaging agents and

drugs) and SrtAbs broad nucleophile scope, SrtA has
peptides but also other proteins??, lipids!?, sugars?!?, nucleic acids?®, polymers'4, and surfaces?®.

Additionally, noncanonical SrtA labeling sites have been identified and can be exploited to label

proteins at multiple sites in an orthogonal manner?é,

One major limitation of SrtA, however, is its low binding affinity for its recognition motif
(Km >7.3 mM) and poor reaction kinetics, which result in long reaction times and poor
yields10.14.17.18  sing a large molar excess of both SrtA and the nucleophilic peptide can improve
these parameters?® but can be cost-prohibitive for custom-synthesized peptides. Directed
evolution has been used to engineer faster SrtA variants!’, but these also have reduced ligation
efficiency owing to increased rates of the hydrolysis side-reaction2%:21, We have previously
addressed this limitation by developing sortase-tag expressed protein ligation (STEPL), which
expresses the target protein in series with both the SrtA recognition motif and SrtA?2. By linking
the target protein to SrtA, its effective concentration in the subsequent intramolecular ligation
reaction is significantly increased, accelerating |
recognition-motif-binding affinity. However, we have found not only that do some proteins express
poorly once linked to SrtA but also that proteini SrtA fusions that do express can in rare instances

be catalytically inactive, which Iimits STEPLG6s gen

In this work, we describe a new ligation strategy, proximity-based sortase-mediated
ligation (PBSL), in which the target protein is expressed separately from SrtA but still allows for
an intramolecular ligation reaction. The target protein is expressed with a C-terminal LPETG SrtA
recognition motif linked to SpyTag through a flexible (GGS)s linker. SpyTag is a short peptide (13
aa) that upon incubation with SpyCatcher, its partner protein, will rapidly form an irreversible
isopeptide bond2324, Thus, a SrtA and SpyCatcher fusion protein immobilized on an affinity resin

can first capture the target protein before initiating the ligation reaction with the addition of Ca?*
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and a peptide with a N-terminal GGG
(Fig. 2.1). By separating SrtA and
target protein expression, PBSL
retains the advantages of STEPL
without any of the drawbacks
associated with expression.
Furthermore, since only labeled
protein is released from the resin,
PBSL simplifies purification, ligation,
and enzyme removal to a single step.
Significant efforts have been made
just to increase the ease of removing
SrtA following ligation2>. Both
SpyCatcheri SrtA and SrtAl
SpyCatcher were tested to determine
whether fusion-protein orientation

affected PBSL effectiveness.

2.3 Results

SpyTag
Protein

/ N\

Sortase A (Srta) His Tag
SpyCatcher

Cobalt Resin

SpyCatcher-SrtA SrtA-SpyCatcher

1. Capture

[
2. Conjugation
& Release GGG GGG—*

Figure 2.1 PBSL Schematic

The target protein is expressed with a C-terminal LPXTG SrtA
recognition motif linked to SpyTag. It is captured during
purification by a SpyCatcher-SrtA fusion protein immobilized on
cobalt resin. Addition of Ca?* and a peptide with a N-terminal
GGG triggers ligation and release of the labeled protein.
Reprinted with permission from Wang, H.H., et al. Angew.
Chem. Int. Ed. 56, 5349-5352 (2017).

We used eGFP to characterize PBSL because its concentration can be tracked by

measuring absorbance at 488 nm (U= 56,000m-tcm)26. As confirmed by SDS-PAGE, both

SpyCatcheri SrtA and SrtAi SpyCatcher resins captured expressed eGFPT LPETGI SpyTag from

clarified lysates (Fig 2.2, Lanes 1 and 2), resulting in eGFP1 LPETGI SpyTag covalently linked to

the SpyCatcher and SrtA fusion protein on the resin (Fig 2.2, Lanes 3 and 4). Nearly all captured
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Figure 2.2 SDS-PAGE of PBSL

Following a 30 min incubation, most of the eGFP-LPETG-SpyTag clarified lysates was captured with either

a) SpyCatcher-SrtA or b) SrtA-SpyCatcher resin. Release of almost all captured protein is achieved with a

3h |l igation reaction with 2mM GGg&pHT7M) at3CcRepriated withu
permission from Wang, H.H., et al. Angew. Chem. Int. Ed. 56, 5349-5352 (2017).
A) 100- B) 100-
80+ 80
2 R
o 604 2 60+
3 =
2 40 & 40-
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Figure 2.3 PBSL Capture Efficiency.

a)l 0 e M el®ET-SpyTag clarified lysates were incubated with either SpyCatcher-SrtA or SrtA-
SpyCatcher resin for varying times. Approximately 80% capture occurred within 10 min for both resins. b)

Varying concentrations of eGFP-LPETG-SpyTag clarified lysates were incubated with either resins for 30

min. ~80% maximal capture was retained for lysate concentratonsas | ow as 0. 5¢& M- Ce¢

LPETG-SpyTag] were determined by incubating the resin with stripping buffer (PBS + 200mM imidazole, pH
7.4) and measuring eGFP absorbance at 488nm. Data are mean + SD; n=3. Reprinted with permission from
Wang, H.H., et al. Angew. Chem. Int. Ed. 56, 5349-5352 (2017).
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Figure 2.4 PBSL release yields and predicted ligation efficiency.

Yields for eGFP release from a) SpyCatcher-SrtA or c) SrtA-SpyCatcher resin was monitored over time
following incubation with reaction buffer and varying [GGG] (symbols). [eGFP]released Was determined by
measuring absorbance at 488nm whereas [e GFP]capured Was determined as the sum of [eGFP]released and
[eGFP]stipped. Data are mean + SD; n=3. Release yields were fitted to the model in Fig. 2.5 and
superimposed (lines) onto the data. Ligation efficiency for b) SpyCatcher-SrtA and d) SrtA-SpyCatcher and
varying [GGG] was then calculated. The dashed line indicates 95% ligation efficiency. Reprinted with
permission from Wang, H.H., et al. Angew. Chem. Int. Ed. 56, 5349-5352 (2017).

eGFP was released following a 3 h ligation reaction at 37°C with 2 mM triglycine (GGG) (Fig 2.2,

Lanes 41 7).

To quantify capture efficiency, we incubated 10 eM eGFPi LPETGI SpyTag clarified
lysates with 4 molar equivalents of either SpyCatcheri SrtA or SrtAi SpyCatcher resin for varying

times. A capture efficiency of about 80% was achieved with both resins within 10 min, consistent
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Figure 2.5 Model of eGFP release.

An initial intramolecular acylation reaction is
followed by either a reversible, GGG-dependent
ligation reaction or an irreversible hydrolysis
side-reaction. Reprinted with permission from
Wang, H.H., et al. Angew. Chem. Int. Ed. 56,
5349-5352 (2017).

with previously reported SpyTagi SpyCatcher
reaction rates (Fig. 2.3a)2324, The capture efficiency
was maintained even with 0.5 eM eGFP1 LPETGI
SpyTag lysates, demonstrating that PBSL is
compatible with poorly expressed proteins as well
(Fig. 2.3b). SpyTagi SpyCatcher has a binding
constant, Kq of 0.2 e M?324, suggesting that target
proteins expressed at even lower concentrations
may still be efficiently captured. Finally, both resins
remained stable when stored at 4°C for up to 2
months with no decrease in capture efficiency

(Supplementary Information, Figure 2.7a).

Next, we monitored eGFP release by
performing the ligation reaction with approximately
5 eM eGFP1 LPETGI SpyTag captured on either

SpyCatcheri SrtA or SrtAi Spy-Catcher resins with

varying concentrations of GGG. As expected, higher GGG concentrations increased release rates

for both resins (Fig. 2.4a and c, symbols). Interestingly, the hydrolysis side-reaction, which is the

only reaction when 0 eM GGG is used, was slightly faster for SrtAi SpyCatcher. To determine

ligation efficiency, the release data was fit to a model in which eGFPT SrtA first undergoes an

intramolecular acylation reaction followed by either a reversible ligation reaction or an irreversible

hydrolysis side-reaction reaction (Fig. 2.5)27:28, This model is similar to the ping-pong bi-bi

hydrolytic shunt kinetic mechanism proposed for SrtA alone'®, except that the acylation reaction is

intramolecular. As shown in Figure 2.4, the model provides an excellent fit to the observed data

(Fig. 2.4a and c, lines).
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The predicted ligation efficiency for both resins is excellent with 200 ¢eM and 2 mM GGG
but poor for 20 eM GGG. SpyCatcheri SrtA has a slightly higher predicted efficiency owing to its
lower base hydrolysis rate (Fig. 2.4b and d). The poor 20 ¢eM GGG ligation efficiency is likely due
to a greater relative contribution from the reverse ligation reaction compared to that of the forward
reaction. Furthermore, since the hydrolysis reaction is irreversible, ligation efficiency is predicted
to slowly decrease over time. Thus, optimal reaction times require a compromise between
maximizing product release and product purity. Although both issues could potentially be
addressed by incrementally removing any released protein, adopting a flow-based reaction
system?®, or using a nucleophile incompatible with the reverse ligation reaction3, PBSL still
results in excellent ligation yields and efficiency. When peptide cost is not a concern, a 3 h
reaction at 37°C with 2 mM peptide results in approximately 95% release for SpyCatcheri SrtA
and approximately 96% release for SrtAi SpyCatcher with a >99% predicted ligation efficiency for
both. When using 200 eM GGG, which is more economical, a 4 h reaction at 37°C is
recommended, which offers a balance between high release (ca. 87% for SpyCatcheri SrtA and
ca. 89% for SrtAi SpyCatcher) and high predicted ligation efficiency (ca. 98% for SpyCatcheri
SrtA and ca. 97% for SrtAi SpyCatcher). The actual ligation efficiency, however, may be higher
as no hydrolysis product could be detected by MALDI-TOF when eGFP was labeled with 200 e M
GGG-TAMRA for 4 h at 37°C (Supplementary Information, Fig. 2.8). Finally, both resins remained

stable with no decrease in eGFP release (Supplementary Information, Fig. 2.7b).

To directly compare labeling yields for PBSL against STEPL and traditional sortase
ligation, we attempted to label an anti-CD3 ScFv, which is commonly used for therapeutics and in
immunology research, with a fluorescent GGG-TAMRA peptide. For traditional sortase ligation,
ScFvi LPETGI His was incubated with increasing molar ratios of SrtA (up to 100:1 SrtA/ScFv) and
200 eM GGG-TAMRA. By using SDS-PAGE, successful ligation was detected by a downward
shift in the ScFv band, which also fluoresced under UV (Fig. 2.6, Lanes 3i 9). Even with an

enormous excess of SrtA, significant amounts of the ScFv remain unlabeled, consistent with
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previous reports of SrtA ligation efficiencyl®. The ScFv was incompatible with STEPL and no
labeled protein could be purified (Fig. 2.6, Lane 10) owing to poor expression once linked to SrtA.
Finally, with PBSL, ScFvi LPETGI SpyTag captured on SpyCatcheri SrtA resin was stripped and
labeled in solution with GGG-TAMRA under the same conditions as that of traditional sortase
ligation. The reaction was performed in solution to ensure that the same starting amount of
unlabeled ScFv was used for both PBSL and traditional SrtA ligation. There are no significant
differences in reactivity between PBSL in solution and on resin (Supplementary Information, Fig.
2.9). As expected, the ligation reaction resulted in ScFv release from SpyCatcheri SrtA and the
formation of SpyTagi SpyCatcheri SrtA as well as a fluorescent ScFv-LPETGGG-TAMRA product
(Fig. 2.6, Lanes 1i 2). Consistent with the eGFP studies, little to no ScFv remained captured
following the ligation (Fig. 2.6, Lane 2) in contrast with the large amounts of unlabeled ScFv

remaining with traditional sortase ligation. The labeled ScFv product obtained from PBSL on resin

PBSL Sortase STEPL
na.na. 0 _ —— e n.a. SrtA
MW - + - + + + + + + + Ca*&GGG-TAMRA
(kDa) 1 2 3 4 5 6 7 8 9 10 Lane
60— — ScFv-LPETG-SpyTag
50 ” , -SpyCatcher-SrtA

40+ ﬁ - 3y —SpyTag-SpyCatcher-SrtA
l h - —— — — —SCcFV-LPETG-His
30 — W 1

ScFv-LPETGGG-TAMRA

20— b —SrtA
Coomasie

30
uv

Figure 2.6 PBSL Comparisons.

SDS-PAGE comparing PBSL (Lanes 1-2) with traditional sortase ligation (Lanes 3-9) and STEPL (Lane 10).
Following ligation with either PBSL in solution or sortase, a fluorescent band corresponding to the ScFv-
LPETGGG-TAMRA product appears. PBSL results in significantly more fluorescently labeled product than
either SrtA or STEPL. Traditional sortase ligation was carried out with SrtA:ScFv molar ratios ranging from
1:1 to 100:1. The ScFv-LPETGGG-TAMRA product for traditional sortase ligation runs slightly higher than
that of PBSL due to a longer linker between the ScFv and the LPETG SrtA recognition motif. Reprinted with
permission from Wang, H.H., et al. Angew. Chem. Int. Ed. 56, 5349-5352 (2017).
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was of high purity and without any hydrolysis side-products as detected by MALDI-TOF
(Supplementary Information, Fig. 2.10). Quantification of TAMRA fluorescence shows that PBSL
labeled about 2.5-fold more ScFv than traditional sortase ligation (Fig. 2.6, UV image;
Supplementary Information, Fig. 2.11), demonstrating the superiority of PBSL. Finally, kinetic
comparisons between PBSL and traditional sortase ligation show that PBSL results in shorter
reaction times by increasing the effective concentration of the target protein by more than 100-

fold (Supplementary Information, Fig. 2.12).

2.4 Discussion

In conclusion, we have demonstrated that PBSL is a new SrtA ligation strategy with
shorter reaction times and greater efficiency than that of WT SrtA alone. This method only
requires an additional 28 amino acids (2.5 kDa) to be expressed C-terminal to the SrtA
recognition motif, which should minimally perturb target protein expression and folding.
Furthermore, PBSL is traceless since both SpyTag and the linker remain with SpyCatcher
following protein release. Although the resin cannot be regenerated, SpyCatcher and SrtA fusion
proteins can be easily purified in large quantities from E. coli (ca. 801 100 mg L-* culture), allowing
for milligram-scale purification and labeling of target proteins (ca. 207 25 mg labeled protein per
liter of SpyCatcher and SrtA culture). By separating target protein and SrtA expression, PBSL is
compatible with target proteins that require expression environments containing high
concentrations of Ca?* such as yeast or mammalian system. Finally, we anticipate that using
SpyTag and SpyCatcher to link substrate proteins to labeling enzymes could be applied to other

enzymatic bioconjugation strategies.
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2.5 Supplementary Information
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Figure 2.7 PBSL resin stability.

SpyCatcher-SrtA and SrtA-SpyCatcher resin stability at 4°C. a) Capture % of stored resins was determined
by incubating 10uM eGFP-LPETG-SpyTag clarified lysates with 4 molar equivalents of resin for 30min at
room temperature. Captured protein was then stripped from the resin with PBS + 200mM imidazole, pH 7.4
and eGFP concentration determined by measuring its absorbance. b) Release % of stored resins was
determined by monitoring eGFP release from either resins following a 3h 37°C incubation with PBS + 50uM
CaClz + 2mM GGG, pH 7.4. Total captured eGFP-LPETG-SpyTag was determined by summing the
released eGFP concentration with the eGFP concentration remaining on the resin. eGFP concentrations
were determined by measuring eGFP absorbance either directly from elutions ([eGFP]released) Or following
stripping of the resin with PBS + 200mM imidazole, pH 7.4 ([eGFP]stipped). NO significant decreases in either
capture or release % were observed out to 2 months. Data are mean + SD; n=3. Reprinted with permission
from Wang, H.H., et al. Angew. Chem. Int. Ed. 56, 5349-5352 (2017).
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Figure 2.8 PBSL eGFP MALDI-TOF.

MALDI-TOF of eGFP-LPET hydrolysis product or eGFP-LPETGGG-TAMRA products. a) To obtain the
eGFP-LPET hydrolysis product, eGFP-LPETG-SpyTag captured on SpyCatcher-SrtA resin was incubated in
PBS with 5at8MC f@ 480b.1The secondary peak (*) is a contaminant protein irrelevant to the
hydrolysis product. b-c) eGFP-LPETG-SpyTag captured on either SpyCatcher-SrtA or SrtA-SpyCatcher was
|l abel ed wi t RTARIRAUEPBS VGiGtGh 5 0 g a137€Aat4h. No eGFP-LPET peak was
detected in either labeled products, suggesting that minimal hydrolysis occurs under the labeling conditions.
Reprinted with permission from Wang, H.H., et al. Angew. Chem. Int. Ed. 56, 5349-5352 (2017).
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Figure 2.9 PBSL labeling in solution and on resin.

Comparison of PBSL labeling in solution versus on resin. An excess of eGFP-LPETG-SpyTag clarified
lysates were bound to SpyCatcher-SrtA resin. The resin was then divided in two halves. One half was kept
on the resin while the eGFP-LPETG-SpyTag-SpyCatcher-SrtA protein was stripped off from the other half.
Both were then labeled in PBS + 50uM CacClz + 200uM GGG-TAMRA at 37°C for 4h. Quantification of the
fluorescently labeled product shows that PBSL in solution and on resin results in similar ligation yields.
Reprinted with permission from Wang, H.H., et al. Angew. Chem. Int. Ed. 56, 5349-5352 (2017).
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Figure 2.10 PBSL CD3 scFv MALDI-TOF.

MALDI-TOF of PBSL anti-CD3 ScFv-LPETGGG-TAMRA products. No hydrolysis side product was detected
(Mcalc=28606.38). The secondary peak (*) is an adduct from the sinapic acid matrix used in sample
preparation. Reprinted with permission from Wang, H.H., et al. Angew. Chem. Int. Ed. 56, 5349-5352
(2017).
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Figure 2.11 PBSL ScFv Quantification

Quantification of ScFv labeling with GGG-TAMRA in Figure 2.6. The fluorescence intensity was normalized
to the initial amount of ScFv to be labeled. For PBSL, that was the intensity of the ScFv-SpyTag-
SpyCatcher-SrtA (Lane 1 of Fig. 2.6) Coomasie band normalized by its molecular weight. For sortase
labeling, that was the intensity of the ScFv-His (Lane 3 of Fig. 2.6) Coomasie band normalized by its
molecular weight. Even at extremely high concentrations of SrtA (50-100:1 SrtA:ScFv molar ratio), sortase
only results in ~40% of the labeled product when compared to that of PBSL. Reprinted with permission from
Wang, H.H., et al. Angew. Chem. Int. Ed. 56, 5349-5352 (2017).
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Figure 2.12 PBSL kinetics.

Representative SDS-PAGE gels visualizing the sortase ligation reaction at the indicated time points in PBS
+ 50¢& M2+C a2l 0 ¢ MTABIBAGat 37°Cwitha)l . 5¢ M eREF@®Hi s and 1.5&eM Srt A (1: 1
[eGFP]:[SrtA] ratio),b) 1 . 5 ¢ M -EREF®SpyTag-SpyCatcher-SrtA in solution, aswellasc)1 50 ¢ M
eGFP-LPETG-Hi s and 1.5&M Srt A () @)oQudntfifaiosBympols)siws thafwithina
15min, PBSL results in enough product formation such that the reverse reaction becomes significant and
product formation become nonlinear. For 1:1 and 100:1 [eGFP]:[SrtA] reactions, however, product formation
remains linear throughout the 4h reaction time. Linear regression for each reaction (lines) shows an
excellent fit and reveals that the initial velocity (vo0) f or PBSL is 0.0355 N 0. 0¢(
[ eGFP] : [ SrtA] is 0.000280C: 10.[0c0®FRB] :&[M3 rnti A], iasn dO .f(
PBSL vo is greater than 100:1 [eGFP]:[SrtA] vo, PBSL increases the effective concentration of the target
protein by more than 100-f ol d. Not e t hlePETGIHEs G5 &ddivatei@ o P4.5mg/ml protein,
concentrations that are unrealistic for most protein labeling reactions. Data are mean + SD; n=3. Reprinted
with permission from Wang, H.H., et al. Angew. Chem. Int. Ed. 56, 5349-5352 (2017).
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Table 2.1 PBSL amino acid sequences.

Name

Amino Acid Sequence

SpyCatcher-
SrtA

MSGSGDSATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFV
ETAAPDGYEVATAITFTVNEQGQVTVNGGGSGGSSGGGSGGSGGSGGSGGSQAKPQI
PKDKSKVAGYIEIPDADIKEPVYPGPATPEQLNRGVSFAEENESLDDQNISIAGHTFIDRPN
YQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRDVKPTDVEVLDEQKGKDKQLTLITCDDY
NEKTGVWEKRKIFVATEVKHHHHHH

SrtA-
SpyCatcher

MQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATPEQLNRGVSFAEENESLDDQNISIAG
HTFIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRDVKPTDVEVLDEQKGKDKQL
TLITCDDYNEKTGVWEKRKIFVATEVKGGSGGSGGSGGSGGSGSGDSATHIKFSKRDED
GKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTVNE
QGQVTVNGHHHHHH

eGFP-
LPETG-
SpyTag

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPT
LVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT
LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLAD
HYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKLE
GGSGGSLPETGGGSGGSGGSGGSGGSAHIVMVDAYKPTK

eGFP-
LPETG-His

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPT
LVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDT
LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLAD
HYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKLE
GGSGGSLPETGGGSGGSGGSGGSGGSHHHHHH

CD3ScFv-
LPETG

MDIKLQQSGAELARPGASVKMSCKTSGYTFTRYTMHWVKQRPGQGLEWIGYINPSRGY
TNYNQKFKDKATLTTDKSSSTAYMQLSSLTSEDSAVYYCARYYDDHYCLDYWGQGTTLT
VSSVEGGSGGSGGSGGSGGVDDIQLTQSPAIMSASPGEKVTMTCRASSSVSYMNWYQ
QKSGTSPKRWIYDTSKVASGVPYRFSGSGSGTSYSLTISSMEAEDAATYYCQQWSSNPL
TFGAGTKLELKLEGGSGGSGGSGGSGGSGGSGGSLPETGGGSGGSGGSGGSGGSHH
HHHH

CD3ScFv-
LPETG-SrtA
(pSTEPL)

MDIKLQQSGAELARPGASVKMSCKTSGYTFTRYTMHWVKQRPGQGLEWIGYINPSRGY
TNYNQKFKDKATLTTDKSSSTAYMQLSSLTSEDSAVYYCARYYDDHYCLDYWGQGTTLT
VSSVEGGSGGSGGSGGSGGVDDIQLTQSPAIMSASPGEKVTMTCRASSSVSYMNWYQ
QKSGTSPKRWIYDTSKVASGVPYRFSGSGSGTSYSLTISSMEAEDAATYYCQQWSSNPL
TFGAGTKLELKLEGGSGGSGGSGGSGGSGGSGGSLPETGGGSGGSGGSGGSGGSQA
KPQIPKDKSKVAGYIEIPDADIKEPVYPGPATPEQLNRGVSFAEENESLDDQNISIAGHTFI
DRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRDVKPTDVEVLDEQKGKDKQLTLIT
CDDYNEKTGVWEKRKIFVATEVKHHHHHH

CD3ScFv-
LPETG-
SpyTag

MDIKLQQSGAELARPGASVKMSCKTSGYTFTRYTMHWVKQRPGQGLEWIGYINPSRGY
TNYNQKFKDKATLTTDKSSSTAYMQLSSLTSEDSAVYYCARYYDDHYCLDYWGQGTTLT
VSSVEGGSGGSGGSGGSGGVDDIQLTQSPAIMSASPGEKVTMTCRASSSVSYMNWYQ
QKSGTSPKRWIYDTSKVASGVPYRFSGSGSGTSYSLTISSMEAEDAATYYCQQWSSNPL
TFGAGTKLELKLEGGSGGSGGSGGSGGSLPETGGGSGGSGGSGGSGGSAHIVMVDAY
KPTK

SrtA

MQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATPEQLNRGVSFAEENESLDDQNISIAG
HTFIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRDVKPTDVEVLDEQKGKDKQL
TLITCDDYNEKTGVWEKRKIFVATEVKHHHHHH
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2.6 Methods

2.6.1 Cloning

For SpyCatcher-SrtA and SrtA-SpyCatcher, their respective DNA sequences were
synthesized with 15bp homologous to either the Ndel & Ncol-HF restriction sites (SrtA-
SpyCatcher) or the Ndel & HindllI-HF restriction sites (SpyCatcher-SrtA) of the pRSET-A

expression vector (Invitrogen).

For eGFP-LPETG-SpyTag and eGFP-LPETG-His, pSTEPL eGFP?2 was used as a
starting point. The sequence coding for SrtA was removed from pSTEPL eGFP by double
digestion with Xhol & Ncol-HF restriction enzymes (New England Biolabs) and subsequent gel
extraction. For eGFP-LPETG-SpyTag, DNA sequences for the LPETG Sortase motif, a (GGS)s
linker sequence, and SpyTag were synthesized with 15bp homologous to both restriction sites.
For eGFP-LPETG-His. DNA sequences for the LPETG Sortase motif, a (GGS)s linker sequence,

and His tag were synthesized with 15bp homologous to both restriction sites as well.

For anti-CD3 ScFv-LPETG-SrtA, DNA sequences for the ScFv was synthesized with
15bp homologous to the Ndel & Xhol restriction sites of pPSTEPL?2. For ScFv-LPETG and ScFv-
LPETG-SpyTag, DNA sequences were synthesized with 15bp homologous to the Ndel & Ncol

restriction sites of pPRSET-A.

For sortase A (SrtA), its DNA sequence was synthesized with 15bp homologous to the

Ndel & Ncol-HF restriction sites of pRSET-A.

All synthesized DNA sequences were from Integrated DNA Technologies and codon
optimized for E. coli. expression. Synthesized DNA sequences were inserted into vectors double
digested with the corresponding restriction enzymes using In-Fusion HD Cloning (Clontech).
Cloning was verified by Sanger sequencing. For full amino acid sequences, see Supplementary

Table 2.1.
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2.6.2 Protein Expression

pRSET SpyCatcher-SrtA, pRSET SrtA-SpyCatcher, pRSET eGFP-LPETG-SpyTag, and
pRSET SrtA were transformed into T7 Express Crystal Competent E. coli. (New England

Biolabs). ScFv vectors were transformed into Origami B(DE3) Competent Cells (EMD Millipore).

Starter cultures were then grown in 3 mL LB + 100pg/mL ampicillin at 37°C in an open air
shaker overnight. Starter cultures were added at a 1:1000 dilution to Autoinduction Media LB
Broth Base Including Trace Elements (Formedium) with 0.6% UltraPure glycerol (Invitrogen) and

100pg/mL ampicillin.

PRSET eGFP-LPETG-SpyTag was expressed at 25°C in an open air shaker for 48h.
PRSET SrtA-SpyCatcher and pRSET SpyCatcher-SrtA were expressed at 25°C in an open air
shaker for 54h. pRSET SrtA was expressed at 37°C in an open air shaker for 48h. All ScFv

vectors were expressed at 25°C in an open air shaker for 72h.

Following expression, cultures were pelleted by centrifugation (5,500g for 15 min at 4°C)

and stored at -20°C.

2.6.3 SpyCatcher-SrtA and SrtA-SpyCatcher Resin Preparation

For lysis, cell pellets overexpressing either SpyCatcher-SrtA or SrtA-SpyCatcher were
resuspended in 8mL (per 2g pellet) B-PER (Thermo Fisher Scientific) with 200 ug/mL lysozyme,
4ug/mL DNAsel, and 1 cOmplete Mini EDTA-free Protease Inhibitor Tablet (Roche). They were
then rotated at room temperature for 30 min followed by 1 freeze-thaw cycle (-80°C freeze, 37°C
water bath thaw). The lysates were then clarified by centrifugation at 16,0009 for 20min at room
temperature. Clarified lysates were incubated with cobalt resin (TALON Metal Affinity Resin,
Clontech, 1.2mL per 100mL expression culture) for 30 min at room temperature for binding.

Following binding, the resin was washed with (12mL per 1.2mL resin) PBS + 10mM imidazole, pH
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7.4 three times followed by (12mL per 1.2mL resin) PBS once. The resin was stored as a 50%

slurry in PBS at 4°C.

To determine the amount of SpyCatcher-SrtA or SrtA-SpyCatcher bound to the resin,
50puL of the corresponding resin (100uL of a 50% slurry) was stripped of all protein by incubation
with 250uL stripping buffer (PBS + 200mM imidazole, pH 7.4) for 30 min at room temperature.
Protein concentration was then determined using the Pierce BCA Protein Assay (Thermo Fisher

Scientific).

2.6.4 eGFP-LPETG-SpyTag Studies

eGFP-LPETG-SpyTag clarified lysates were prepared in the same manner as

SpyCatcher-SrtA & SrtA-SpyCatcher resin preparation. The absorbance spectra of eGFP-
LPETG-SpyTag clarified lysates were determined with a Varian Cary 100 UV-Vis
Spectrophotometer (Agilent). The baseline was corrected for by using the absorbance spectra of
clarified lysates from E. coli. overexpressing a non-fluorescent protein and normalizing at 540nm.
The concentration of eGFP-LPETG-SpyTag in the clarified lysates was then determined from the
absorbanceat 488 nm ( Ul=mA)®. Cluiéd lydhtes containing eGFP-LPETG-SpyTag
of a desired concentration were then made by diluting the original eGFP-LPETG-SpyTag clarified

lysate with PBS.

To visualize the entire PBSL process, 1mL 10uM eGFP-LPETG-SpyTag clarified lysates
were incubated with 4 molar equivalents of SpyCatcher-SrtA or SrtA-SpyCatcher resin for 30 min
at room temperature for capture. Following capture, the resin was transferred to a Poly-Prep
Chromatography Column (Bio-Rad) and washed with 3 column volumes of PBS. To initiate the
sortase ligation reaction and release of eGFP-LPETGGG, 1mL PBS + 50uM CaCl2 + 2mM
triglycine (Fluka) was added to the column. Following 3h at 37°C, the reaction buffer was eluted
from the column followed by a second elution with ImL PBS. Samples of protein bound to the

resin pre-capture, post-capture, and post-elution were obtained by adding 1mL PBS to the resin
87



at each step, removing 50uL of the resulting slurry, and stripping the removed resin by incubating
it with 200pL stripping buffer for 30 min at room temperature. SDS-PAGE was performed on Bolt
4-12% Bis-Tris Plus Gels (Thermo Fisher Scientific) with a Mini Gel Tank (Thermo Fisher
Scientific), stained with SimplyBlue SafeStain (Invitrogen), and imaged using a Gel Logic 100

system (Kodak).

eGFP-LPETG-SpyTag capture time studies were performed as follows: 1mL 10uM
eGFP-LPETG-SpyTag clarified lysates were incubated with 4 molar equivalents of SpyCatcher-
SrtA or SrtA-SpyCatcher resin for the indicated amounts of time at room temperature. Following
capture, the resin was transferred to a Poly-Prep Chromatography Column and washed with 3
column volumes of PBS. Protein on the resin was then stripped off by incubating the resin with
1mL stripping buffer for 20 min at room temperature twice. The concentration of the captured
eGFP-LPETG-SpyTag was then determined by measuring the absorbance at 488nm in the
stripping buffer. Capture % was defined to be:
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eGFP-LPETG-SpyTag capture concentration studies were performed by incubating 2mL
eGFP-LPETG-SpyTag clarified lysates with 4 molar equivalents of SpyCatcher-SrtA or SrtA-
SpyCatcher resin relative to 10uM eGFP-LPETG-SpyTag for 30 min at room temperature.

Subsequent steps are identical to that of capture time studies.

eGFP-LPETG-SpyTag release studies were performed as follows: 1mL 7.5uM eGFP-
LPETG-SpyTag clarified lysates were incubated with 4 molar equivalents of SpyCatcher-SrtA or
SrtA-SpyCatcher resin for 30 min at room temperature. Following capture, the resin was
transferred to a Poly-Prep Chromatography Column and washed with 3 column volumes of PBS.
To initiate the sortase ligation reaction and eGFP release, 1mL PBS + 50uM CaCl2 + the

indicated concentration of triglycine was added to the column. Following 1h, 2h, 3h, or 24h at
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37°C, the reaction buffer was eluted from the column followed by a second elution with 1mL PBS.
Protein remaining on the resin was obtained by incubating with 1mL stripping buffer for 20 min at
room temperature twice. The concentration of both the released and stripped eGFP-LPETG-
SpyTag was then determined by measuring the absorbance at 488nm in the stripping buffer.

Release % was defined to be:
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SpyCatcher-SrtA and SrtA-SpyCatcher resin storage studies were performed as follows:
1mL 10uM eGFP-LPETG-SpyTag clarified lysates were incubated with 4 molar equivalents of
SpyCatcher-SrtA or SrtA-SpyCatcher resin for 30 min at room temperature. Following capture,
the resin was transferred to a Poly-Prep Chromatography Column and washed with 3 column
volumes of PBS. To initiate the sortase ligation reaction and eGFP release, 1mL PBS + 50uM
CaCl2 + 2mM triglycine was added to the column. Following 3h at 37°C, the reaction buffer was
eluted from the column followed by a second elution with 1mL PBS. Protein remaining on the
resin was obtained by incubating with 1mL stripping buffer for 20 min at room temperature twice.
The capture and release % were then determined in the same manner as the capture and release

studies above.

MALDI-TOF studies were formed as follows: The eGFP-LPET hydrolysis product was
obtained by incubating eGFP-LPETG-SpyTag captured on SpyCatcher-SrtA resin with PBS +
50uM CaCl2 at 37°C for 48h. The eGFP-LPETGGG-TAMRA product was obtained by incubating
eGFP-LPETG-SpyTag captured on either SpyCatcher-SrtA or SrtA-SpyCatcher resin with PBS +
50eM CaCl2 + 2000M GGGSK( TAMRA) NH2 (Neo Scientific)
acid (Sigma-Aldrich, Milwaukee, WI) was dissolved in 50:50 H20:MeCN with 0.1% TFA and used
as a matrix solution. 2uL of the sample and 2pL of the above matrix solution in a PCR tube were

thoroughly mixed using a pipetter. An aliquot (0.57 2.0 pL) of this mixture was then applied to the
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sample target where it is allowed to dry. Bruker OminiFlex MALDI-TOF-TOF Mass Spectrometer

(Germany) was used to acquire the data.

2.6.5 SpyCatcher-SrtA and SrtA-SpyCatcher Release Modeling

Total released eGFP concentrations were fit to the sum of equations 5 and 6 in the
following system of differential equations:
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The fit was done in Mathematica using method NMinimize within NonlinearModelFit. The
initial [eGFP-SrtA] was determined by adding the total released [eGFP] to the total stripped
[ eGFP] . The i nitithdinitipl BGFP-8riA cameestratidrO Ehdinitial [GGG] was

varied experimentally. All other initial concentrations were set to 0.

Ligation efficiency was calculated following fitting as follows:
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The model parameters obtained for SpyCatcher-SrtA were as follows: k1 = 1.84:10-2 s-1,
k2 =5.58-10-4 s-1, k3 = 3.42:102 M-1s-1, and k3 = 3.10-102 M-1s-1. The model parameters
obtained for SrtA-SpyCatcher were as follows: k1 = 2.1-10-2 s-1, k2 = 9.13-10-4 s-1, k3 =

1.25-103 M-1s-1, and k3 = 9.03:102 M-1s-1.

2.6.6 ScFv Purification and Labeling Studies

Clarified lysates for ScCFv-LPETG, ScFv-LPETG-SpyTag, and ScFv-LPETG-SrtA were all

prepared in the same manner as that of SpyCatcher-SrtA and SrtA-SpyCatcher resin preparation.

ScFv-LPETG-SrtA clarified lysates were incubated with cobalt resin for 30min at room
temperature for binding in Poly-Prep Chromatography Column. Afterwards, the resin was washed
with 3 column volumes of PBS. ScFv-LPETG clarified lysates were incubated with cobalt resin for
binding and washed in the same manner as that of SCFv-LPETG-SrtA. It was then eluted with
500ul of stripping buffer and buffer exchanged into PBS with a 3kDa MWCO Amicon Ultra
centrifugal filter (EMD Millipore). SrtA was purified in the same manner as ScFv-LPETG. ScFv-
LPETG-SpyTag clarified lysates were incubated with SpyCatcher-SrtA resin for 30min at room

temperature for capture. The resin was then washed with 3 column volumes of PBS.

For labeling of ScFv variants, they were incubated with 500ul PBS + 50uM CaCl2 +
200uM GGGSK(TAMRA)NH2 peptide (NEO Scientific), pH 7.4 for 4-6 hours at 37°C. For ScFv-
LPETG labeling reactions, increasing concentrations of SrtA were added with a SrtA:ScFv molar

ratio of 1:1, 1:2, 1:5, 1:10, 1:50, and 1:100.

SDS-PAGE was performed in the same manner as eGFP-LPETG-SpyTag studies.

ImageJ was used for quantification.
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Chapter 31 Cytosolic delivery of proteins with cell-penetrating

peptides

3.1 Introduction

Currently, protein therapeutics are limited to extracellular targets because they cannot
cross the plasma membrane. In general, proteins can only be delivered into living cells with
physical methods such as microinjection or electroporation, but these techniques have limited
throughput and cause toxicity. As a result, physical methods for protein delivery are not widely
utilized and are only applicable for laboratory research. Because of the foreseen impact that
intracellular protein delivery can have on both protein therapeutics and basic cell biology
research, there continues to be significant interest towards this goal. Immunoglobulin G (IgG)
antibodies are particularly attractive for cytosolic delivery because they can be developed to bind

and inhibit almost any protein with high potency and specificity2.

One popular approach for cytosolic protein delivery involves the labeling of cargo proteins
with cell-penetrating peptides (CPPs)3, via either bioconjugation or the creation of a fusion
protein. CPPs are generally short poly-cationic peptides that can efficiently induce endocytic
cellular uptake of not only themselves, but also the attached cargo proteins® . Unfortunately, the
endosome-lysosome system is topologically equivalent to the extracellular space and CPP-
labeled proteins are extremely inefficient at escaping from endosome to enter the cytosol*7. It is
striking that after more than 25 years of research®?® and the development of more than 100
purported CPP sequences??, CPPs have largely been limited to only delivering proteins capable
of amplifying their effects such as transcription factors or enzymes®1113, Tracking large cargos
conjugated to CPPs predominantly show endosomal accumulation following uptake, indicating

that endosomal entrapment is the bottleneck for cytosolic delivery®14i16,
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Recently, charge density has been identified as a major contributor to endosomal escape
efficiency. Studies using a supercharged GFP with a net charge of +36 have found that it is
capable of delivering proteins cargos much more efficiently than prototypical CPPs17:18, CPPs
also appear to be more effective when linked to cargo proteins that form dimers, tetramers, or
multivalent complexes?®. Finally, dimerized CPPs appear to be capable of inducing leakages
within late endosomes?® and have significantly enhanced endosomal escape!’2122, In addition to
density, geometry also appears to be critical i after an optimal length, simply increasing

polyarginine CPPs length actually becomes deleterious for delivery?3.

In this study, we tested whether increasing CPP valency could enable the cytosolic
delivery of full-length 1gG antibodies by leveraging an extremely efficient light-activated site-
specific conjugation method for native IgGs (LASIC) that we have previously developed?*. LASIC
utilizes a small photoreactive antibody-binding domain (pAbBD, ~6.5kDa) derived from a
thermally stable variant of the b1 domain of Streptococcal protein G2> engineered to be only
capable of binding to the 1IgG Fc region?®. A photoreactive benzoylphenylalanine (BPA) is
incorporated into pAbBD through unnatural amino acid mutagenesis?’, allowing it to be
photocrosslinked to the constant region of IgGs with greater than 95% efficiency. CPP or any
other functional sequences can be genetically fused to pAbBD and purified recombinantly from E.

coli before being photocrosslinked to almost any off-the-shelf cargo 1gG.

Ideal reporter systems for cytosolic protein delivery must be capable of distinguishing
between cargo proteins successfully delivered to the cytosol from cargo proteins still trapped in
endosomes*. We utilized a self-

reassembling splitGFP?28 reporter \ /

system in which the larger half

A\Y7/¢

Endosome
Escape

»
4

& 7

splitGFP(1-10) i is expressed only in < S o a ‘
Endosome.s Cytosol *~ splitGFP
the cytosol of reporter cells while the complementation

Figure 3.1 Schematic of splitGFP reporter system.
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smaller half i splitGFP S111 is fused to the
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splitGFP complement and following chromophore 80~
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maturation, start fluorescing (Fig. 3.1). The - - -_ﬁgg'\?f PABBD-ST
50- chain
splitGFP reporter system has a low false-positive
40-
rate for detecting cytosolic protein delivery*2® and
has been well validated for screening CPPs*3033, ey - - - 8 - light
cﬁain
20~
3.2 Results
15-
-pAbBD-S11

3.2.1 Detecting cytosolic protein delivery with a 10-

Figure 3.2 SDS-PAGE of pAbBD-S11
photocrosslinking to Rituximab.

We initially prepared pAbBD-S11 and Irradiation with 365nm UV light for 2 h at 4°C

splitGFP reporter system

confirmed that it could be photocrosslinked to results in almost complete photocrosslinking of
Rituximab heavy chains.
Rituximab (Ritux) with >95% efficiency (Fig. 3.2).
We use Ritux, which binds to CD20, as a model cargo IgG because it does not bind to any
proteins on the surface of our reporter cells and is a clinically used IgG available in large
guantities. Next, we confirmed that both pAbBD-S11 and Ritux-(pAbBD-S11). conjugates could
undergo complementation with purified splitGFP(1-10) in vitro (Fig. 3.3). Complete chromophore
maturation required approximately 6 hours, but the degree of splitGFP complementation
remained linear with respect to the amount of protein present at all times (Fig. 3.3). As expected,
the splitGFP complementation fluorescence for Ritux-(pAbBD-S11)2 was twice of that of pAbBD-
S11 because two copies of pAbBD-S11 are photocrosslinked onto each molecule of Ritux (Fig.
3.3). We generated splitGFP(1-10) reporter cell lines and confirmed by flow cytometry as well as

live cell fluorescence microscopy that both pAbBD-S11 and Ritux-(pAbBD-S11): also underwent

splitGFP complementation in cells (Fig. 3.4).
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Figure 3.3 pAbBD-S11 and Ritux-(pAbBD-S11); can complement splitGFP(1-10) in vitro.

Indicated amounts of (a) pAbBD-S11 and (b) Ritux-(pAbBD-S11). were incubated with 400 pmol of His6-
splitGFP(1-10) at 37°C. At the indicated times, splitGFP fluorescence was measured. The left panel shows
the complementation kinetics. The right panel shows that the degree of complementation remains linear at
all times. Fluorescence for Ritux-(pAbBD-S11)2 was approximately twice of that of pAbBD-S11 because two

copies of pAbBD-S11 are photocrosslinked onto each Rituximab molecule. Data are mean + s.e.m., n=3.
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M Electroporation M Electroporation

1,5]00
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7.5 uM Ritux-
(PAbBD-S11),

o

103 104 Sp“tGFp]OS 106.3

splitGFP Hoechst 100pm
Figure 3.4 pAbBD-S11 and Ritux-(pAbBD-S11), can complement splitGFP(1-10) in cells.

pAbBD-S11 or Ritux-(pAbBD-S11). were electroporated into HEK293T splitGFP(1-10) cells. After 6 h to
allow for splitGFP chromophore maturation, splitGFP complementation and fluorescence was assessed with

either flow cytometry (a) or live-cell fluorescence microscopy (b).
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3.2.2 Cytosolic delivery of pAbBD with CPPs.

Initially, we tested whether the TAT CPP could cytosolically deliver just the pAbBD.
Placing TAT at the N-terminus of pAbBD-S11 did not result in any cytosolic delivery in HEK293T
splitGFP(1-10) cells, even with TAT-pAbBD-S11 concentration as high as 20uM (Fig. 3.5a).
Treating cells with 200uM chloroquine, a small molecule capable of enhancing endosomal
escape for cargos®34, resulted in a moderate splitGFP signal, indicating that N-terminal TAT was
still capable of inducing endocytic uptake of TAT-pAbBD-S11 (Fig. 3.5a). Placing TAT at the C-
terminus of pAbBD-S11 did not result in any cytosolic delivery (Fig. 3.5b) until pAbBD-S11-TAT
concentrations reached 80uM (Supp. Fig. 3.10a). Interestingly, a greater splitGFP signal was
detected for pAbBD-S11-TAT, compared with TAT-pAbBD-S11, when cells were treated with
chloroquine (Fig. 3.5b). Similar trends were observed with the R8 CPP (Figure 3.6). Placing R8 at
the C-terminus of pAbBD-S11 resulted in some cytosolic delivery at 80uM (Supp. Fig. 3.10b) and

resulted in greater delivery with chloroquine treatment when compared to N-terminal placement
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(Fig. 3.6). Because chloroquine treatment does not guarantee disruption of all cargo-containing
endosomes, it is unclear whether improvements in cytosolic delivery when CPPs are moved from
the N- to the C-terminus is due to increased cellular uptake, improved endosomal escape
efficiency, or both. Next, we tested whether cytosolic delivery could be improved if a CPP was
placed at both the N- and C-terminus of pAbBD. Surprisingly, this approach dramatically
improved cytosolic delivery i cytosolic delivery was detectable at only 20uM for TAT-pAbBD-S11-
TAT (Fig. 3.7a) and at only 5uM for TAT-pAbBD-S11-R8 (Fig. 3.7b), compared with 80uM for
pAbBD-S11-TAT or pAbBD-S11-R8 (Supp. Fig. 3.10). This improvement was also evident in cells
treated with chloroquine (Fig. 3.7). Comparisons between all tested CPP formats revealed that
placing a CPP at both the N-terminus and C-terminus improved cytosolic delivery to a greater

degree than simply adding the effects of an N-terminal CPP with a C-terminal CPP (Fig. 3.8).

3.2.3 CPPs fail to cytosolically deliver antibodies

Having identified that placing CPPs at both termini of pAbBD significantly improved
cytosolic delivery, we wondered whether CPPs could also enable cytosolic delivery of antibodies.
We were able to efficiently photocrosslink TAT-pAbBD-S11, pAbBD-S11-R8, and TAT-pAbBD-
S11-R8 to Ritux and then tested Ritux-(TAT-pAbBD-S11)2, Ritux-(pAbBD-S11-R8)2, and Ritux-

(TAT-pAbBD-S11-R8)2 conjugates for delivery in HEK293T splitGFP(1-10) cells. Unfortunately,
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Figure 3.9 CPPs fail to cytosolically deliver Rituximab.
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Indicated concentrations of Ritux-(pAbBD-S11)2 (negative control), (a) Ritux-(TAT-pAbBD-S11)2, (b) Ritux-
(pPAbBD-S11-R8)2, or (c) Ritux-(TAT-pAbBD-S11-R8). were added to HEK293T splitGFP(1-10) reporter cells
with or without chloroquine for 6 h before assessing for splitGFP fluorescence. Representative live cell
fluorescence microscopy images are shown in the left panel. Representative flow cytometry histograms of

splitGFP fluorescence are shown in the right panel.



we could not detect any splitGFP fluorescence by live cell fluorescence microscopy or flow
cytometry (Fig. 3.9). Following chloroquine treatment, we could detect a few rare cells with robust

splitGFP fluorescence via fluorescence microscopy, but not flow cytometry (Fig. 3.9).

3.3 Discussion

CPPs have been extremely popular vehicles for delivering small peptide cargos31° and
are the subject of intense research for the delivery of larger macromolecules#>°. In this study,
although we identified parameters that improved CPP-mediated delivery of a small protein, they

were ineffective at cytosolically delivering a large IgG cargo.

We found that C-terminal CPPs performed much better than N-terminal CPPs. The
mechanistic basis for this trend and whether it will hold for other cargo proteins remains unclear.
If CPP placement continues to significantly perturb cytosolic delivery efficiency irrespective of the
cargo protein, future studies should focus on determining whether these effects are due to
changes in cellular uptake or endosomal escape. Total cellular uptake can be determined with
cargos labeled with fluorophores and can then be correlated with cytosolic delivery to qualitatively
estimate endosomal escape efficiency. It would also be interesting to determine whether cyclized
CPPs3 with constrained conformations are significantly perturbed by its termini placement. We
also found that placing CPPs at both termini of a protein significantly improved cytosolic delivery
efficiency. This is consistent with previous reports that increasing CPP valency improves

endosomal escape. Again, though, future studies are needed to understand its mechanistic basis.

Similar to previous studies®16, we also found that increasing cargo size had a profound
deleterious effect on delivery efficiency. Thus, rather than full length IgGs, CPP-mediated delivery
should instead initially focus on smaller protein scaffolds such as nanobodies or antibody-like

binding proteins such as DARPIns, affibodies, or monobodies.
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Figure 3.10 Cytosolic delivery with 80uM pAbBD-CPP

80uM pAbBD-S11 (negative control), (a) pAbBD-S11-TAT, or (b) pAbBD-S11-R8 were added to HEK293T
splitGFP(1-10) reporter cells with or without chloroquine for 6 h before assessing for splitGFP fluorescence.
Representative flow cytometry histograms of splitGFP fluorescence are shown. Flow cytometry data were
guantified as the fold-increase in median splitGFP fluorescence over negative control in the right panel. The

dotted line indicates no increase in fluorescence. Data are mean + s.e.m, *p<0.05 **p<0.01 ***p<0.001.
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3.5 Methods

3.5.1 Cloning
For pRSET His6-splitGFP(1-10), an E. coli optimized DNA sequence encoding for His6-
splitGFP(1-10) was synthesized (Integrated DNA Technologies, IDT) and inserted between the

Ndel and Hindlll restriction sites of pPRSET-A (Invitrogen).

For pRSET pAbBD-S11, pRSET TAT-pAbBD-S11 and pRSET R8-pAbBD-S11, E. coli
optimized DNA sequences were synthesized and inserted between the Ndel and Ncol restriction
sites of pRSET-A via In-Fusion Cloning. pEVOL-pBpF was a gift from Peter Schultz (Addgene

plasmid # 31190 ; http://n2t.net/addgene:31190 ; RRID:Addgene_31190).

For pRSET SpyCatcher-SrtA-His12 (used in PBSL, see pAbBD expression and
purification), pPRSET SpyCatcher-SrtA-His6 was used as a starting point3¢. Overhang PCR was
used to make a DNA sequence encoding for SpyCatcher-SrtA-His12, which was then inserted
between the Ndel and Ncol restriction sites of pPRSET-A.

All plasmids were verified by Sanger sequencing. Protein and DNA sequences for all

purified proteins are listed in Table 3.1.

Table 3.1 List of purified proteins used for CPP studies

For pAbBD amino acid sequences, BPA is denoted as B. The CPP sequence is red. Linker
sequences are colored brown. The S11 splitGFP reporter peptide is colored green. Sequences

used for PBSL that are cleaved off during pAbBD purification are colored purple.

Plasmid Name ‘ Protein Sequence ‘ DNA Sequence (Open Reading Frame)

pRSET MSGSGDSATHIKFSK | ATGTCTGGTTCTGGAGACAGCGCCACTCACATTAAATTCAGTAAAC
SpyCatcher- RDEDGKELAGATMEL | GCGATGAAGACGGCAAGGAACTCGCGGGTGCAACTATGGAACTG
SrtA-His12 RDSSGKTISTWISDG CGGGACTCTTCTGGTAAAACGATTAGTACCTGGATTTCCGATGGAC

QVKDFYLYPGKYTFV | AGGTTAAAGATTTTTATTTGTACCCAGGTAAATATACGTTTGTAGAA
ETAAPDGYEVATAITF | ACCGCCGCGCCAGATGGCTACGAAGTGGCTACGGCCATTACCTTC
TVNEQGQVTVNGGG | ACGGTTAATGAACAAGGCCAAGTCACGGTCAATGGCGGTGGTAGT
SGGSSGGGSGGSGG | GGTGGGAGCAGTGGCGGTGGTAGTGGTGGCTCTGGCGGTTCTGG
SGGSGGSQAKPQIPK | TGGCAGTGGCGGTAGCCAAGCTAAACCTCAAATTCCGAAAGATAA
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GTTTGGGAAAAACGTAAAATCTTTGTAGCTACAGAAGTCAAACATC
ACCACCATCATCACCACCATCATCATCACCACTGA

PRSET His6-
splitGFP(1-10)

MHHHHHHSKGEELFT
GVVPILVELDGDVNG
HKFSVRGEGEGDATI
GKLTLKFICTTGKLPV
PWPTLVTTLTYGVQC
FSRYPDHMKRHDFFK
SAMPEGYVQERTISF
KDDGKYKTRAVVKFE
GDTLVNRIELKGTDFK
EDGNILGHKLEYNFN
SHNVYITADKQKNGIK

ATGCACCATCATCACCATCACTCTAAAGGTGAAGAACTGTTCACCG
GTGTTGTTCCGATCCTGGTTGAACTGGACGGTGACGTTAACGGTC
ACAAATTCTCTGTTCGTGGTGAAGGTGAAGGTGACGCGACCATCG
GTAAACTGACCCTGAAATTCATCTGCACCACCGGTAAACTGCCGG
TTCCGTGGCCGACCCTGGTTACCACCCTGACCTACGGTGTTCAGT
GCTTCTCTCGTTACCCGGACCACATGAAACGTCACGACTTCTTCAA
ATCTGCTATGCCGGAAGGTTACGTTCAGGAACGTACCATCTCTTTC
AAAGACGACGGTAAATACAAAACCCGTGCTGTTGTTAAATTCGAAG
GTGACACCCTGGTTAACCGTATCGAACTGAAAGGTACCGACTTCA
AAGAAGACGGTAACATCCTGGGTCACAAACTGGAATACAACTTCAA
CTCTCACAACGTTTACATCACCGCTGACAAACAGAAAAACGGTATC

ANFTVRHNVEDGSVQ | AAAGCTAACTTCACCGTTCGTCACAACGTTGAAGACGGTTCTGTTC
LADHYQQNTPIGDGP | AGCTGGCTGACCACTACCAGCAGAACACCCCGATCGGTGACGGT
VLLPDNHYLSTQTVLS | CCGGTTCTGCTGCCGGACAACCACTACCTGTCTACCCAGACCGTT
KDPNEK CTGTCTAAAGACCCGAACGAAAAATAA

pRSET pAbBD- | MAGGSSGGSGGTFK | ATGGCGGGTGGGAGCTCTGGCGGTTCCGGCGGTACCTTCAAACT

S11

LIINGKTLKGEITIEAVD
ABEAEKIFKQYANDY
GIDGEWTYDDATKTF

GATCATCAACGGTAAAACCCTGAAAGGTGAAATCACCATCGAAGCT
GTTGACGCTTAGGAAGCTGAAAAAATCTTCAAACAGTACGCTAACG
ACTACGGTATCGACGGTGAATGGACCTACGACGACGCTACCAAAA

TVTEGGSGGGGSSG CCTTCACCGTTACCGAAGGTGGCTCGGGCGGGGGTGGCTCGAGC
GSSGGGGSGGRDHM | GGTGGCTCCTCAGGGGGTGGCGGGAGCGGCGGTCGTGATCACAT
VLHEYVNAAGITSGS GGTGTTACACGAATACGTCAACGCGGCAGGTATTACTAGTGGTTC
GGSLPETGGGSGGS GGGTGGTTCTCTGCCGGAAACCGGTGGTGGTAGTGGTGGCTCTG
GGSGGSGGSAHIVM GCGGTTCTGGTGGCAGTGGCGGTAGCGCGCATATCGTTATGGTC
VDAYKPTK GATGCTTACAAACCGACGAAATAA

pRSET TAT- MAGRKKRRQRRRGG | ATGGCAGGGCGAAAAAAACGACGACAACGACGACGAGGGGGGAG

pAbBD-S11 SSGGSGGTFKLIINGK | CTCTGGCGGTTCCGGCGGTACCTTCAAACTGATCATCAACGGTAA
TLKGEITIEAVDABEA AACCCTGAAAGGTGAAATCACCATCGAAGCTGTTGACGCTTAGGA
EKIFKQYANDYGIDGE | AGCTGAAAAAATCTTCAAACAGTACGCTAACGACTACGGTATCGAC
WTYDDATKTFTVTES | GGTGAATGGACCTACGACGACGCTACCAAAACCTTCACCGTTACC
SGGGGSGGRDHMVL | GAATCCTCAGGGGGTGGCGGGAGCGGCGGTCGTGATCACATGGT
HEYVNAAGITSGSGG | GTTACACGAATACGTCAACGCGGCAGGTATTACTAGTGGTTCGGG
SLPETGGGSGGSGG TGGTTCTCTGCCGGAAACCGGTGGTGGTAGTGGTGGCTCTGGCG
SGGSGGSAHIVMVDA | GTTCTGGTGGCAGTGGCGGTAGCGCGCATATCGTTATGGTCGATG
YKPTK CTTACAAACCGACGAAATAA

pRSET R8- MRRRRRRRRGGSSG | ATGCGCCGCCGACGGCGTCGCCGACGGGGTGGGAGCTCTGGCG

pAbBD-S11 GSGGTFKLIINGKTLK | GTTCCGGCGGTACCTTCAAACTGATCATCAACGGTAAAACCCTGAA

GEITIEAVDABEAEKIF
KQYANDYGIDGEWTY
DDATKTFTVTESSGG
GGSGGRDHMVLHEY
VNAAGITSGSGGSLP
ETGGGSGGSGGSGG
SGGSAHIVMVDAYKP
TK

AGGTGAAATCACCATCGAAGCTGTTGACGCTTAGGAAGCTGAAAA
AATCTTCAAACAGTACGCTAACGACTACGGTATCGACGGTGAATG
GACCTACGACGACGCTACCAAAACCTTCACCGTTACCGAATCCTC
AGGGGGTGGCGGGAGCGGCGGTCGTGATCACATGGTGTTACACG
AATACGTCAACGCGGCAGGTATTACTAGTGGTTCGGGTGGTTCTC
TGCCGGAAACCGGTGGTGGTAGTGGTGGCTCTGGCGGTTCTGGT
GGCAGTGGCGGTAGCGCGCATATCGTTATGGTCGATGCTTACAAA
CCGACGAAATAA
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3.5.2 pAbBD expression and purification

All pAbBD variants were purified via PBSL36. Using PBSL to purify proteins consists of 2
steps i 1) PBSL resin preparation and 2) target protein purification. PBSL resin was prepared as
previously described with 2 minor modifications due to the use of SpyCatcher-SrtA-His1236.
Pellets were lysed by resuspending in lysis buffer (PBS + 1% w/v N-Octyl-b-D-1-
thioglucopyranosi dé ycOE@me+ +2 00 ¢gd /mide pdteAsee|l + EDTA
inhibitor cocktail (Roche)) and rotating for 30 min at room temperature (RT). Following binding,

the resin was washed with PBS + 20 mM imidazole 3 times followed by PBS once.

Plasmid encoding for various pAbBD variants were transformed in conjunction with

PEVOL-pBpF into T7 express competent E. coli cells (New England Biolabs). Starter cultures

were grown in LB + 100 e€g/mL ampicillin (amp) + 25
shaking unt i lhes@iife6dlurd @as Bdded &t a 1:1000 dilution to autoinduction

media (Formedium AIMLB0210 autoinduction media LB Broth Base including trace elements

suppl emented with 0.6% v/v glycerol and 100 &g/ mL
cam+0.1% w/v ar abi n o s e-Benzog-L-ghanylalavine4 BPA, Bachem). All pAbBD

variants were grown at 37°C with shaking for 24 h. Expression culture were then pelleted and

stored at -20°C.

Frozen pellets were lysed by resuspending in lysis buffer for 30 min at RT. Afterwards,
lysates were frozen at -80°C and then thawed in a 37°C water bath. The lysates were clarified by
centrifuging for 15 min at >14,000xg and discarding the pellet. Clarified lysates were incubated
with the SpyCatcher-SrtA-His12 resin prepared above while rotating for 25 min at RT. Following
binding, the resin was transferred to a Poly-Prep chromatography column (Biorad) and washed
with 1 column volume (CV) of PBS, 1 CV of PBS + 20 mM imidazole, and 1 CV of PBS + 1 M
NaCl + 20 mM imidazole. pAbBD variants were then eluted from the resin by adding PBS + 250

e M Ca CIntM Gly-GB-Gly (triglycine) and incubating at 25°C for 3 h. To ligate CPPs onto the

107



C-terminus of pAbBD variants, PBS + 250 ¢1IW Na€l@ R0D uMGGG-TAT
(GGGGRKKRRQRRR) or GGG-R8 (GGGRRRRRRRR) was added to the resin and incubated at

37°C for 4 h.

Following elution, pAbBD variants were buffer exchanged into PBS and concentrated to
>0.5 mg/mL via a 10k MWCO Amicon Ultra centrifugal filter (MilliporeSigma). The final protein
was analyzed by SDS-PAGE for purity, tested for splitGFP complementation, stored at -80°C,

and tolerates freeze-thaw cycles well.

3.5.3 His6-splitGFP(1-10) expression, purification, and complementation

pPRSET His6-splitGFP(1-10) was transformed into T7 express competent E. coli cells.
Starter cultures were grown in LB + %00 .s6g/ rilh eamp
starter culture was added at a 1:1000 dilution to autoinduction media and grown at 25°C in an

orbital shaking incubator for 40 h. Expression cultures were then pelleted and stored at -20°C.

Frozen pellets were lysed with TNG buffer (100 mM Tris-HCI, 150 mM NacCl, 10% v/v

a

glycerol, pH 7.4) + 1% w/v OTG + 200 <repprottasel ysozyme

inhibitor cocktail and then clarified in the same manner as pAbBD purification. Clarified lysates
were incubated with cobalt resin (Talon, Clontech) while rotating for 30 min at RT. Following
binding, the resin was transferred to a Poly-Prep chromatography column and washed with 3 CV
of TNG buffer + 10 mM imidazole and then eluted with TNG buffer + 200 mM imidazole. Elutions
were buffer exchanged into TNG buffer and concentrated to >1 mg/mL via a 10k MWCO Amicon
Ultra centrifugal filter. The final protein was analyzed by SDS-PAGE for purity, aliquoted, flash

frozen in liquid nitrogen, and stored at -80°C.

Complementation reactions were done in 96-well black flat bottom plates. pAbBD-S11 or

Ritux-(pAbBD-S11). were mixed with 400 pmol His6-splitGFP(1-1 0) i n TNG buffer (100

volume) and incubated at 37°C. splitGFP fluorescence was measured using a Tecan Infinite
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m200 microplate reader. A reaction containing only 400 pmol His6-splitGFP(1-10) was used to
subtract out the fluorescence background. For protein quality control, 100 pmol or 50 pmol of
freshly purified pAbBD-S11 or IgG-(pAbBD-S11),, respectively, was mixed with 400pmol of His6-
splitGFP(1-10) and its splitGFP fluorescence was compared against that of a pAbBD-S11

standard.

3.5.4 Photocrosslinking pAbBD variants to Rituximab

Clinical grade Rituximab was provided by Eline Luning Prak (University of Pennsylvania).

For photocrosslinking, pAbBD variants were added to IgGs at a 2:1 molar ratio in PBS.
IgG concentration was kept<5 € M and t-lgGungrodshnBed mixture was aliquoted in 2
mL clear polypropylene microcentrifuge tubes. The mixture was then placed in an ice bath and
irradiated for 3 h with 365 nm UV light using a UVP CL-1000L UV crosslinker placed in a 4°C cold
room. After photocrosslinking, IlgG-pAbBD: conjugates were washed with PBS 3 times and then
concentratedto>1 0 €M via a 100k MWCO Amicon Ultra Centrifu
uncrosslinked pAbBD. SDS-PAGE was used to confirm that >95% of IgG heavy chains were
photocrosslinked and that any excess pAbBD was removed. The final protein was then tested for
splitGFP complementation and stored at 4°C for short durations (<1 week) and at -80°C for long

durations.

3.5.5 Cell culture

HEK?293T splitGFP(1-10) cells were provided by Philip Zoltick (Childr e n 6 s Hospi t al of
Philadelphia) and maintained in DMEM (Corning 10-013-CV) supplemented with 10% FBS
(Corning 35-010-CV),2 e g/ mL puromycin ( pandi®)U/niLTpenkilinr-ra 63 1305)
streptomycin (ThermoFisher 15140122). Cells were cultured at 37°C in a 5% CO2 humidified

incubator. All cell lines tested negative for mycoplasma contamination.
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3.5.6 Protein delivery

80,000 HEK?293T splitGFP(1-10) cells were seeded in each well of a 48-well flat-bottom
tissue culture plate ~16 h prior to delivery. For delivery, the media was replaced with 200 pl fresh
media containing the indicated concentration of protein to be delivered with or without 200 pM
chloroquine. Each delivery condition was paired with the same concentration of pAbBD-S11 or

Ritux-(pAbBD-S11). as a negative control.

3.5.7 Fluorescence microscopy

Protein delivery was performed as described above. 30 min prior to microscopy, 50
pg/mL Hoechst 33258 (ThermoFisher) was added to the cells to stain the nuclei. The media was
then replaced with live cell imaging solution (ThermoFisher, A14291D). Microscopy images were
acquired on an Olympus IX 81 inverted fluorescence microscope with a motorized stage, a 20x
0.4 N.A. dry objective (Olympus), a SOLA light engine excitation source (Lumencor), and an
Andor iXon EM+ back-illuminated EMCCD camera using Metamorph software (Molecular
Devices). After microscopy, ImageJ was used to background subtract images, equalize channels,

and merge channels.

3.5.8 Flow cytometry

Protein delivery was performed as described above. Following delivery, cells were
detached by incubating with 0.05% trypsin for 3 min at 37°C, resuspended in flow cytometry
buffer (DPBS + 1 mM EDTA + 1% w/v BSA) and placed on ice until data collection. Flow
cytometry was performed on a BD Accuri C6 Plus flow cytometer (BD Biosciences). Analysis was

done using the included BD Accuri C6 Plus software.
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Chapter 47 Cytosolic delivery of inhibitory antibodies with

cationic lipids

4.1 Abstract

The inability of antibodies to enter the cytosol limits inhibitory antibodies to extracellular
targets. Given that two-thirds of drug targets are intracellular, any system that can efficiently
deliver antibodies into the cytosol would dramatically increase their therapeutic utility.
Furthermore, cytosolic antibodies would offer unique opportunities to directly modulate and study
intracellular protein function. Here we demonstrate that immunoglobulin G (IgG) antibodies that
are conjugated with anionic polypeptides (ApPs) can be complexed with cationic lipids through
electrostatic interactions, enabling close to 90% cytosolic delivery efficiency with only 500 nM
IgG. The ApP is fused to a small photoreactive antibody-binding domain (pAbBD) that can be
site-specifically photocrosslinked to nearly all off-the-shelf IgGs. We show that cytosolically
delivered IgGs can inhibit the drug efflux pump multidrug resistance-associated protein 1 (MRP1)
and the transcription factor NFa Borusihdgeaxistingwor k est abl
antibody collections to modulate intracellular protein function and provides the foundations for

therapeutic cytosolic antibodies.

4.2 Introduction

Antibodies have become important research tools and a powerful class of therapeutics
because they can be developed to bind nearly any exposed protein epitope with high affinity and
specificity through either traditional immunization or in vitro display approaches?. By binding to an
appropriate epitope, antibodies can also directly inhibitt hei r anti gends bi ol ogical
sterically blocking the antigen from binding to interaction partners or locking the antigen in an
inactive conformation®-2. In contrast to small-molecule drugs, which must bind to small pockets

crucial fortheir t ar get pr & tg@ antibodses Hind to antigers mia much larger and
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flatter contact areas, making them attractive for inhibiting traditionally undruggable targets24.
Indeed, cytosolic antibody-dependent inhibition of major oncology drug targets such as Ras has
been long known to be possible with microinjected antibodies®®. The lack of an adequate
cytosolic delivery system, however, has limited therapeutic antibodies to only targets accessible

from the extracellular space.

Unsurprisingly, many approaches have been explored for cytosolic antibody delivery?-8.
Physical delivery technigues such as microinjection®62° or electroporation®1° are very effective,
but are low-throughput, can result in significant toxicity, and have no therapeutic translatability.
Antibody fragments can be expressed intracellularly as intrabodies, but the coding sequence for
many |1 gG antibodies arend6t known, antibody fragment
approach suffers from the same therapeutic drawbacks as gene therapy’-811. Antibody-like
binding proteins can be fused to cell-penetrating peptides (CPPs), which are effective at inducing
endocytic uptake, but are extremely inefficient at inducing endosomal escape of cargo proteins
and thus, require high protein concentrations (>5 uM) to achieve detectable delivery'?-13, Finally,
antibodies with an innate ability to enter the cytosol have been recently developed, but their
delivery functionality lies within the light chain variable region, which imposes significant

constraints when generating new antibodies?4.

Carrier-mediated approaches for cytosolic protein delivery, in which cargo proteins are
encapsulated by delivery lipids or polymers, are attractive because they can potentially capitalize
on advances in non-viral nucleic acid delivery formulations that have already been proven
effective in humans?s. Although carrier-mediated cytosolic antibody delivery has been reported
multiple times’8, they must be evaluated cautiously. A stringent assessment of commercially
available carrier-mediated antibody delivery platforms revealed that none were capable of
cytosolic delivery to >6% of cells'®. However, recent progress in delivering the Cas9 protein,

which are similar in size to IgG antibodies, with lipid nanoparticles for genome editing?6-%7
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suggests that carrier-mediated approaches are still viable strategies for cytosolic antibody

delivery.

Inspired by strategies for complexing proteins with cationic lipids'618, polymers!®-20, and
nanoparticles?!, we hypothesized that IgGs functionalized with ApPs could mimic the polyanionic
nature of nucleic acids and be complexed with cationic lipids designed for nucleic acid delivery.
Rather than engineering IgGs directly, we fused ApPs to a pAbBD that could be photocrosslinked
to each heavy chain of an IgG to create highly negatively charged IgG-(pAbBD-ApP)2 conjugates
without perturbing binding affinity (Fig. 4.1)22. Because functionality is built into the pAbBD rather
than the IgG, cargo IgGs can be easily exchanged without genetic re-engineering, allowing most

off-the-shelf IgGs to be easily functionalized.

Here we report that our cytosolic antibody delivery approach enables close to 90%
delivery efficiency at a concentration of only 500 nM IgG. Our modular antibody functionalization
strategy is compatible with IgGs from many different species and isotypes and our complexation
approach is compatible with a diverse set of cationic lipids. Finally, we demonstrate that
cytosolically delivered IgGs are functional and can inhibit not only the drug efflux pump MRP1 to
sensitize cancer cells to chemotherapeutic
findings extend the potential applications of existing IgG antibody collections and present a

straightforward framework for therapeutic cytosolic protein delivery.

4.3 Results

4.3.1 Stringent detection of cytosolic protein delivery

When developing intracellular protein delivery technologies, it is imperative to use an
assay that only detects cargo proteins that have been successfully delivered to the cytosol.
Endosome escape is the major bottleneck for cytosolic delivery, resulting in large false-positive

rates for assays that measure total cellular uptake of cargo proteins2324, Accordingly, we used a
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stringent self-assembling splitGFP25 reporter system in which one half of the splitGFP, the S11
peptide, is fused to pAbBD-ApP whereas the other half, splitGFP(1-10), is expressed in reporter
cells?6-2°, Only once IgG-(pAbBD-ApP-S11): is successfully delivered into the cytosol does
splitGFP complementation and turn-on fluorescence occur (Fig. 4.1). Furthermore, fluorescence

intensity is directly correlated with the amount of protein cytosolically delivered.

We prepared pAbBD-ApP-S11 with 10 to 30 residues-long poly-aspartate or poly-
glutamate ApPs and confirmed that they could photocrosslink to Rituximab (Ritux)
(Supplementary Fig. 4.7a, b). We chose Rituximab because its antigen, CD20, is not expressed
in our reporter cells, removing a potential confounding factor for delivery. To validate that our
protein cargos are compatible with the splitGFP reporter system, we confirmed that splitGFP
complementation occurred when either pAbBD-S11 or Ritux-(pAbBD-S11). were incubated with

purified splitGFP(1-10) or physically delivered into HEK293T splitGFP(1-10) reporter cells by

Native IgG\ / \ / o 2)lipidigG 4 :.‘
pAbBD p:wEo ' +O complex
Anionic é] [}cw Q% o formatrsn
polypeptide / 9 / \ O & / \
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Figure 4.1 Schematic of antibody dellvery approach.

pADbBD is purified as a fusion to an ApP as well as the splitGFP S11 reporter peptide and then
photocrosslinked to a cargo 1gG (1). lgG-(pAbBD-ApP-S11)2 conjugates are complexed with cationic
delivery lipids (2), which are taken up by cells via endocytosis (3). Delivery lipids promote endosome escape
(4) and cytosolic IgG-(pAbBD-ApP-S11). delivery, which can be detected by splitGFP complementation and

turn-on fluorescence (5).
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electroporation (Chapter 3 Fig. 3.4 and 3.5). Due to the time required for chromophore maturation
(Chapter 3 Fig. 3.4), reporter cells were assessed for splitGFP fluorescence 6 hours following
electroporation with either flow cytometry or live-cell fluorescence microscopy. As expected,
fluorescence microscopy revealed diffuse splitGFP fluorescence with both pAbBD-S11 and Ritux-
(pPAbBD-S11)2, but fluorescence was depleted from the nucleus only with Ritux-(pAbBD-S11)2
(Chapter 3 Fig. 3.5b). Because pAbBD-S11 is only ~11kDa, it is capable of passively
translocating across the nuclear pore complex, whereas Ritux-(pAbBD-S11)2 is ~170kDa and is

very inefficient at passive nuclear translocations°.

4.3.2 Cytosolic pAbBD delivery

Initially, we wondered whether pAbBD-ApP-S11 alone, without IgG, could be cytosolically
delivered into HEK293T splitGFP(1-10) cells once complexed with a commercially available
cationic transfection lipid, Lipofectamine (Lipo) 2000. We tested simple poly-aspartate or poly-
glutamate ApPs that were 10 to 30 residues-long. Live-cell fluorescence microscopy showed
robust splitGFP fluorescence, indicating substantial cytosolic delivery, once poly-aspartate ApPs
were at least 15 residues-long (D15), with a peak at 20 aspartate residues (D20) (Fig. 4.2a). With
poly-glutamate ApPs, splitGFP fluorescence increased with length up to 30 glutamate residues
(E30) (Fig. 4.2b). Even though the base pAbBD-S11 has a net charge of -7, no cytosolic delivery
could be detected without ApPs (Fig. 4.2a-b).

Using flow cytometry, we quantified splitGFP fluorescence as either the percentage of
splitGFP-positive cells, which reflects delivery efficiency, or the fold-increase in splitGFP
fluorescence, which reflects the amount of protein delivered (Fig. 4.2c-d, Supplementary Fig. 4.8).
Flow cytometry confirmed the trends seen between ApP length and delivery efficiency identified
via microscopy. Increasing the ratio of cationic lipid to protein generally improved delivery
efficiency, but at the cost of increased toxicity (Supplementary Fig. 4.8). We were able to identify

regimes, though, where viability remained greater than 90% with excellent delivery efficiency
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Figure 4.2 Optimizing ApPs for cytosolic pAbBD delivery.

500 nM pAbBD-S11 (negative control) or pAbBD-ApP-S11 with either poly-aspartate or poly-glutamate ApPs
10 15, 20, 25, 0r 30 residues-l ong wer e compl exed wdiddedto HEK293T splitGHRPA-
10) cells for 6 h. a-b, Representative live-cell fluorescence microscopy images following delivery with poly-
aspartate (a) and poly-glutamate (b) ApPs shows diffuse splitGFP fluorescence indicating significant
cytosolic delivery. c-d, Flow cytometry of splitGFP fluorescence following delivery with poly-aspartate (c)
and poly-glutamate (d) ApPs. Left panel: representative flow cytometry histograms. Center panel: percent of
cells splitGFP-positive. Right panel: fold-increase in median splitGFP fluorescence over negative control.
The dotted line indicates either 90% of the cell population (center panel) or no increase in fluorescence (right
panel). Viability was determined with the LDH assay. Data are mean + s.e.m., n=4, *p<0.05 **p<0.01 (one-

sided one sample t-test of log-ratios).
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(Fig. 4.2c-d, Supplementary Fig. 4.8). The best poly-glutamate and poly-aspartate ApPs were
D20 and E30 with delivery efficiencies of 53.9 + 2.6% and 50.5 + 5.4%, respectively, when 500
nM pAbBD-ApP-S11 was complexed with 2 pl Lipo 2000 (Fig. 4.2c-d).

Together, these results demonstrate that a small protein, pAbBD-S11 (~11kDa), can be
efficiently delivered into cytosol simply by fusing it to poly-aspartate or poly-glutamate ApPs via
complexation with cationic lipids. We believe that this strategy can be easily adopted for cytosolic
delivery of small antibody-like binding proteins such as affibodies (~6kDa), monobodies
(~10kDa), or nanobodies (~15kDa), but ApP length may need to be re-optimized for maximal

delivery.

4.3.3 Cytosolic IgG delivery

Next, we tested whether Ritux-(pAbBD-ApP-S11). could also be cytosolically delivered
when complexed with Lipo 2000. As expected, no splitGFP fluorescence could be detected by
microscopy with Ritux-(pAbBD-S11)2, which has a base net charge of +4 (Fig. 4.3a-b). Once both
poly-aspartate and poly-glutamate ApPs reached at least 20-residues long, however, microscopy
revealed diffuse splitGFP fluorescence with nuclear depletion (Fig. 4.3a-b). Because nuclear
depletion indicates that the S11 reporter peptide remained linked to Ritux-(pAbBD-ApP-S11)2
following endosomal escape, we are confident that the splitGFP fluorescence is reflective of
significant cytosolic delivery of Ritux-(pAbBD-ApP-S11)..

Flow cytometry of splitGFP fluorescence corresponded well to microscopy, but
additionally revealed that delivery peaked with 25 aspartates (D25), but plateaued with 20
glutamates (E20) (Fig. 4.3c-d, Supplementary Fig. 4.9). Lipo RNAiMax, a cationic lipid designed
for siRNA delivery, was more effective than Lipo 2000 at delivering Ritux-(pAbBD-ApP-S11). with
short ApPs, but worse with longer ApPs (Supplementary Fig. 4.10). Similarly to pAbBD-ApP-S11
delivery, increasing the ratio of either lipids to Ritux-(pAbBD-ApP-S11)2 generally improved
delivery, but also increased toxicity (Supplementary Fig. 4.9, 4.10). After significant optimization,

we achieved a maximal delivery efficiency of 65.7 + 3.6% in HEK293T splitGFP(1-10) cells with
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Figure 4.3 Optimizing ApPs for cytosolic IgG delivery.

500 nM Ritux-(pAbBD-S11). (negative control) or Ritux-(pAbBD-ApP-S11). with either poly-aspartate or
poly-glutamate ApPs 10 15, 20, 25, or 30 residues-l ong wer e compl exed with 2
HEK293T splitGFP(1-10) cells for 6 h. a-b, Representative live-cell fluorescence microscopy images
following delivery with poly-aspartate (a) and poly-glutamate (b) ApPs shows diffuse splitGFP fluorescence
with nuclear depletion indicating significant cytosolic delivery. c-d, Flow cytometry of splitGFP fluorescence
following delivery with poly-aspartate (c) and poly-glutamate (d) ApPs. Left panel: representative flow
cytometry histograms. Center panel: percent of cells splitGFP-positive. Right panel: fold-increase in median
splitGFP fluorescence over negative control. The dotted line indicates either 90% of the cell population
(center panel) or no increase in fluorescence (right panel). Viability was determined with the LDH assay.

Data are mean + s.e.m., n=4, *p<0.05 **p<0.01 ***p<0.001 (one-sided one sample t-test of log-ratios).
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>90% viability when 500 nM Ritux-(pAbBD-D25-S11). was complexed with 2 pl Lipo 2000 (Fig.
4.3d). Interestingly, delivery efficiencies for Ritux-(pAbBD-ApP-S11). were higher than that of
pAbBD-ApP-S11 alone, likely due to having 2 ApPs linked to each Rituximab molecule.

To demonstrate the generalizability of our IgG delivery approach, we tested several other
commercially available cationic lipids and reporter cell lines. All conditions resulted in efficient
cytosolic delivery of Ritux-(pAbBD-D25-S11). and Ritux-(pAbBD-E25-S11), albeit to varying

degrees (Fig. 4.4a-c, Supplementary Fig. 4.11a-c, 4.12, 4.13). Delivery efficiency was
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Figure 4.4 1gG delivery scope.

a-c, 500 nM Ritux-(pAbBD-S11)2 (negative control) or Ritux-(pAbBD-D25-S11) was compl exed
the indicated cationic lipid and added to the indicated splitGFP(1-10) reporter cells for 6 h. Representative
flow cytometry histograms of splitGFP fluorescence are shown in (a). Flow cytometry data were quantified
as the percent of cells splitGFP-positive (b) and the fold-increase in median splitGFP fluorescence over
negative control (c). d, e, Same is for b, ¢, but 500 nM 1gG-(pAbBD-D25-S11). of the indicated species and
i sotype was compl exed with 49 spitGFPU-10) aells.Z-0, Bane astat a-@ d
but indicated concentrations of Ritux-(pAbBD-D25-S11)>wer e compl exed with 2 ¢
A549 splitGFP(1-10) cells. The dotted line indicates either no increase in fluorescence (c, e, h) or 90% of
the cell population (g). Viability was determined with the LDH assay. Data are mean + s.e.m., n=4, **p<0.01

***n<0.001 (one-sided one sample t-test of log-ratios).
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significantly higher in HT1080 and A549 splitGFP(1-10) cells, reaching up to 72.7 + 3.9% and
86.4 + 1.1%, respectively, with 500 nM Ritux-(pAbBD-D25-S11). (Fig. 4.4b, Supplementary Fig.
4.13). Other than Rituximab (human IgG, hlgG1), pAbBD-D25-S11 could also photocrosslink and
cytosolically deliver higG2, mouse 1gG2a (mlgG2a), migG2b, migG3, rat IgG2c (rlgG2c), and
rabbit IgG (rablgG) into A549 splitGFP(1-10) cells (Fig. 4.4d, e). Delivery efficiency remained high
with all tested I1gG species and isotypes, except for rigG2c, which had a moderate delivery
efficiency (Fig. 4.4d).

Finally, we measured how delivery efficiency varied with Ritux-(pAbBD-D25-S11). and
Ritux-(pAbBD-E25-S11), dose (Fig. 4.4f-h, Supplementary Fig. 4.11d-f). At 100nM Ritux-(pAbBD-
D25-S11)2, a five-fold decrease in concentration, delivery efficiency was only slightly reduced to
73.5 + 3.0% in A549 splitGFP(1-10) cells with Lipo 2000 (Fig. 4.49). Even at 1nM Ritux-(pAbBD-
D25-S11). or Ritux-(pAbBD-E25-S11)2, cytosolic delivery was still detectable, albeit low (Fig. 4.4f-
h, Supplementary Fig. 4.11d-f).

Collectively, these results demonstrate the versatility of our IgG delivery approach with
regards to the following factors. (i) We can deliver off-the-shelf IgGs from a variety of species and
isotypes. (ii) It is compatible with all tested cationic lipids and cell lines thus far. (iii) Delivery
efficiency is maintained at low IgG-(pAbBD-ApP-S11). concentrations. We observe that although
increasing the net negative charge of cargo proteins is critical for complexation and delivery, it

eventually becomes unproductive or even deleterious for delivery efficiency.

4.3.4 A cytosolically delivered IgG can inhibit MRP1, a drug efflux pump

Having shown robust delivery, we next sought to demonstrate the utility of cytosolic IgGs
by inhibiting MRP1, a drug-export pump associated with chemotherapy resistance3!. We chose
MRP1 because it can be inhibited by a well-characterized monoclonal IgG, QCRL3, which inhibits

via bindingtooneof MRP16s cytosolic nd*®l eotide bindi
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Figure 4.5 Cytosolic QCRL3 delivery inhibits MRPL1.

a, Schematic of assays that assess MRP1 inhibition. In the calcein efflux assay, cells are first loaded with
calcein, a fluorescent membrane-impermeable MRP1 substrate. Cells with high MRP1 activity will rapidly
export calcein, whereas MRP1 inhibition results in calcein fluorescence retention. In the chemotherapeutic
sensitization assay, MRP1 inhibition results in greater intracellular accumulation of doxorubicin or vincristine,
resulting in sensitization to both compounds. b, Representative flow cytometry histograms of calcein
fluorescence after 16 h of exportincalceinl oaded HT1080 cells treated w
QCRL3-(pAbBD-D25-S11)2, 500 nM cytosolically delivered mlgG2a-(pAbBD-D25-S11)2, or 500 nM
cytosolically delivered QCRL3-(pAbBD-D25-S11)2. ¢, Calcein-efflux assay quantification across HEK293T,
HT1080, and A549 cell lines. Only QCRL3 delivery and MK571 treatment resulted in calcein fluorescence
retention. Data are mean + s.e.m., n=4, ***p<0.001 (one-sided one sample t-test of log-ratios). d, Same as
for b, but in calcein-loaded A549 cells treated with cytosolic delivery of 500nM QCRL3 with or without
photocrosslinking to pAbBD-D25-S11. Calcein fluorescence retention is only seen with photocrosslinked
QCRL3, indicating that photocrosslinking is necessary for delivery. e, f, A549 cell sensitivity to doxorubicin
(e)orvincristine(f) f ol |l owi ng treatment with 20 &M MKD5(@AbBD-

D25-S11),, or 500 nM cytosolically delivered QCRL3-(pAbBD-D25-S11).. Data are mean + s.e.m, n=4.
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Initially, we used the calcein-efflux assay to assess MRP1 activity in which MRP1
inhibition results in calcein fluorescence retention (Fig. 4.5a). 500 nM QCRL3-(pAbBD-D25-S11)2
delivery resulted in calcein retention in HEK293T, HT1080, and A549 cells (Fig. 4.5b-c),
indicating inhibition of endogenous MRP1 activity. No inhibition was observed following delivery
of the migG2a-(pAbBD-D25-S11)2 isotype control or simply incubating cells with QCRL3-(pAbBD-
D25-S11)2. QCRL3-(pAbBD-D25-S11). delivery performed as well as MK571, a non-selective
small-molecule MRP1 inhibitor, in all except for HEK293T cells (Fig. 4.5¢)31. We attribute this to
the high expression of other efflux pumps that are also inhibited by MK571 in HEK293T cells.
Finally, photocrosslinking is necessary for IgG delivery, as delivery of QCRL3 mixed with pAbBD-
D25-S11 did not result in calcein retention (Fig. 4.5d). This suggests that during complexation,
non-covalent interactions between pAbBD and IgGs are disrupted.

Next, in a more therapeutically relevant context, we attempted to sensitize A549 cells to
doxorubicin and vincristine, which are chemotherapeutic drugs known to be MRP1 substrates31:35,
500 nM QCRL3-(pAbBD-D25-S11). delivery was able to sensitize A549 cells to doxorubicin by
3.7 + 0.45 fold and vincristine by 9.0 + 2.0 fold (Fig. 4.5e, f). In comparison, MK571 treatment
resulted in only moderate sensitization and delivery of the migG2a isotype control resulted in no
sensitization (Fig. 4.5e, f). Thus, cytosolically delivered IgGs are functional and capable of

inhibiting therapeutic targets.

435Cytosolically delivered I gGs can inhibit the tra

Finally, we investigated whether cytosolically delivered IgGs could inhibit protein-protein

interactions, which are particularly difficult to drug with small-molecules. We targeted the

transcription factor NFeaB, which is a heterodi mer b
localization signals (NLS) are normally masked by | aBU, sequester
TNFU stimulation, | aBU is degraded, allowing NFeaB t

transcription36. We hypothesized that an anti-RelA NLS IgG could sterically block RelA from

engaging with its cognate nuclear import factor (NIF) to prevent RelA nuclear translocation and
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Figure 4.6 Cytosolic anti-RelA IgG delivery inhibits NFaB.
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N F o-lBediated transcription (Fig. 4.6a). We also tested an anti-RelA C-terminus IgG that bound
to an epitope distinct from the NLS.

Initially, we delivered 150 nM anti-RelA NLS-(pAbBD-D25-S11);, anti-RelA C-term-
(pPAbBD-D25-S11)2, or their isotype controls (mlgG3 for anti-RelA NLS, rablgG for anti-RelA C-
term) into A549 cells and assessed for RelA
Immunofluorescence revealed that both anti-RelA NLS and anti-RelA C-term delivery reduced
RelA nuclear translocation to 48.0 + 0.8% and 60.1 + 5.9%, respectively (Fig. 4.6b-c,

Supplementary Fig. 4.14) . Next , by-diveniluoifgrasa reddrfepplasmid, we showed

that delivery of both anti-RelA NLS and anti-RelAC-t er m reduced NFaB transcri

nucl ear

pt

524+ 1.1%and683+2. 6 % of that of normal <cell s, 486dgspective

This degree of inhibition is excellent considering the delivery efficiencies with 150 nM anti-RelA
NLS and anti-RelA C-term were 70.9 + 0.8% for and 29.7 + 4.5%, respectively (Supplementary
Fig. 4.15). Because anti-RelAC-t er m |1 gG del i very was capable
binding to non-NLS epitopes may be sufficient to sterically block nuclear translocation of many
target proteins. We anticipate that cytosolic IgG-dependent cytoplasmic sequestration can be

easily adopted to inhibit other transcription factors or nuclear proteins.

4.4 Discussion

Efficient cytosolic delivery of proteins has long been sought after not only for its profound
therapeutic implications, but also for expanding the toolbox that one can use for perturbing
biological systems. By leveraging a modular antibody functionalization technology??, we were
able to easily append ApPs onto off-the-shelf IgGs to enable their complexation with a variety of
commercially available cationic lipids and efficiently deliver them into the cytosol of cells.
Cytosolically delivered 1gGs remain functional and are capable of inhibiting diverse proteins such
as MRP1 and NFaB.

When compared to CPP-mediated delivery of small peptides or proteins, our approach

enables cytosolic delivery of a much larger IgG cargo with similar or greater efficiencies at a
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~100-fold lower concentration?6-29, |t is difficult to directly compare our technology to previous
carrier-mediated approaches due to the use of different reporter systems. We note, however, that

previous studies have relied on either a reporter that only detects total cellular uptake®® or by

delivering proteins capable of greatly amplifying their signal, such as Cre-recombinase or
enzymest6.18.20-21 |n contrast, our functional assaysi MRP1 and NFa Baremolei bi ti on
stringent and require delivery of close to stoichiometric amounts of IgG relative to their target,

which is more representative of most protein inhibition assays.

Intrabodies have long been used to modulate cellular biology, ranging from simply
inhibiting target proteins?-8.10.37-38 tg marking target proteins for degradation3®-4%. However, those
approaches require either expertise in in vitro display technologies or significant genetic
modifications of target proteins and cell lines, which can be major barriers for easy adaptation by
researchers. Because IgG antibodies have been invaluable research tools for decades, there
exists large and well-validated antibody collections#1-42 that, using our modular IgG
functionalization and cytosolic delivery approach, can now be repurposed for perturbing the
activity of intracellular proteins. Although IgG binding is not guaranteed to inhibit all target
proteins, we believe that the large size of IgGs is sufficient to sterically block many biological
interactions. Finally, since IgG antibody generation is often one of the initial steps when studying
poorly characterized proteins, our technology may be invaluable for validating biological
hypotheses in cases where no tools currently exist38,

Our approach does have two main limitations. First, cytosolic IgGs have been reported to
be capable of engaging the TRIM21 E3 ubiquitin ligase to degrade their target proteins®, but
pAbBD photocrosslinking sterically blocks the TRIM21 binding??43-44 site and prevents our
cytosolically delivered IgGs from harnessing any endogenous protein degradation machinery.
This could be remedied by using alternative antibody-binding domains that can be
photocrosslinked to IgGs outside of the Fc region*®. Second, in this study we complexed IgGs

with commercially available cationic lipids. Although the resulting complexes perform excellently
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against cultured cells, their poor pharmacokinetics render them unsuitable for in vivo studies. Our
electrostatics-based complexation strategy, though, should be compatible with most in vivo
delivery formulations, such as those containing ionizable and poly(ethylene glycol)-conjugated
lipids?e.

In summary, we have designed and rigorously validated a modular cytosolic IgG delivery
platform that allows previously developed IgG collections to be now used as intracellular tools.
Future studies may also focus on using our complexation strategy to identify optimal in vivo 1gG
or protein delivery formulations, which could ultimately lead to cytosolic protein delivery as a new

therapeutic modality.
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4.5 Supplementary Information
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Figure 4.7 SDS-PAGE of pAbBD-ApP-S11 and Ritux-(pAbBD-ApP-S11),.

a, b) SDS-PAGE of pAbBD-ApP-S11 (a) or Ritux-(pAbBD-ApP-S11)2 (b) with no ApP or 10, 15, 20, 25, or

30 residues-long poly-aspartate or poly-glutamate ApPs.
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Figure 4.8 Detailed flow cytometry data for optimizing ApPs for pAbBD delivery.

Related to Figure 4.2. a-f) 500 nM pAbBD-ApP-S11 with no ApP (negative control), poly-aspartate (a-c), or
poly-glutamate (d-f) ApPs 10, 15, 20, 25, or 30 residues-long were complexed with varying amounts of Lipo
2000 (1 to 4 ¢1) and a-d0) elts fot 6ch. Refraseht¥verflovscgtoniettyGF P ( 1
histograms of splitGFP fluorescence are shown in (a) and (d). Flow cytometry data were quantified as the
percent of cells splitGFP-positive (b, €) and the fold-increase in median splitGFP fluorescence over negative
control (c, f). The dotted line indicates either 90% of the cell population (b, e€) or no increase in fluorescence
(c, f). Viability was determined with the LDH assay. Data are mean + s.e.m., n=4, *p<0.05 **p<0.01

***n<0.001 (one-sided one sample t-test of log-ratios).

132



133






























































































































