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Abstract
The intracellular delivery of cytotoxic proteins is a longstanding goal in drug development.
This is challenging due to biological membranes, which prevent facile entry of macromolecules
into the cellular cytosol. Anthrax, derived from B. anthracis, is a protein delivery platform. Recent
work has established anthrax as a non-toxic and reliable method to deliver a variety of proteins
and other molecules to the cytosol of cells in a receptor-directed manner. However, native anthrax
receptors are ubiquitously expressed membrane proteins TEM8 and CMG2, limiting the
therapeutic application of wild-type anthrax. Moreover, unmodified anthrax is immunogenic,
which limits the efficacy and number of doses which can be administered.
In this thesis, anthrax was re-targeted to cells of therapeutic interest. In particular, the poreforming agent of anthrax, protective antigen (PA), was fused to single-chain variable fragments
targeting two pancreatic cancer cell receptors, human endothelial growth factor receptor and
carcinoembryonic antigen. This design enabled pancreatic cancer cell-specific delivery of two
highly toxic protein cargoes, including a Ras protease which rapidly degrades cytosolic Ras
protein. The mutant protective antigen-scFv provides a facile and generalizable strategy for
delivery of cytosolic delivery of proteins to any number of membrane receptors which can be
targeted by known scFvs and, by extension, known antibodies.
To mitigate anthrax’s inherent immunogenicity, anthrax was re-targeted to mouse
erythrocytes. Recent work has established that targeting of antigens to erythrocytes can lead to
decreased antigen-specific inflammatory responses. To discover a reliable method to direct a
molecule, such as protective antigen from anthrax toxin, to erythrocytes, a synthetic peptide library
was selected in mice to identify a D-peptide, DQLR, which binds preferentially to mouse
erythrocytes in vivo. When administered to immunocompetent mice, a DQLR-PA conjugate led to
significantly decreased anti-PA antibodies. Similarly, a DQLR-peptide antigen conjugate led to
decreased antigen-specific inflammatory responses and antigen-specific T cells, indicating
antigen-specific tolerance is induced by the DQLR-mediated association of antigens to mouse
erythrocytes in vivo.
Thesis Supervisor: Bradley L. Pentelute
Associate Professor of Chemistry
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1.1.

Anthrax toxin and other bacterial toxins of therapeutic interest
A number of bacterial toxins have been developed for therapeutic purposes. Pseudomonas

exotoxin A and diphtheria toxin, for example, have been implemented in therapeutic molecules
called immunotoxins.1 Both toxins contain highly cytotoxic enzymatic domains, which gain access
the cytosol and inactivate EF2 to halt protein synthesis. In the case of an immunotoxin, this potent
activity is directed selectively by an antibody domain or a naturally derived cellular receptor
ligand, such as a growth factor or cytokine. One example is recently approved Lumoxiti, a thirdline therapy for hairy cell leukemia from Astra Zeneca. Lumoxiti is a fusion construct, composed
of the Fv portion of an anti-CD22 antibody and a 38 kDa portion of pseudomonas exotoxin A
(PE38).2 The construct binds a CD22 receptor, enters the cell by endocytosis, translocates to the
cytosol, and enzymatically modifies cytosolic EF2 to cause cell death. With both high potency and
high selectivity, this immunotoxin illustrates the therapeutic promise of targeted toxin-mediated
cytosolic delivery.
Anthrax toxin is another toxin of therapeutic interest. Through several decades of study,
biochemists and biophysicists have elucidated the discrete components, mechanism, and scope of
anthrax-mediated delivery. Derived from Bacillus anthracis, anthrax is a tripartite exotoxin,
composed of a highly immunogenic pore-forming protein called protective antigen (PA), a porebinding mitogen-activated protein kinase kinase-cleaving zinc metalloprotease called lethal factor
(LF), and a pore-binding adenylate cyclase called edema factor (EF).3–7 Mechanistically, anthrax
is similar to the other bacterial toxins mentioned. First, PA binds one of its native anthrax receptors,
tumor endothelial marker 8 (TEM8, also known as ANTXR1) or capillary morphogenesis gene 2
(CMG2, also known as ANTXR2).8,9 Subsequently, full-length PA (83 kDa) is cleaved by a furin16

family protease at an RKKR motif, yielding a 20 kDa subunit (PA20) and a 63 kDa subunit
(PA63).10,11 Following proteolysis, PA63 monomers oligomerize into a heptameric or octameric
prepore structure on the cell membrane surface.12 This prepore serves as a docking site for LF and
EF to bind, and the large multi-protein complex is internalized via receptor-mediated
endocytosis.13,14 Acidification of the endosomal compartment triggers a conformational
rearrangement which converts the PA prepore into a transmembrane PA pore, bridging the
endosomal lumen to the cytosol.15,16 Harnessing the proton gradient between the endosome and
cytosol, endosomal LF and EF unfold and traverse the 10 Å PA pore to reach the cytosol, wherein
LF and EF refold and carry out their respective catalytic functions to ultimately cause cell death
or edema.17–19
Anthrax can deliver a variety of non-native proteins and protein conjugates, beyond LF
and EF. It was discovered that a non-toxic N-terminal portion of LF (LFN) is sufficient to bind PA
and initiate translocation.20 By attaching cargoes to LF or LFN, it is possible to deliver a variety of
conjugates using PA.21 Early studies, for example, established that catalytic domains of other
toxins, such as pseudomonas exotoxin A and diphtheria toxin, can be delivered using this
strategy.22,23 Early work in our lab established that LFN-antibody mimetics – including fibronectinderived antibody mimics, DARPins, affibodies, and GB1 – could also be delivered to the cytosol
by anthrax-mediated delivery.24 Both

L-

and

D-peptides,

non-canonical side chain-bearing

peptides, and peptide-small molecule conjugates are also amenable to anthrax-mediated cytosolic
delivery.25,26 Moreover, recent work has demonstrated the delivery of peptide nucleic acids using
anthrax-mediated delivery.27,28 In sum, many therapeutic classes are amenable to cytosolic delivery
using modified anthrax toxin.
17

However, there are limitations to what can be delivered. Structural studies and experiments
employing cross-linked structures suggest that cargoes must be able to attain a linear structure in
order to translocate efficiently, and biophysical studies have indicated that the pore is highly
cation-selective.16,29–32 The assistance of certain chaperones in translocation, moreover, appears to
be protein-dependent.33–35 Finally, in order to be active, a translocated protein, such as an enzyme,
must be able to refold following translocation through the pore. These are useful guidelines when
evaluating whether cargoes are suitable for anthrax-mediated delivery.

1.2.

Engineering anthrax specificity
Though well-understood and highly potent, wild-type toxins are often therapeutically

limited by their off-target toxicity (i.e., toxicity to healthy tissue).36 Importantly, recent work has
demonstrated that it is possible to engineer anthrax to be selective by installing targeting ligands
on a variant of protective antigen. In particular, PA can be mutated such that it no longer binds its
native anthrax receptors, which are expressed ubiquitously. This mutant PA (mPA; N682A,
D683A) can be expressed as a fusion with a number of targeting ligands. This was first
demonstrated with an mPA-endothelial growth factor (EGF) fusion, which preferentially targets
cancer cells which overexpress endothelial growth factor receptor (EGFR).37–39 Similarly, previous
work demonstrated that it is possible to target HER2 receptors by fusing a HER2-targeting
affibody (ZHER2) to mPA.38,40 Importantly, this concept extends to antibodies as well. By fusing
a single-chain variable fragment-format antibody (scFv) to mPA, anthrax-mediated delivery can
be directed to any number of receptors for which there are previously known antibodies or scFvs.41
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Beyond protein fusions, this targeting strategy has also been demonstrated with mPA-targeting
ligand conjugates.42
Another strategy to increase anthrax’s selectivity is based on the proteolytic activation of
PA. In particular, the RKKR167 sequence in PA can be replaced with a non-native sequence, such
that PA is activated by a protease other than furin. For example, matrix metalloproteinases (MMPs)
have high expression on a number of tumors. By replacing RKKR167 with an MMP-cleavable
sequence

(e.g.,

GPLGLWAQ),

PA

can

be

preferentially

activated

in

the

tumor

microenvironment.43 Similarly, replacing RKKR167 with a sequence sensitive to the cancerassociated protease urokinase plasminogen activator (uPA) can install a degree of tumorselectivity.44,45 Furthermore, it was discovered that by mutating PA at sites that eventually make
contact with LF (in the prepore configuration of PA), it is possible to design PA mutants that are
complementary to each other but not to themselves (i.e., PA mutant A + PA mutant B is functional;
mutant A + mutant A is non-functional; and mutant B + mutant B is non-functional). By making
mutant A MMP-activated and mutant B uPA-activated, this intermolecular complementarity
strategy requires both MMP and uPA to be present for activity, enabling greater specificity.46,47

1.3.

Immunogenicity of protein therapies
Protein therapeutics are often hindered by their immunogenicity.48,49 This can lead to

adverse inflammatory reactions in the host, namely the formation of IgG-class neutralizing antidrug antibodies (ADAs) that limit both efficacy and the number of doses that can be
administered.50,51 This is especially true for non-human proteins, including bacterially derived

19

immunotoxins. Indeed, despite its clinical success, the immunotoxin Lumoxiti is in fact highly
immunogenic.52,53
The formation of ADAs principally involves antigen-presenting cells (APCs), T cells, and
B cells. Following the classic adaptive immune response pathway, foreign proteins are engulfed
by phagocytic APCs (e.g., immature dendritic cells), processed, and displayed on class II major
histocompatibility complex (MHC) molecules. Peptide-loaded class II MHCs and additional costimulatory cues are presented to T cells in lymph nodes.54 Antigen-specific T cells subsequently
mediate activation of B cells, promoting class switching from IgM to IgG and the generation of
memory B cells and plasma cells, providing a high-affinity and long-lived antibody response.55
A number of strategies have been developed to decrease the formation of ADAs, and these
can be broadly categorized as either non-specific or antigen-specific. Non-specific methods
include the use of immunosuppressants or other broadly acting agents. By design, a small molecule
or biologic immunosuppressant can be administered before an immunogenic protein therapy to
abrogate a humoral ADA response. In practice, this strategy has yielded mixed results.47,56,57 In
one case, despite total depletion of circulating CD20/CD19-positive B cells, neutralizing ADAs
were still generated against an immunotoxin therapeutic.58 Broad immunosuppression, moreover,
can introduce significant risk by immunocompromising recipients. Similarly, circulating
antibodies can be removed using an IgG-degrading enzyme derived from Streptococcus pyogenes
(IdeS). IdeS has shown promise both for transplantation purposes (i.e., prevention of graft-versushost disease) and in preclinical studies of anti-adeno-associated virus (AAV) antibody
formation.59,60 However, as a bacterially derived protein, IdeS faces its own immunological
hurdles, and may not be suitable for repeated administration.61
20

Anti-drug antibodies can also be addressed with antigen-specific strategies. One such
method involves identifying and silencing key immunogenic epitopes on the therapeutic protein
of interest. In particular, recent work has demonstrated that by mapping the T cell epitopes within
a protein and mutating these epitopes to minimize MHC binding while retaining the immunogenic
protein’s activity, it is possible to significantly decrease ADA formation upon administration of
the mutated construct.62–65 Similarly, proteins can be site-specifically modified with compounds
such as polyethylene glycol, which may mask key epitopes.66,67 While promising, these strategies
can be laborious, highly protein-dependent, and complicated by the highly polymorphic nature of
human MHC molecules.
An alternative strategy is to induce antigen-specific immunological tolerance.68 Antigens
(e.g., protein therapeutics, antigenic peptides) presented to the immune system in a noninflammatory context may induce antigen-specific tolerance. The simplest implementation of this
concept is in allergen-specific immunotherapy (SIT), which can be an effective means to suppress
immunological responses to allergens.69,70 Following multiple administrations of allergen,
recipients can become completely immunologically desensitized and even gain life-long allergenspecific tolerance. This peripheral tolerance process is associated with an increase in
immunosuppressive cytokines including IL-10, checkpoint proteins including PD-1, and allergenspecific regulatory immune cells including regulatory T cells and B cells.71–73 However,
application of this strategy to autoimmune indications, such as multiple sclerosis, has been
challenging.74–76
Several groups have explored antigen-specific tolerance induction using antigen-loaded
leukocytes, as opposed to freely administered antigen. Administration of leukocytes covalently
21

linked to antigens of interest can be a highly efficient means to induce antigen-specific tolerance.
In a mouse model of multiple sclerosis called experimental autoimmune encephalomyelitis (EAE),
leukocyte-antigen administration can prevent and even treat EAE.77–80 In a phase I trial, leukocyteantigen constructs were well tolerated and decreased antigen-specific T cell responses at higher
doses, suggesting that this cell-based strategy may be translatable to humans.81 Mechanistically,
the chemical cross-linking agent used to link antigens to leukocytes is also thought to promote
apoptosis, driving uptake and presentation of the linked antigen-derived peptides by APCs, leading
to antigen-specific peripheral tolerance.82 Similar to SIT, leukocyte-antigen administration is
associated with increased IL-10 secretion, upregulation of PD-L1 on APCs, and the activation of
regulatory T cells.83
Similarly, erythrocyte-antigen constructs have been investigated for antigen-specific
tolerance induction. A large number of erythrocytes are cleared every day in a process that is
similar to apoptosis (eryptosis), and thus antigen-loading on erythrocytes may be exploited to
increase uptake and presentation by phagocytic APCs and promote antigen-specific tolerance.
Recent work has explored this concept with covalent antigen-loading strategies (e.g., enzymatic
ligation of antigens to erythrocytes) and non-covalent antigen-loading strategies (e.g., conjugating
antigens to an erythrocyte-binding antibody).84–88 Both strategies have demonstrated impressive
antigen-specific tolerance induction, even in the context of autoimmune disease. Mechanistically,
erythrocyte-driven antigen-specific tolerance depends on PD-1/PD-L1 signaling and generates
regulatory T cells, mirroring the immunological changes observed following leukocyte-antigen
administration or SIT. In contrast, however, IL-10 was down-regulated following administration
of erythrocyte-binding antigens, which may suggest eryptosis-mediated antigen-specific
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peripheral tolerance is qualitatively different from apoptosis-mediated strategies and SIT.86 Of
note, erythrocyte antigen-loading involving the erythrocyte-binding L-peptide ERY1 has had
mixed results in terms of antigen-specific tolerance. While administration of ERY1-labeled
asparaginase decreased the formation of anti-drug antibodies in vivo,87 administration of ERY1labeled maltose-binding protein did not.89 This may be attributable to the proteolytic stability,
selectivity, or affinity of the L-peptide ERY1, which was discovered from an in vitro phage display
selection.

1.4.

Summary and outlook
Bacterial toxins represent a promising class of therapeutic. The pseudomonas exotoxin A-

derived drug Lumoxiti exemplifies the promise of engineered toxins which are naturally evolved
to overcome the impermeability of biological membranes. Anthrax toxin is another toxin which
has benefitted from decades of basic investigations and protein engineering. With its modular
configuration, anthrax could prove to be a powerful therapeutic route for in vivo cytosolic delivery
of any number of protein cargoes or combinations of cargoes, far beyond its native effector proteins
LF and EF. However, as is the case for many protein therapeutics, clinical application of anthrax
toxin is hindered by its immunogenicity and the formation of anti-drug antibodies. Due to the
limitations and risks associated with broad immunosuppression, the investigation of antigenspecific strategies will likely play a role in the future success of protein therapeutics, especially in
the case of highly immunogenic, non-human proteins such as protective antigen. Erythrocyte
antigen-loading is a particularly promising avenue for antigen-specific tolerance induction. This
strategy may benefit from further investigation of robust human erythrocyte-targeting ligands.
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Chapter 2: Anthrax toxin protective antigen-scFv fusions deliver
therapeutic enzymes to pancreatic cancer cells

Portions of the work presented in this chapter have been published and are presented with
permission from the publisher:
Loftis, A.R., Santos, M.S., Truex, N.L., Biancucci, M., Satchell, K.J.F., Pentelute, B.L. Anthrax
protective antigen re-targeted with single-chain variable fragments delivers enzymes to pancreatic
cancer cells. ChemBioChem. doi:10.1002/cbic.202000201 (2020).
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2.1.

Introduction
Pancreatic cancer is expected to become the second most lethal cancer by number of cases in

the next 10 years.1 The disease is aggressive, and in 80% of cases cannot be diagnosed in time for
surgical resection.2,3 Only 10% of patients are diagnosed with a localized stage of the disease. The
majority of patients are diagnosed at a distant stage, and face a 5-year survival rate of 3%.2 This
patient segment in particular has few treatment options and relies on untargeted chemotherapy
agents such as gemcitabine.4 Compounding this, cancers of the pancreas are also resistant to
checkpoint blockade therapy,5 due at least in part to a recently reported autophagy-driven
mechanism of immune evasion.6 Taken together, there is a critical need for potent targeted
therapies to address pancreatic cancers.
Targeted, efficient cytosolic delivery of cytotoxic proteins is a longstanding goal in cancer
research. Naturally-derived enzymes, such as the diphtheria toxin A chain (DTA), possess
uniquely potent toxicity - one molecule of DTA is sufficient to kill the cell.7 Others, such as
MARTX toxin-derived Ras/Rap1-specific endopeptidase (RRSP), cleave key oncoproteins which
are otherwise undruggable (i.e., KRas).8–13 Though enzyme-based cancer therapy is potentially
powerful, intracellular protein delivery remains a challenge due to the plasma membrane, which
acts as a barrier to the cytosol where the majority of tumor-sustaining processes take place.14
Anthrax is an emerging protein delivery platform.15–18 Derived from Bacillus anthracis,
anthrax lethal toxin has a modular design consisting of an 83 kDa pore-forming protein protective
antigen (PA83) which binds to ubiquitously expressed anthrax receptors TEM8 and CMG2.19,20
After binding, PA83 becomes proteolytically activated, loses a 20 kDa PA20 fragment, and
oligomerizes. This PA63 prepore binds lethal factor (LF) and internalizes into an endosome.21–23
32

At an acidic pH, oligomeric PA63 forms a sodium dodecyl sulfate (SDS)-resistant transmembrane
β-barrel pore, then translocates LF from the endosomal lumen to the cytosol.24–26 The non-toxic
N-terminal domain of LF (LFN) alone was found to be sufficient for pore-binding and initiation of
translocation, leading to the development of a protein drug delivery platform based on PA/LFN.15,27
The PA/LFN platform is amenable to cytosolic delivery of a variety of cargoes, which can be easily
attached to the C-terminus of LFN.
Therapeutic application of anthrax (as is the case for many protein toxins) was initially limited
by its non-specificity, as PA natively targets the ubiquitously expressed receptors TEM8 and
CMG2.28,29 However, recent work has established that attachment of targeting ligands to a mutant
mPA (N682A D683A) that does not bind TEM8 or CMG2 can re-target PA/LFN-cargo delivery
via non-native receptors.30–32 For example, fusion of mPA to epidermal growth factor can direct
LFN-cargo delivery to cells bearing epidermal growth factor receptors (EGFR).30 This specific
strategy, however, requires prior knowledge of a cognate ligand which can both confer selectivity
to different cancer types and can be expressed as a fusion protein with mutant protective antigen.
We sought to develop a versatile mPA-targeting ligand strategy against a variety of pancreatic
cancer-relevant receptors. We reasoned that single-chain variable fragment antibody fragments
(scFvs) were ideal targeting ligands because they provide high affinity binding to a number of
antigens and could conceivably be expressed as mPA-scFv fusion proteins.33
Here we describe our investigations into whether mPA can be re-targeted with scFv fusions
to efficiently deliver toxic proteins to pancreatic cancer cells (Figure 2.1.1). For these studies, we
selected two specific receptors suitable for re-targeting mPA/LFN. The first, EGFR, is a wellcharacterized receptor involved in cell growth and proliferation, and is overexpressed on the
33

surface of many types of pancreatic cancer cells.34 The second, carcinoembryonic antigen (CEA),
though widely used as a serum biomarker, exhibits positive expression rates on the surface of
pancreatic cancer cells and minimally elsewhere.35–38
We investigated the mPA-scFv fusions’ properties and confirmed that the basic functions of
PA were retained. We observed that mPA-scFv fusions delivered functional protein cargoes in a
re-targeted manner, matching their intended receptor specificity. We found that cytosolic delivery
was amenable to multiple protein cargoes, and that mPA-scFv fusions could enable potent in vitro
pancreatic cancer therapy.
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Figure 2.1.1. Delivery of LFN-appended cargoes mediated by mPA-scFv fusion proteins that
bind receptors of interest on the cell surface. a) Schematic representation of monomeric anthrax
toxin protective antigen mutant (N682A, D683A; mPA) single-chain variable fragment (scFv) Cterminal fusion (mPA-scFv), linked via a SPGHKTQP linker (composite of PDB 1TZO and 1P4I).
The scFvs selected target EGFR and carcinoembryonic antigen (CEA). b) Mechanism of receptortargeted cell entry of LFN-DTA, which generally applies to different receptors and LFN-cargo
constructs.
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2.2.

Results

2.2.1. mPA-scFv fusions retain native functions of protective antigen
Re-targeting of anthrax-mediated delivery involves two modifications of the pore-forming
protein PA. First we introduced two mutations in PA to ablate binding to the ubiquitously
expressed anthrax receptors CMG2 and TEM8, yielding mPA.39 Then we prepared mPA fusion
constructs to an EGFR-targeting scFv (E1v3) (developed using yeast display; Appendix Figure
2.6.1, Appendix Table 2.6.1) and a previously reported CEA-targeting scFv (sm3e) (mPA-E1v3,
mPA-sm3e; Appendix Figure 2.6.2).40 The mPA-scFv fusions were expressed in E. coli and
purified.
mPA-scFv fusions retain the ability of wild-type PA to become proteolytically activated,
oligomerize, and form SDS-resistant pores in response to acid. These basic functions of wild-type
PA and mPA-scFv fusions were characterized by SDS-PAGE. PA83 treated with trypsin and
exposed to basic pH ran as a ~60 kDa species, corresponding to PA63 (i.e., loss of PA20) (Figure
2.2.1 lanes 2-3). However, at acidic pH this trypsinized PA ran as a high molecular weight species,
indicating formation of the SDS-resistant oligomeric pore (lanes 4-5). Similarly, trypsin activation
of the ~110 kDa mPA-scFv fusions yielded ~90 kDa proteins at basic pH (lanes 7-8, 12-13) and
high molecular weight species at acidic pH, indicating formation of SDS-resistant mPA-scFv pores
(lanes 9-10, 14-15). Of note, trypsin treatment of mPA-scFvs also formed PA-sized products,
indicating proteolytic susceptibility of the mPA-scFv fusion linker (lanes 7-10, 12-15).
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Figure 2.2.1. Characterization of mPA-scFv fusion indicates retention of SDS-resistant pore
formation. SDS-PAGE analysis of PA and mPA-scFvs following trypsin treatment and anion
exchange chromatography purification (denoted by *). Exposure of PA* and mPA-scFv*
constructs to acidic pH led to formation of SDS-resistant oligomer, indicating successful pore
formation.
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2.2.2. mPA-scFv fusions are capable of cytosolic delivery
mPA-scFv fusions efficiently translocate a toxin-derived reporter to the cellular cytosol. The
enzyme DTA (catalytic A chain of diphtheria toxin) inhibits protein synthesis via ADPribosylation of eukaryotic elongation factor 2.41 As a truncate of full-length diphtheria toxin, DTA
cannot reach the cytosol alone. Thus, in combination with PA, the LFN-DTA construct can report
on cytosolic delivery via protein synthesis inhibition. In tissue culture, protein synthesis can be
accurately measured by measuring the ribosomal incorporation of 3H-leucine spiked into the
surrounding cell media. When AsPC-1 pancreatic cancer cells were treated with PA/LFN-DTA,
protein synthesis was inhibited at sub-picomolar concentrations of LFN-DTA (Figure 2.2.2). mPAE1v3/LFN-DTA and mPA-sm3e/LFN-DTA treatments also demonstrated this effect at picomolar
concentrations of LFN-DTA. However, mPA-scFv fusions bearing an F427H translocationdisrupting mutation (e.g., mPAH-E1v3) did not.42 Similarly, treatments containing LFN alone
instead of LFN-DTA did not inhibit protein synthesis. Intracellular protein synthesis inhibition,
therefore, was dependent on the successful translocation of DTA. Overall, these results suggest
that mPA-scFv fusions deliver DTA to the cytosol via the proposed mechanism (Figure 2.1.1).
While mPA-scFv fusions demonstrated efficient sub-nanomolar protein synthesis inhibition, we
also note that they are less efficient than wild-type PA, which could be attributable to differences
in available receptors, receptor dynamics, ligand-receptor interactions, protease activation of
mPA-scFv fusions, or a combination thereof.
mPA-scFv fusions rely on their target receptors for activity. To investigate the specificity of
the mPA-scFv fusions, we observed their potency on CHO cells, which express anthrax receptors
but not EGFR or CEA.43,44 In combination with LFN-DTA, wild-type PA inhibited protein
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synthesis, but mPA-E1v3 and mPA-sm3e did not (Figure 2.2.3). This observation highlights the
cell surface receptor-specificity attained upon re-targeting mPA with scFv fusions.
mPA-scFv fusions deliver LFN to the cytosol as confirmed by an additional assay (Figure
2.2.4). AsPC-1 cells were treated with LFN alone, PA/LFN, or mPA-scFv/LFN for 24 h. The
cytosolic fraction was extracted by digitonin and compared to total lysate by Western blot. An LFN
band was present in all PA or mPA-scFv lanes, but not in the LFN-only lane. Immunoblotting
against Rab5 (endosomal marker) revealed a faint band in digitonin-extracted samples and an
intense band in total lysates. An intense ERK (cytosolic marker) band was present in all samples.
The uniform intensity of ERK across all samples and faintness of Rab5 in digitonin extracts
indicates successful fractionation. Therefore, the PA-dependent presence of LFN in these lanes
(labeled “Cytosol”) suggests that PA, mPA-E1v3, and mPA-sm3e successfully translocated LFN
in all cases.
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Figure 2.2.4. mPA-scFv constructs translocate LFN constructs to the cytosol of pancreatic
cancer cells as determined by Western blot. AsPC-1 cells were treated with 50 nM PA construct
and 100 nM LFN for 24 h. The cytosol was prepared using extraction with a mild detergent
digitonin, and total lysate was prepared using RIPA buffer separately (20 µg total protein loaded).
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2.2.3. In vitro cancer therapy using mPA-scFvs in combination with LFN-DTA
mPA-scFv fusions combined with LFN-DTA are potent in vitro cancer therapies. AsPC-1 cells
were treated with LFN or LFN-DTA in combination with PA, mPA-E1v3 constructs or mPA-sm3e
constructs for 72 h, after which the ATP content was measured with a luminescent cell viability
assay (CellTiter-Glo) (Figure 2.2.5). mPA-E1v3 demonstrated cell proliferation inhibition with
sub-picomolar concentrations of LFN-DTA, though with a potency roughly an order of magnitude
less than that of wild-type PA/LFN-DTA. mPA-sm3e demonstrated similar potency. Both F427H
mutants and LFN control groups lacking DTA had no significant effect on cell viability, indicating
that the observed toxicity was due to successful translocation of DTA. These experiments illustrate
the potency of the mPA-scFv/LFN-DTA platform against pancreatic cancer cells in vitro and its
potential toward development as a novel therapeutic modality.
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Figure 2.2.5. EGFR- or CEA-targeted delivery of DTA to cytosol of pancreatic cancer cells,
mediated by mPA-scFvs, promotes cell death. Dose-response curve indicating relative cell
viability of AsPC-1 cells treated with PA or mPA-scFvs targeting EGFR or CEA and varying
concentrations of LFN constructs. Luminescent quantitation of ATP present in cells indicated
relative cell viability. Values were normalized to an untreated control (n = 3, values expressed as
means ± SD).
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2.2.4. Expanding the scope of cargoes deliverable by mPA-scFvs
We aimed to expand our selection of available cytotoxic cargoes based on our understanding
of pancreatic cancer. KRAS, NRAS, and HRAS comprise the most frequently mutated family of
human oncogenes.45 Key to pancreatic cancer in particular is an oncogenic mutation in KRAS,
which can drive mutations in p53, leading to progression of tumor growth.46,47 Despite this
understanding, traditional approaches to Ras inhibition have struggled to produce a clinically
effective therapy.45
RRSP is a recently characterized protease that cleaves and inactivates Ras and Rap1.8–13
Importantly, cytosolic RRSP was found to process endogenous Ras protein and disrupt
downstream ERK signaling, leading to cell rounding and cytotoxicity. Though challenging,
targeted cytosolic delivery of this protease would be a promising tool against Ras-driven pancreatic
cancers. We therefore envisioned a treatment based on pancreatic cancer cell-targeted Ras
cleavage using LFN-RRSP and mPA-E1v3 (Figure 2.2.6).
RRSP is amenable to PA-mediated translocation. We investigated whether RRSP would
impede translocation of LFN-DTA through the PA pore by preparing a C-terminal fusion of RRSP
to LFN-DTA. As before, 3H-leucine incorporation was measured to determine protein synthesis in
cells treated with PA and varying concentrations of LFN, LFN-DTA, or LFN-DTA-RRSP (Figure
2.2.7). Protein synthesis was inhibited at comparable concentrations of LFN-DTA and LFN-DTARRSP. Therefore, C-terminal fusion to RRSP did not appear to prohibit translocation of the DTA
reporter.
mPA-E1v3 delivers RRSP to cleave the oncoprotein Ras and disrupt ERK signaling. We
prepared an LFN-RRSP fusion to study the effect of RRSP translocation to the cytosol. Using
45

Western blot, we interrogated the effects of mPA-E1v3/LFN-RRSP treatment on Ras signaling in
AsPC-1 pancreatic cancer cells (Figure 2.2.8). Immunoblotting the cytosol from PA/LFN-RRSPor mPA-E1v3/LFN-RRSP-treated cells indicated an RRSP dose-dependent loss of Ras intensity.
Further analysis indicated sustained levels of total intracellular ERK but an RRSP dose-dependent
loss of downstream phosphorylation (i.e., pERK), indicating disruption of the Ras-associated ERK
pathway, reflecting LFN-RRSP activity previously seen using wild-type PA.12
Targeted delivery of RRSP using mPA-E1v3 is a potent pancreatic cancer therapy in vitro
(Figure 2.2.9). We treated AsPC-1 cells with LFN-RRSP in combination with PA, mPA-E1v3, or
the translocation-deficient F427H variant for 72 h. Intracellular ATP was quantitated using a
luminescent assay (CellTiter-Glo) as an indicator of cell viability. We observed LFN-RRSP dosedependent cell killing in combination with EGFR-targeting mPA-E1v3, with sub-nanomolar
potency. This was roughly ten-fold less potent than PA/LFN-RRSP and roughly ten thousand-fold
less potent than PA/LFN-DTA. The mPA-E1v3 F427H translocation-deficient variant in
combination with LFN-RRSP demonstrated minimal toxicity, suggesting that any toxicity was due
to translocation of RRSP.
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48

X XX X
Ras cleavage,
disruption of ERK
pathway, cell death

6. Translocation

AsPC-1 cells, human EGFR+, CEA+
[LFN-RRSP]
(log[M])

-7

-8

-9 -10 -11 -12 -7

PA

+

+

+

+

+

+

-

-

-

-

-

mPA-E1v3

-

-

-

-

-

-

+

+

+

+

+

-8

-9 -10 -11 -12

-

-

-

+

-

-

+

-

-

+

-

-

+

-

Ras
pERK
ERK

AsPC-1 cells, human EGFR+, CEA+

Normalized luminescence (%)

Figure 2.2.8. mPA-scFv-mediated
of RRSP
disrupts
ERK
signalling. AsPC-1 cells
PA + LFdelivery
mPA-E1v3
+ LF
N-DTA
N-RRSP
were treated with150
50 nM PA construct and 100 nM LFN for 24 h. The cytosol was prepared using
PAdigitonin,
+ LFN-RRSP
mPA(F427H)-E1v3
LFN-RRSP
extraction with a mild detergent
and samples
were analysed by +Western
blot (20 µg total
protein loaded).
Cell viability assay

100

50

0
-18

IC50:
40 pM

IC50: 0.03 pM

-16

-14

-12

IC50: 300 pM

-10

-8

LFN construct concentration (log[M])

49

-6

Ras
pERK
ERK

Normalized luminescence (%)

AsPC-1 cells, human EGFR+, CEA+

150

PA + LFN-DTA

mPA-E1v3 + LFN-RRSP

PA + LFN-RRSP

mPA(F427H)-E1v3 + LFN-RRSP

Cell viability assay

100

50

0
-18

IC50:
40 pM

IC50: 0.03 pM

-16

-14

-12

IC50: 300 pM

-10

-8

-6

LFN construct concentration (log[M])
Figure 2.2.9. mPA-scFv-mediated delivery of RRSP causes cell death. Dose-response curve
indicating relative cell viability of AsPC-1 cells treated with 50 nM PA or mPA-scFv constructs
targeting EGFR and LFN constructs. Luminescent quantitation of ATP present in cells indicated
relative cell viability. Values were normalized to an untreated control (n = 3, values expressed as
means ± SD).

50

2.3.

Discussion
The anthrax protective antigen-scFv fusions targeting EGFR (mPA-E1v3) and CEA (mPA-

sm3e) described here offer a solution to the challenge of targeted protein drug delivery to the
cytosol of pancreatic cancer cells. We found that mPA-scFv fusions retain the basic functions of
protective antigen. In particular, they can be proteolytically activated by trypsin and form SDSresistant oligomers in response to acid. We also observed that mPA-scFvs enabled selective
delivery of two toxic enzymes DTA and RRSP to the cytosol of cancer cells, but not to CHO cells
which do not bear human EGFR or CEA. This re-targeted receptor-dependence demonstrates the
selectivity of this design. Importantly, cargoes were delivered via a translocation-dependent
mechanism. These engineered bacterial toxins, moreover, demonstrated potent in vitro
cytotoxicity, harnessing two powerful enzymatic effector functions, protein synthesis inhibition
and Ras cleavage.
Importantly, the mPA-scFv construct was easily expressed as a single fusion protein from
E. coli, and did not require enzymatic or chemical conjugation. The two proteins were joined by a
diphtheria toxin-derived linker previously used in a similar fusion PA fusion construct.48 The
proteolytic susceptibility of the mPA-scFv fusion linker did not prove to be prohibitive, but could
be improved in future iterations of this platform, for example by mutating lysine to a less
proteolytically susceptible amino acid.
The in vitro success of the mPA-scFv constructs points to the broad potential of this retargeted mPA-scFv/LFN modality for cancer therapy, as this technology could conceivably be
directed to a wide array of receptors using previously known scFvs or potentially even full-length
antibodies for cell-specific delivery of different therapeutic proteins. Similar approaches have been
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pursued with other bacterial toxins, namely diphtheria toxin and pseudomonas exotoxin A.49 As a
modular toxin with discrete pore-forming and effector components (i.e., PA and LF), anthrax lethal
toxin poses unique advantages over monopartite toxins. In particular, multiple LFN-cargoes can be
administered and cytosolically delivered by a single PA construct, which may enable synergistic
effects between different effectors. Further, combinations of two highly specific re-targeted mPAscFv fusions could be combined for precise delivery by leveraging intermolecular
complementation.50 We also envision that mPA-scFvs could be made more specific by mutating
the furin-cleavage site to a sequence that is cleaved by tumor-associated proteases (e.g.,
MMPs).29,51,52

The

mPA-scFv/LFN-cargo

combinations

demonstrated

here

present

a

fundamentally new route to engineered immunotoxins and warrant further investigation in tumor
models.
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2.4.

Experimental

2.4.1. Saccharomyces cerevisiae yeast culture
EBY-100 yeast cells were cultured in SD-CAA media (20 g/L dextrose, 6.7 g/L yeast
nitrogen base, 5 g/L casamino acids, 10.5 g/L sodium citrate, 7.4 g/L citric acid monohydrate, pH
4.5) at 30 °C with shaking at 200 RPM. Induction of scFv expression was performed in SG-CAA
media (2 g/L dextrose, 18 g/L galactose, 6.7 g/L yeast nitrogen base, 5 g/L casamino acids, 5.4
g/L Na2HPO4, 8.56 g/L NaH2PO4·H2O, pH 6.0) at 20 °C with shaking.

2.4.2. Transformation of yeast
To transform EBY-100 cells with scFv library DNA, yeast cultures were initially grown
overnight in YPD buffer (10 g/L yeast extract, 20 g/L peptone, 20 g/L dextrose). Yeast were then
diluted to OD600 nm = 0.1, then grown until cell density was 1.3-1.5x107 cells/mL. Cells were then
resuspended in buffer (100 mM lithium acetate, 10 mM tris, 1 mM EDTA, pH 7.5) at 30 °C for 15
minutes. Tris pH 8.0 containing DTT was added to a final concentration of 10 mM, then the cells
were cultured with shaking at 30 °C for 30 minutes.
Cells were then pelleted, washed twice with buffer E (10 mM tris, pH 7.5, 270 mM sucrose,
1 mM MgCl2), and resuspended in 1 mL of buffer E. Cells were mixed with scFv library DNA and
placed in a 2 mm electroporation cuvette, then pulsed at 25 µF, 0.57 kV. Electroporated cells were
allowed to recover in YPD at 30 °C for 1 hour, then cultured in SD-CAA.
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2.4.3. Directed evolution via error-prone PCR
Yeast DNA was extracted using Zymoprep kit (Zymogen). For clone screening, DNA was
then transformed into XL1-Blue E. coli and individual colonies were picked and sequenced.
Library DNA or individual clones were then subjected to mutagenesis for affinity maturation.
DNA was amplified using Taq polymerase in a reaction containing additional nucleotide
substitutes (2 µM 8-oxo-dGTP and dPTP).

2.4.4. Library screening of yeast binders
Biotinylated EGFR was immobilized on Dynabeads (Invitrogen). Induced yeast libraries
expressing candidate scFvs including the clone E1v3 were incubated with these beads. Beads
bound with yeast were recovered using magnetic bead sorting and cultured in SD-CAA media.
This process was repeated until biotinylated EGFR bound to beads could be detected by flow
cytometry.
Induced libraries were incubated with anti-c-Myc antibody (Gallus Immunotech) and
biotinylated EGFR. Anti-c-Myc signal was used to measure expression of full-length scFvs, while
anti-biotin antibody was used to measure affinity of scFv clones toward EGFR. Cells were
analyzed using FACS Aria (BD Biosciences) fluorescent cell sorter, and yeast showing a high
binding signal relative to scFv expression were collected and cultured.

2.4.5. Preparation of mPA-E1v3
The E1v3 scFv gene was cloned into an existing plasmid containing the mPA gene
(protective antigen, N682A, D683A; Table 2.6.1). The primers E1v3 FWD and E1v3 REV (Table
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2.6.2) were used to create large primers containing the scFv gene, then inserted into the mPA
backbone using site-directed mutagenesis (Agilent QuikChange Lightning Mutagenesis Kit).
F427H mutants were generated using site-directed mutagenesis with the primers F427H FWD and
F427H REV.
PA constructs were overexpressed in the periplasm of BL21 E. coli cells. Protein was
extracted from frozen culture pellets by resuspension in sucrose buffer (20% w/v sucrose, 1 mM
EDTA, 20 mM tris, pH 8.5). This was followed by centrifugation, a wash with 20 mM tris pH 8.5,
centrifugation, and a resuspension of the cell pellet in 5 mM MgSO4. Tris pH 8.5 was added to a
concentration of 20 mM, and the final suspension was centrifuged and the supernatant filtered on
a 0.22 micron bottle-top filter.
PA was isolated from the supernatant using anion exchange chromatography (Q HP
column, GE Healthcare) from a gradient of 0 to 250 mM NaCl. Protein-containing fractions were
pooled, concentrated using 30 kDa MWCO Amicon centrifugal filters (Millipore), and purified
again using size-exclusion chromatography on a SuperDex 200 gel filtration column (GE
Healthcare). Proteins were analyzed by SDS-PAGE to confirm size.

2.4.6. Preparation of mPA-sm3e
The sm3e scFv gene was a generous gift from K. Dane Wittrup (Massachusetts Institute of
Technology). The gene was cloned into an existing plasmid containing the mPA gene using the
primers sm3e FWD and sm3e REV (Table 2.6.1, 2.6.2) to create large primers containing the scFv
gene. This extended DNA fragment was inserted into the mPA backbone using site-directed
mutagenesis (Agilent QuikChange Lightning Mutagenesis Kit).
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2.4.7. Preparation of LFN-RRSP
The DNA encoding RRSP was a generous gift from Karla Satchell’s lab at Northwestern
University. QuikChange mutagenesis was used to insert this gene into a previously generated
plasmid containing the gene for LFN expressed as a fusion to His-tagged SUMO. DNA for LFN,
LFN-DTA, and LFN-RRSP was transformed into BL21 cells and cultured in 1 L of LB medium in
an incubator shaker at 37 °C to OD600 nm = 0.6, at which point cultures were grown at 30 °C and
protein expression was induced with 0.4 mM IPTG for 16 hours. Cultures were centrifuged to form
cell pellets, then resuspended in tris-buffered saline (pH 7.5) with a small amount of lysozyme and
half a tablet of protease inhibitor cocktail (Roche). The suspension was sonicated to lyse the cells,
then centrifuged to remove cell solids. The supernatant was filtered, then passed through a HisTrap
FF Ni-NTA column to allow the SUMO fusion to bind the column. Protein was eluted with trisbuffered saline and 500 mM imidazole, then desalted via HiTrap Desalting Column (GE
Healthcare). SUMO was cleaved from LFN by reacting with SUMO protease for 1 h at room
temperature, and soluble LFN construct was purified by collecting the flow-through from a second
pass through a HisTrap FF Ni-NTA column. Proteins were analyzed by SDS-PAGE to confirm
size.

2.4.8. Cell culture
AsPC-1 cells were obtained from American Type Culture Collection (CRL 1682). Cells
were maintained in a tissue culture incubator and grown in RPMI medium supplemented with 10%
fetal bovine serum, 100 units/mL penicillin, and 100 µg/mL streptomycin.
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2.4.9. Protein synthesis inhibition assay
AsPC-1 cells were seeded in a 96-well tissue culture plate at 500 cells per well and grown
72 h. Cells were then treated with media containing LFN, LFN-DTA, or LFN-DTA-RRSP at
varying concentrations as well as 50 nM PA, mPA-E1v3, mPA-sm3e, or F427H variants (n = 3).
The plate was incubated at 37 °C for 4 h, then washed three times with phosphate-buffered saline
(PBS) and incubated at 37 °C for 8 h in leucine-deficient medium supplemented with 3H-leucine
at 1 µCi/mL. Cells were washed three times with PBS, then lysed using Microscint-20 (Perkin
Elmer). Protein synthesis levels were measured by determining incorporation of 3H-leucine using
a 1450 Microbeta Luminescence and Liquid Scintillation Counter (Perkin Elmer).

2.4.10. Western blotting analysis
For Ras cleavage and signaling pathway analysis, AsPC-1 cells were grown in a 12-well
tissue culture plate until 80% confluency (0.5 million cells for 72 h). Cells were treated with media
containing 100 nM LFN, LFN-DTA, or LFN-RRSP and 50 nM PA or mPA-E1v3 for 24 h at 37 °C.
After this step, cells were washed with PBS, then lysed using SDS buffer (50 mM tris HCl, 2%
SDS, 5% glycerol, 5 mM EDTA with protease and phosphatase inhibitors). The lysates were
filtered using AcroPrep Filter Plates with Bio-Inert Membranes (Pall Life Sciences), then run on
SDS-PAGE gels and transferred to Western blot membranes. Western blots were sequentially
incubated with anti-Ras antibody, anti-pERK antibody, and anti-ERK1/2 antibody (Cell Signaling
Technologies), then incubated with anti-rabbit antibody labeled with IRDye and imaged on an
Odyssey Imaging System (LI-COR Biosciences).
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For translocation quantification, AsPC-1 cells (0.5 million cells) seeded 72 h prior were
treated for 24 h with 50 nM PA, mPA-E1v3, or mPA-sm3e and 100 nM of LFN. Cells were then
washed with PBS and trypsinized. The cell pellet was treated with digitonin buffer (50 µg/mL
digitonin, 1 mM NaH2PO4, 75 mM NaCl, 8 mM Na2HPO4, 250 mM sucrose, Roche cOmplete
protease inhibitor cocktail, pH 7.7) or radioimmunoprecipitation assay (RIPA) buffer (0.022% beta
glycerophosphate, 1% tergitol-NP40, 0.018% sodium orthovanadate, 0.5% sodium deoxycholate,
0.038% EGTA, 0.1% SDS, 0.61% tris, 0.029% EDTA, 0.88% NaCl, 0.112% sodium
pyrophosphate decahydrate) and centrifuged at 16,000 g for 5 min or 10 min respectively. The
protein concentration in the supernatant was quantified by bicinchoninic acid assay (Rapid Gold
BCA Protein Assay, Thermo Scientific Pierce) and run on SDS-PAGE and transferred to Western
blot membranes. Western blots were stained with goat anti-LF antibody (Santa Cruz
Biotechnology) followed by anti-goat HRP antibody, then imaged on a ChemiDoc MP Imaging
System (Bio-Rad).

2.4.11. Cell viability assay
AsPC-1 cells (500 cells per well) were seeded in a 96-well tissue culture plate and grown
72 h. Cells were then treated with media containing LFN, LFN-DTA, or LFN-RRSP at varying
concentrations as well as 50 nM PA, mPA-E1v3, or F427H variants (n = 3). The plate was
incubated at 37 °C for 72 h. Quantification of ATP in cells was carried out using the CellTiter-Glo
Luminescent Viability Assay (Promega) according to manufacturer’s protocols. The tissue culture
plate was cooled to room temperature, and 90 µL of resuspended CellTiter-Glo reagent was added
to each well. Cells were shaken in order to mix the reagent and lyse the cells, then incubated at
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room temperature for 10 min. Luminescence (RLU) was quantified using a 1450 Microbeta
Luminescence and Liquid Scintillation Counter (Perkin Elmer).
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2.6.

Appendix
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Figure 2.6.1. Evaluation of E1v3 scFv affinity to human epidermal growth factor receptor
(EGFR) by bio-layer interferometry (BLItz System, ForteBio). Affinity of the scFv was
measured against biotinylated EGFR immobilized on streptavidin tips. The binding affinity was
calculated to be 4 nM.
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Figure 2.6.2. Coomassie stained SDS-PAGE gel of protective antigen constructs and lethal
factor N-terminal domain constructs. Constructs used in these studies following expression in
E. coli and FPLC purification.
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Table 2.6.1. DNA sequence of E1v3 scFv.
scFv 5’-GATATCCAGATGACCCAGTCCCCGAGCTCCCTGTCCGCCTC
TGTGGGCGATAGGGTCACCATCACCTGCCGTGCCAGTCAGG
GTTCTGATTCTTACAGTGTGGCCTGGTATCAACAGAAACCA
GGAAAAGTTCCGAAGCTCCTGATTTACGGTGCATCCTACCT
CTACTCTGGAGTCCCTTCTCGCTTCTCTGGTAGCCGTTCCGA
GACGGATTTCACTCTGACCATCAGCAGTCTGCAGCCGGAAG
ACTTCGCAACTTATTACTGTCAGCAATCTTCTCCGTACCCGT
CTCTGATCACGTTCGGACAGGGTACCAAGGTGGAGATCAAA
GGTACTACTGCCGCTAGTGATAGTAGCGGTGGCAGTAGCAG
TGGTGCCGAGGTTCAGCTGGTGGAGTCTGGCGGTGGCCTGG
TGCAGCCAGGGGGCTCACTCCGTTTATCCTGTGCAGCTTCTG
GCTTCAACATCTACTCTTACGGTATGCACTGGGTGCGCCAGG
CCCCGAGTAAGGGCCCGGAATGGGTTGCAGGTATTTACCCT
GCTTACGGCTCTACTTACTATGCCGATAGCGTCAGGGGCCGT
TTCACTATAGGCGCAGACACATCCAAAAACACAGCCTACCT
ACAAATGAACAGCTTAAGAGCTGAGGACACTGCCGTCTATTA
TTGTGCTCGCCCGTACTCTTACACTGGTGCTATTGACTACTGG
GGTCAGGGAACCCCGGTCACCGTCTCCTCGGGATTCGAACAA
AAGCTTATTTCTGAAGAGGACTTGTAATAG-3’
HC 5’-GAGGTTCAGCTGGTGGAGTCTGGCGGTGGCCTGGTGCAGCCA
GGGGGCTCACTCCGTTTATCCTGTGCAGCTTCTGGCTTCAACA
TCTACTCTTACGGTATGCACTGGGTGCGCCAGGCCCCGAGTAA
GGGCCCGGAATGGGTTGCAGGTATTTACCCTGCTTACGGCTCT
ACTTACTATGCCGATAGCGTCAGGGGCCGTTTCACTATAGGCG
CAGACACATCCAAAAACACAGCCTACCTACAAATGAACAGCT
TAAGAGCTGAGGACACTGCCGTCTATTATTGTGCTCGCCCGTA
CTCTTACACTGGTGCTATTGACTACTGGGGTCAGGGAACCCCG
GTCACCGTCTCCTCG-3’
LC 5’-GATATCCAGATGACCCAGTCCCCGAGCTCCCTGTCCGCCTCTGT
GGGCGATAGGGTCACCATCACCTGCCGTGCCAGTCAGGGTTCT
GATTCTTACAGTGTGGCCTGGTATCAACAGAAACCAGGAAAAG
TTCCGAAGCTCCTGATTTACGGTGCATCCTACCTCTACTCTGGA
GTCCCTTCTCGCTTCTCTGGTAGCCGTTCCGAGACGGATTTCAC
TCTGACCATCAGCAGTCTGCAGCCGGAAGACTTCGCAACTTAT
TACTGTCAGCAATCTTCTCCGTACCCGTCTCTGATCACGTTCGG
ACAGGGTACCAAGGTGGAGATCAAA-3’
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Table 2.6.2. PCR primers.

E1v3
FWD
E1v3
REV
F427H
FWD
F427H
REV
sm3e
FWD
sm3e
REV

5’-ATCTTCTCTAAGAAAGGCTACGAAATCGGTGAATTCAGC
CCGGGTCATAA-3’
5’-TATGGGGTGTCGCCCTTGGGGTTAACCTTACGAGGAGAC
GGTGACCAGGG-3’
5’-CTGAACGCTCAGGACGACCACTCTTCCACCCCGATCAC-3’
5’-CAGTTCAGCCAGCTGGTTGCAGATGTTCTGAGAGGTTTG-3’
5’-GAATTCAGCCCGGGTCATAAAACCCAGCCGCAAGTTAA
ACTGGAACAGTC-3’
5’-TCAGTGGTGGTGGTGGTGGTGCTCGAGTTACTTGATTTCC
AACTTCGTTC-3’
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Chapter 3: Erythrocyte-targeted immunomodulatory antigens
enabled by in vivo selection of D-peptides

Portions of the work presented in this chapter have been submitted for publication:
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Loas, A., Collier, R.J., Ploegh, H., Irvine, D.J., Pentelute, B.L. “Erythrocyte-targeted
immunomodulatory antigens enabled by in vivo selection of D-peptides”
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3.1.

Introduction
As the principal cellular component of blood, erythrocytes not only play a critical role in

the transport of oxygen but are also implicated in the induction of antigen tolerance.1–5 Covalent
or non-covalent loading of antigens onto erythrocytes can drive antigen-specific tolerance, which
is of great interest in mitigating formation of anti-drug antibodies and other adverse inflammatory
and autoimmune reactions. While promising, erythrocyte antigen loading strategies are often
complex, requiring ex vivo manipulation or bioconjugation to a large antibody.
Cell-targeting peptides (CTPs) provide an attractive alternative targeting strategy, as
protein and peptide antigens can be easily attached to target-specific CTPs.6,7 However, CTPs are
typically composed of L-amino acids (L-peptides or L-CTPs), and therefore have had limited
clinical impact due to their susceptibility to proteolysis.
One method to reduce susceptibility to proteolysis of L-CTPs is to use D-amino acids
instead. For example, L-CTPs found in nature or from biological libraries (e.g., phage display) can
be synthesized as a “retro-inverso” form to yield the D-enantiomer with inverted amino acid
sequence.8–12 In these cases, retention of binding affinity is difficult to predict. Alternatively, a
one-bead-one-compound (OBOC) screening approach can be used to discover novel D-enantiomer
CTPs, but this requires covalent attachment of each library member to a solid support.13 Because
of this limitation, OBOC library screens are limited to in vitro applications (e.g., on-cell selection),
and therefore do not ensure tissue selectivity in vivo and fail to fully capture the mechanical
processes that govern biodistribution. While these strategies have allowed progress in the
discovery of CTPs, there is a critical need for a technique that can reliably generate D-CTPs that
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function efficiently within a living animal. We envisaged an in vivo selection of a D-peptide library
as a feasible strategy to identify D-CTPs.

3.2.

Results

3.2.1. In vivo selection
To discover an erythrocyte-binding D-CTP, we performed a selection on a randomized Dpeptide library in live mice (Figure 3.2.1 and Appendix Figure 3.6.1). A 106-member 10-mer Dpeptide library was synthesized with C-terminal amides to enable downstream spectral filtering
from endogenous peptides, which bear C-terminal carboxylic acids. This accounts for a -0.98 Da
mass difference on the library members, which can be reliably identified by mass spectrometry.
Four mice were injected with amidated

D-peptide

library solution, after which they were

euthanized. Blood and membrane-bound material was processed and prepared for mass
spectrometry (see Experimental for thorough protocol). In brief, blood samples were lysed, and
membrane-bound material was eluted from plasma membranes using a solution containing
acetonitrile. The eluate was lyophilized and subsequently resuspended in a solution containing
guanidine-hydrochloride. The guanidine-hydrochloride suspension was centrifuged several times
to remove insoluble material. The final supernatant was purified by solid-phase extraction,
concentrated, and analyzed. Nano-liquid chromatography-tandem mass spectrometry (nLCMS/MS) identified 128 putative blood-binding amidated 10-mer D-CTPs (Appendix Figure 3.6.2).
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D-peptide library
(design: X9k-CONH2)
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128 C-terminal amidated (-.98 Da PTM),
10-mer sequences

m/z
LC-MS/MS

Filter spectra

Figure 3.2.1 In vivo selection of a D-peptide library. Description of our in vivo selection strategy
to discover tissue-targeting peptides from a randomized 106-member D-peptide library, and library
design-matching peptide sequences identified from selection in four mice (10-mer sequences with
C-terminal amidation).
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3.2.2. Validation of in vivo selection hits and discovery of DQLR
We examined the pool of identified putative binder sequences and validated their binding
by flow cytometry. A positional frequency analysis indicated a preference among the hits for a
first-position D-phenylalanine and second-position D-tryptophan (Figure 3.2.2a). The strongest
amino acid preference was for a fourth position D-proline, which occurred in over half of library
sequences identified from our randomized peptide library. Several sequences with varying
resemblance to the consensus motif were individually synthesized as AlexaFluor488 dye-labeled
peptides. Reasoning that because of their abundance erythrocytes were the likely binding partner
in a blood-based affinity selection, we used flow cytometry to determine the apparent binding
constant of the putative binders to mouse erythrocytes (Figure 3.2.2b). We observed that the
highest affinity binders generally resembled the consensus motif. In particular, peptides with the
consensus fourth position D-proline had measurable affinity for erythrocytes, and those without DPro4 did not. Of note, the highest affinity peptide measured, referred to hereafter as DQLR, also
contained the consensus first-position D-phenylalanine and second-position D-tryptophan. The
presence of this D-proline motif and its correlation with improved binding to erythrocytes suggests
that our in vivo selection strategy successfully identified a number of blood-binding peptides.
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Figure 3.2.2 Analysis of in vivo selection hits and validation of nanomolar binders to murine
erythrocytes. a) Positional frequency analysis of identified sequences indicates a preference for
first-position D-phenylalanine, second position D-tryptophan, and fourth position D-proline. b)
AlexaFluor488-labeled selection-derived peptides bind mouse erythrocytes with varying affinity,
as determined by flow cytometry (n = 3; data presented as mean ± SEM).
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3.2.3. Specificity and selectivity of DQLR interaction
We established the sequence specificity of the DQLR-erythrocyte binding interaction. We
compared the binding affinity of a DQLR-GFP conjugate to a DQLR-AlexaFluor488 conjugate,
and found that both constructs retained their affinity for erythrocytes (Figure 3.2.3a). DQLRAlexaFluor488 bound to erythrocytes with an 80 nM dissociation constant, while DQLR-GFP had
a 370 nM dissociation constant. We observed similar binding for a DQLR-variant labeled with
AlexaFluor647 (Appendix Figure 3.6.3). We also examined the binding of a scrambled sequence
of the DQLR peptide and the L-enantiomer of DQLR and found that neither had affinity for
erythrocytes. Taken together, these findings suggest that the association of DQLR to erythrocytes
is driven by the amino acid sequence and not by the reporter molecules used for detection.
Importantly, the binding of DQLR is not ablated after conjugation to a large protein such as GFP.
This finding also demonstrates that DQLR can mediate the association of protein cargoes to
erythrocytes. Moreover, the sequence- and stereo-specificity of DQLR binding likely involves
molecular recognition, and not solely non-specific interactions (i.e., “greasiness”).
We investigated the selectivity of the DQLR-erythrocyte binding interaction. We
compared the binding of GFP and DQLR-GFP to mouse erythrocytes and leukocytes (Figure
3.2.3b). To splenic leukocytes, GFP and DQLR-GFP displayed comparable binding at 1 µM
concentration, comparable to the fluorescence of leukocytes alone. In contrast, DQLR-GFP bound
erythrocytes above background levels of autofluorescence, whereas GFP did not. This line of
evidence suggests that DQLR binds erythrocytes selectively, and does not contribute to the weak
association of GFP to leukocytes.
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Figure 3.2.3. DQLR binds murine erythrocytes sequence-specifically. a) AlexaFluor488labeled DQLR and GFP-labeled DQLR bind mouse erythrocytes, whereas scrambled DQLR and
L-enantiomer of DQLR do not, as determined by flow cytometry (n = 3; data presented as mean ±
SEM). b) GFP-labeled DQLR binds specifically to erythrocytes and not to splenic leukocytes, as
determined by flow cytometry.
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3.2.4. Immunological investigation of protein antigen-DQLR conjugates
We determined the ability of DQLR to direct a full-length protein to erythrocytes and
mediate an antigen-specific anti-inflammatory response. Protective antigen (PA) derived from
Bacillus anthracis is a component of anthrax toxin, and is a protein of therapeutic interest.14–17 PAderived therapeutic strategies can be highly potent, but are limited by their immunogenicity.
Previously, an immunosuppressive pentostatin and cyclophosphamide regimen was employed to
enable repeat administration of a PA-based therapy in immunocompetent mice.14 While this is an
effective strategy to mitigate the formation of anti-drug antibodies, broad immunosuppression
poses significant risks.18,19 A strategy that induces antigen-specific tolerance to PA, therefore,
would be highly desirable. Hence, we set out to prepare a DQLR-PA conjugate that induces
antigen-specific tolerance. We began by expressing wild-type PA and a mutant form of PA (mPA,
K563C, N682A, D683A) that does not bind to its receptors and bears a single solvent-exposed
cysteine residue. mPA was labeled with maleimide-biotin, then non-specifically labeled with a
heterobifunctional linker with NHS-ester and maleimide functionalities. This construct was finally
labeled with DQLR peptides containing terminal cysteine residues (DQLR-SH). This process
yielded biotinylated DQLR-PA with a peptide-protein ratio ranging from 0:1 to 2:1 as determined
by LC-MS (Figure 3.2.4a; median of 1:1). We confirmed by flow cytometry (using streptavidinphycoerythrin) that DQLR-PA bound to erythrocytes, whereas scrambled DQLR-PA did not
(Figure 3.2.4b). To investigate the immunological effects of these constructs, mice were given
either PA or DQLR-PA and then challenged with PA (Figure 3.2.4c). BALB/c mice were chosen
for these studies because of their robust anti-PA responses.20 Anti-PA antibody titers determined
before and after the challenge showed a durable, significant decrease in the anti-PA antibody
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response in the DQLR-PA group. Administration of scrambled DQLR-PA or a mixture of DQLR
and PA did not significantly decrease the anti-PA response as compared to animals that received
only PA (Figure 3.2.4d). In total, DQLR is able to associate PA to erythrocytes, and this was not
affected by the use of a different bioconjugation route (i.e., non-specific modification with SMCC).
Moreover, these findings suggest that the physical association of antigens with erythrocytes led to
a decreased anti-drug antibody response, achievable by conjugating PA to the erythrocyte-binding
D-peptide DQLR. This was effective despite this mouse strain’s robust immunological response to

PA, relative to other strains of mice. The lack of a similar response for mice treated with scrambled
DQLR-PA strongly suggests that the diminished immunological response is a result of the specific
DQLR sequence. The effect is not simply a result of administering PA conjugated to a random Dpeptide. Similarly, the lack of a similar response for mice treated with DQLR + PA separately (i.e.,
not covalently linked) suggests that this immunomodulatory effect is not simply a result of DQLR
alone. Rather, our findings are consistent with the model that association of an antigen to
erythrocytes can promote antigen-specific tolerance.

77

b

a

80

Protective antigen
(B. anthracis)

DQLR-PA

85

90

Deconvoluted
mass (kDa)

Maximal binding
to erythrocytes (%)

1:1
2:1
0:1
95

scrambled DQLR-PA

DQLR-PA
100

50

0
10-9

10-8

10-7

10-6

10-5

Concentration (M)

Day: 0

7

protein (i.v.)

Anti-PA titer (log 10 )

Day: 0

7

14

protein (i.v.)

challenge (i.v.)

PA

6

d

35

PA

DQLR-PA

PA + DQLR

Scrambled DQLR-PA
n.s.

DQLR-PA
n.s.

****

5

****
****

****

Anti-PA titer (log 10 )

c

****

4
3

Challenge

2
Day 14

21

28

35

41

44

5

*

4
3
2
Day 21

Figure 3.2.4. DQLR conjugated to a protein antigen promotes decreased anti-drug antibody
formation. a) Diagram and LC-MS deconvolution of DQLR-labeled mPA (K563C, N682A,
D683A; DQLR-PA), with peptide : protein ratios in red. b) DQLR-PA binds to mouse
erythrocytes, whereas scrambled DQLR-PA does not, as determined by flow cytometry (n = 3;
data presented as mean ± SEM). c) BALB/c mice have decreased anti-PA antibody responses as a
result of injection of DQLR-PA as compared to PA, even following a PA challenge to both groups
(n = 10; data presented as mean ± SEM). d) This decreased response is not observed when PA and
DQLR are administered separately, or when scrambled DQLR-PA is administered (n = 5; data
presented as mean ± SEM).
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3.2.5. Investigation of peptide antigen-DQLR conjugates
The erythrocyte-targeting

D-peptide

DQLR can also promote an anti-inflammatory

response in the context of a peptide antigen. We used the peptide SIINFEKL, derived from fulllength ovalbumin (OVA) protein. Mice received OT1 Thy1.1+ CD8+ T cells, derived from
transgenic mice bearing TCRs specific for SIINFEKL-loaded H-2Kb complexes (Figure 3.2.5a).21
Mice were then given either DQLR-SIINFEKL peptide or SIINFEKL peptide alone (Figure
3.2.5b). Mice were later challenged via intradermal injection of full-length OVA and LPS. Mice
that received OT1 Thy1.1+ CD8+ T cells as well as the OVA challenge, but were pretreated with
PBS instead of the various peptides, served as controls. On day 19, peripheral blood leukocytes
were stimulated ex vivo with SIINFEKL peptide, and the percentage of intracellular interferongamma positive (IFNg+) CD8+ T cells was determined by flow cytometry. On day 21, draining
inguinal lymph nodes were harvested and the percentage of Thy1.1+ CD8+ T cells was determined.
Compared to mice that received SIINFEKL peptide alone, mice that received DQLR-SIINFEKL
had significantly fewer IFNg+ CD8+ T cells and SIINFEKL-H-2Kb -reactive OT1 CD8+ T cells
(Figure 3.2.5c, d and Appendix Figure 3.6.4, 3.6.5). Taken together, these results suggest that the
DQLR-SIINFEKL peptide drove deletion of the OT1 T cell population and promoted an antiinflammatory response. Of note, under these experimental conditions, a conjugate of SIINFEKL
to a previously reported erythrocyte-binding L-peptide (ERY1-SIINFEKL) did not significantly
alter the level of IFNg+ CD8+ T cells or OT1 CD8+ T cells, as compared to SIINFEKL alone
(Appendix Figure 3.6.6). These outcomes support the utility of our in vivo selection approach
toward de novo discovery of erythrocyte-selective D-peptides.
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Figure 3.2.5. DQLR conjugated to a peptide antigen promotes antigen-specific antiinflammatory responses. a) Diagram and injection scheme to determine SIINFEKL-specific
antigen response. b) Sequences of SIINFEKL peptides injected. c and d) Mice administered
DQLR-SIINFEKL have decreased pro-inflammatory T cell responses to SIINFEKL as determined
by ex vivo SIINFEKL stimulation of peripheral blood-derived IFNg+ CD8+ T cells, and
measurement of draining inguinal lymph node-derived SIINFEKL-H-2Kb-reactive OT1 CD8+ T
cells (n = 4 for SIINFEKL group, n = 5 for other groups; data presented as mean ± SEM).
80

3.3.

Discussion
The inherent susceptibility to proteolysis of tissue-targeting L-peptides in vivo hampers

their discovery and application. D-peptides, which are generally not recognized by the L-proteases
found in nature, provide a promising route to discover and implement peptides for tissue-targeting
in vivo. However, there are limited methods to uncover D-chirality CTPs that can perform reliably
in vivo. Traditional in vitro selections of combinatorial peptide libraries have inherent limitations.
In particular, it is currently difficult or impossible to fully recapitulate all the mechanical factors
that affect biodistribution in a live mouse, including circulation in the blood and lymph,
extravasation across the endothelium, and clearance. In vitro selections, moreover, are also often
hindered by the identification of library hits which bind non-specifically. The occurrence of these
false positives is routinely addressed by using one or more negative selections against a control
protein.22 However, given that there are over 800 major cell types in mice,23 it may be prohibitively
challenging to design an in vitro negative selection which comprehensively accounts for the
diversity of molecular features that a ligand may encounter in vivo. A logical solution to these
problems is to perform

D-peptide

library selections in vivo. However, this is challenging for

traditional library selection platforms. OBOC libraries are chemically synthesized and can
therefore include entirely D-amino acid peptides. However, to facilitate downstream identification,
each member much be physically attached to a bead, and this restricts the application of OBOC
libraries to in vitro selections, such as selections using cells.7,24–27 D-peptide libraries generated by
mRNA display are similarly limited by their attachment to an encoding mRNA tag, which is
susceptible to degradation.28–30 While phage display libraries are amenable to in vivo selections in
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mice31–34 and even humans,35 incorporation of unnatural amino acids in these libraries is very
limited.36
To address these challenges, we performed a D-peptide library selection in living mice by
leveraging mass spectrometry to identify our hits. From this proof-of-concept selection, we
identified 128 putative D-peptide binders. By installing a C-terminal amide in the library, we easily
distinguished library members from non-library peptides (i.e., endogenous peptides) following the
in vivo selection. We observed that there was a consensus fourth-position D-proline among our
selection hits. After individually re-synthesizing sequences, we observed that this consensus
residue was important for binding murine erythrocytes. Of the validated hits, the highest affinity
was the peptide DQLR, which binds mouse erythrocytes with an 80 nM affinity. DQLR binds
erythrocytes in a sequence-specific manner, since scrambling of the sequence ablates binding.
Importantly, the L-enantiomer of DQLR does not bind erythrocytes, which suggests that the
interaction between DQLR and its erythrocyte-bound receptor involves molecular recognition that
is sensitive to the orientation of the peptide backbone. In other words, the DQLR side chain
functionalities require a specific orientation to provide high affinity binding to erythrocytes.
DQLR, moreover, is able to mediate the association of other molecules, including large proteins
such as GFP and PA, to erythrocytes. When administered as an antigen-DQLR conjugate, these
molecules have anti-inflammatory effects. Specifically, administration of DQLR-PA led to
significantly lower anti-drug antibody responses, as compared to PA alone. Our findings indicate
that DQLR needs to be covalently attached to protein antigen to provide this effect. Additionally,
administration of DQLR-SIINFEKL peptide led to a decreased inflammatory T cell response and
deletion of OVA-specific T cells in an OT1 adoptive transfer model. Taken together, this in vivo
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selection technique provided a useful and novel D-peptide ligand by marrying the benefits of
customizable synthetic peptide libraries to a high fidelity ‘in solution’ selection context.31,37
We envision that this platform can be used to discover additional synthetic CTPs that
recognize targets beyond erythrocytes, including specific cells, tissues, and organs of therapeutic
interest, including tumors. We also believe this method could be used to investigate structurefunction relationships between the properties of synthetic peptides (e.g., stereochemistry, noncanonical functional groups, synthetic peptide structures and supramolecular configurations) and
the complex biological and physical features in animal models. While these studies were based on
a 106-member library of D-peptides with canonical side chains, future investigations may benefit
from the exploration of different sizes of libraries, both larger and smaller. Due to the finite
solubility of peptides in solution, lower diversity libraries (e.g., <106 unique members) can attain
higher concentrations per individual library member, while higher diversity libraries (e.g., >106
unique members) sacrifice individual library member concentration. In a receptor-agnostic library
selection, it is not well-established which is more important – library size or member
concentration. Independent of library size, future discovery campaigns may benefit from including
non-canonical functionalities. Finally, DQLR-antigen conjugates merit further study as a
therapeutic route for inflammatory and autoimmune disorders driven by key antigens and
autoantigens.
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3.4.

Experimental

3.4.1. Peptide synthesis and purification
Automated fast-flow synthesis of peptide-αcarboxamides, as previously described,38–40 was
carried out using H-Rink amide-ChemMatrix resin (0.45 mmol/g, 0.1 mmol scale) at 90 °C. For
manual, batch amino acid coupling and modification, fritted syringes (Torviq) containing peptide
resin were washed with DMF. Fmoc-protected amino acids (5 eq) in HATU solution (0.38M, 4.5
eq) were activated with DIEA (15 eq) and added to the resin bed. Resin was incubated at r.t. for
20 min, then washed three times with DMF. Fmoc protecting group was removed using 20%
piperidine in DMF. SIINFEKL peptide used in OT1 experiment and for ex vivo stimulation was
purchased from Genscript.
Split-and-pool synthesis of the peptide library was carried out on 130 μm TentaGel resin
(0.26 mmol/g). Splits were performed in 18 plastic fritted syringes on a manifold. Couplings were
carried out using solutions of Fmoc- protected amino acids, HATU (0.38M in DMF; 0.9 eq relative
to amino acid), and DIEA (1.1 eq for histidine; 3 eq for all other amino acids). Resin was incubated
at r.t. for 20 min, then washed three times with DMF. Fmoc protecting group was removed using
20% piperidine in DMF. Resin was washed again with DMF.
Peptide cleavage from solid support and global deprotection were carried by adding a
solution of 94% (v/v) trifluoroacetic acid (TFA), 2.5% (v/v) ethanedithiol, 2.5% (v/v) water, and
1.0% (v/v) triisopropylsilane to resin, and incubating at r.t. for 2 h. Peptide was precipitated and
triturated three times using diethyl ether. Crude peptide was dissolved in 50/50 water/acetonitrile
(0.1% TFA) and lyophilized.
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Peptides were purified by mass-directed semi-preparative reversed phase HPLC (Agilent).
Solvent A was water with 0.1% TFA and solvent B was acetonitrile with 0.1% TFA. Peptides were
generally purified with a 0.5% B/min gradient on a C3 SB Zorbax column (9.4 x 250 mm, 5 µm).
Fractions were analyzed by LC-MS and the purest fractions were pooled.

3.4.2. In vivo selection
Library stock solution (7.4 mM) in PBS was filtered using a 0.2 µm SPIN-X filter
(Corning) and pH was adjusted to 7. Library solution was administered by tail-vein to C57Bl/6J
mice (Taconic). Mice were female and 27 weeks old. The exact volume administered was 170-200
µL. After 10 minutes, mice were euthanized by asphyxiation. Subsequently, a cardiac puncture
was performed to retrieve as much blood as possible, and blood was collected into labeled EDTAcoated collection vials. The exact quantity of blood collected was 400-600 µL. Vials were stored
on ice for roughly 30 minutes before tissue processing. For processing, blood samples (from in
vivo selection) were transferred to a 1.6 mL microcentrifuge tubes. Blood was washed once with
PBS, then centrifuged at 500 g for 3 min. Blood was then washed with RBC Lysis Buffer (Stem
Cell Technologies), then centrifuged at 16,000 g for 10 min. This was repeated twice. The cell
pellet was resuspended in 50/50 water/acetonitrile (0.1% TFA), incubated at r.t. for 10 min, then
centrifuged at 16,000 g for 10 min. The supernatant was transferred to a new microcentrifuge tube
and lyophilized overnight. Lyophilized material was resuspended in 95/5 water/acetonitrile (0.1%
TFA) containing 6 M guanidine-hydrochloride. The suspension was centrifuged at 16,000 g for 10
min, and the supernatant was transferred to a new microcentrifuge tube. This was repeated until
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the pellet formed by centrifugation was no longer visible (~10 rounds of centrifugation). The final
supernatant was purified by solid-phase extraction using a 100 µL bed C18 tip, according to the
manufacturer’s protocol (Pierce). The eluate was lyophilized in a 200 µL strip tube overnight.
Lyophilized material was resuspended in water (0.1% TFA) and centrifuged at 16,000 g for 5
minutes. The supernatant was analyzed by nLC-MS/MS.

3.4.3. Preparation of proteins and protein conjugates
GFP was purified from E. coli. E. coli expressing G3-GFP were grown at 37 °C in LB
broth to an OD600 nm of 0.6, then grown overnight at 30 °C. Bacteria were centrifuged at 8,000 g at
4°C and stored at -80 °C overnight. The following day, pellets were thawed on ice and
homogenized by magnetic stirring and using a sonication probe (Branson). Lysate was centrifuged
at 8,000 g at 4 °C, and the supernatant was purified using an AKTA Pure FPLC equipped with a
HisTrap FF crude 5 mL column (GE Healthcare). Solvent A was 20 mM tris pH 7.5. Solvent B
was 20 mM tris, 300 mM imidazole pH 7.5. The gradient used was 0-50% B over 20 column
volumes. Fraction purity was assessed by SDS-PAGE. The purest fractions were collected, filtered
using a 0.2 µm filter, snap frozen in liquid nitrogen, and stored at -80 °C.
PA and mPA were prepared from E. coli. E. coli pellets containing periplasm-localized
wild-type PA and mPA (K563C, N682A, D683A) were obtained from a protein expression facility
and purified using an osmotic shock method. A pellet was thawed in sucrose buffer [20% sucrose
(w/v), 20 mM tris, 1 mM EDTA, pH 8] and homogenized by magnetic stirring at 4 °C. The cell
homogenate was centrifuged at 8,000 g for 20 min at 4 °C. The supernatant was discarded, and the
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pellet was resuspended in 5 mM magnesium sulfate buffer and homogenized. The homogenate
was stirred for 30 min at 4 °C. The homogenate was centrifuged as before and the supernatant was
purified on an AKTA Pure FPLC equipped with a HiTrap Q 5 mL anion exchange column (GE
Healthcare). Solvent A was 20 mM tris pH 8.5. Solvent B was 20 mM tris, 1 M sodium chloride
pH 8.5. The gradient used was 0-25% B over 11 column volumes. Fraction purity was assessed by
SDS-PAGE. The purest fractions were collected. These were further purified by size exclusion
chromatography on a HiLoad 26/600 Superdex 200 pg column, using an isocratic 1.5 column
volume elution employing 20 mM tris, 150 mM sodium chloride pH 7.5 buffer. The purest
fractions, as determined by SDS-PAGE, were filtered using a 0.2 µm filter, snap frozen in liquid
nitrogen, and stored at -80 °C.
DQLR-PA and scrambled DQLR-PA were prepared using non-specific labeling chemistry.
mPA (K563C, N682A, D683A) was modified with 10 equivalents of biotin-maleimide (Sigma
Aldrich) at r.t. for 30 min. Biotinylated mPA was then modified with 10 equivalents of
sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC; Thermo
Fisher Scientific) at r.t. for 1 h. Finally, SMCC-modified biotinylated mPA was modified with 10
equivalents of DQLR-SH or scrambled DQLR-SH at r.t. for 1 h. After each reaction, protein was
buffer exchanged three times into new buffer to remove unreacted small molecules and peptides.
The final protein-peptide conjugates were filtered using 0.2 µm filters, snap frozen in liquid
nitrogen, and stored at -80 °C.
DQLR-GFP was prepared by sortase ligation. DQLR-LPXTG (1 mM) was enzymatically
ligated to G3-GFP (100 µM) using pentamutant sortase41 (5 µM) in sortase buffer (10 mM calcium
chloride, 20 mM tris, 150 mM sodium chloride pH 7.5) at r.t. for 1 h. The reaction was then purified
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on an AKTA Pure FPLC equipped with a HiLoad 26/600 Superdex 200 pg column, using an
isocratic 1.5 column volume elution employing 20 mM tris, 150 mM sodium chloride pH 7.5
buffer. The purest fractions, as determined by SDS-PAGE, were filtered using a 0.2 µm filter, snap
frozen in liquid nitrogen, and stored at -80 °C.

3.4.4. Mass spectrometry
LC-MS analysis was performed on a 6520 Electrospray Ionization Quadrupole Time-ofFlight (ESI-QTOF) LC-MS (Agilent) equipped with an Agilent C3 Zorbax column (300SB C3,
2.1 x 150 mm, 5 µm). Solvent A was water with 0.1% formic acid (FA) and solvent B was
acetonitrile with 0.1% FA. The method used was 1% B for 2 min, 1-61% B over 9 min, 61-99% B
over 1 min, and 3 min post-time at 1% B. Data was processed using Agilent MassHunter.
nLC-MS/MS was performed on an EASY-nLC 1200 (Thermo Fisher Scientific) nanoliquid chromatography handling system equipped with a PepMap RSLC C18 column (15 cm x 50
μm, 2 μm; Thermo Fisher Scientific) and a C18 nanoViper Trap Column (20 mm x 75 μm, 3 μm,
100 Å; Thermo Fisher Scientific), connected to an Orbitrap Fusion Lumos Tribrid Mass
Spectrometer (Thermo Fisher Scientific). Solvent A was water (0.1% FA) and solvent B was 80%
acetonitrile, 20% water (0.1% FA). The nano-LC gradient was 1% solvent B in solvent A ramping
linearly to 41% B in A over 120 min (40 °C, flow rate of 300 nL/min). Positive ion spray voltage
was 2200 V. Orbitrap was used for primary MS, with the following parameters: resolution =
120,000; quadrupole isolation; scan range = 200-1400 m/z; RF lens = 30%; AGC target = 1 x 106;
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maximum injection time = 100 ms; 1 microscan. Acquisition of MS/MS spectra was done was
performed in the Orbitrap (resolution = 30,000; quadrupole isolation; isolation window = 1.3 m/z;
AGC target = 2 x 104; maximum injection time = 100 ms; 1 microscan) in a data-dependent
manner: a precursor was excluded for 30 s if it was detected greater than three times within 30 s
(mass tolerance: 10.00 ppm); peptides were selected by monoisotopic precursor selection; intensity
threshold was 5 x 104; the 2–10 charge states were selected; the precursor selection range was 2001400 m/z. The top 15 most intense precursors matching these criteria were subjected to subsequent
fragmentation. Collision-induced dissociation (CID), higher-energy collisional dissociation
(HCD), and electron-transfer/higher-energy collisional dissociation (EThcD) were used for
MS/MS acquisition. Precursors with charge states greater than 2 were subjected to all
fragmentation modes; precursors with charge states of 2 were subjected to CID and HCD only. A
collision energy of 30% was used for CID. A collision energy of 25% was used for HCD. A
supplemental activation collision energy of 25% was used for EThcD.

3.4.5. Flow cytometry
Cells were analyzed on a FACS Canto II flow cytometer or FACS Fortessa flow cytometer
(BD Biosciences). Flow data was processed in FlowJo (Tree Star). Cells (excluding erythrocytes)
were stained with a fixable live/dead aqua zombie (Biolegend) for 15 minutes. The surface
receptors were stained for 30 min on ice. For intracellular staining experiments, cells were fixed
and permeabilized at this point using BD Cytofix/Cytoperm, then stained again. The following
staining reagents were used: anti-CD45.2-BUV395 (BD Biosciences), anti-Thy1.1-PE (OT1
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marker; Biolegend), anti-IFNg-AF488 (Biolegend), anti-CD8-APC (Biolegend) streptavidin-PE
(Biolegend), GFP, DQLR-GFP, biotinylated DQLR-PA, and biotinylated scrambled DQLR-PA.
At least 1,000,000 events were collected for each experimental replicate, except for binding
experiments in which at least 1,000 gated events were collected.

3.4.6. Full-length protein immunogenicity
For the DQLR-PA versus PA experiment, ten BALB/c mice per group (female, 6-8 weeks
old; Taconic) were anesthetized by isoflurane and administered 0.5 nmol of 0.2 µm-filtered protein
in sterile PBS by retro-orbital injection, on “protein” days. All mice were challenged with 0.1 nmol
wild-type PA on the “challenge” day. On bleed days, mice were bled via retro-orbital route
(roughly 50 µL collected per bleed). Serum was collected and stored at -80 °C until ELISA was
performed.
For the DQLR-PA versus PA versus DQLR + PA versus scrambled DQLR-PA experiment,
five BALB/c mice per group (female, 8-10 weeks old; Taconic) were anesthetized by isoflurane
and administered 0.5 nmol of 0.2 µm filtered protein in sterile PBS by tail-vein injection on
“protein” days. On bleed days, mice were bled via sub-mandibular routes (roughly 50 µL collected
per bleed). Serum was collected and stored at -80 °C until ELISA was performed.
Anti-protein antibody titer was determined by ELISA. Medisorp 96-well plates (Thermo
Fisher Scientific) were coated overnight at 4 °C with 10 µg/mL protective antigen in PBS. Plates
were washed with PBST (PBS with 0.1% tween-20) and blocked with 5% FBS in PBS for 2 h at
r.t. Subsequently, plates were washed with PBST and incubated for 2 h at r.t. with serum dilutions
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including a control well which was not antigen-coated. Plates were then washed and incubated
with anti-mouse-horseradish peroxidase (1:5000 dilution in PBS; Thermo Fisher Scientific) and
visualized with 1-Step Ultra-TMB (Thermo Fisher Scientific). The relative antibody titer was
calculated as the highest dilution with greater than twice the OD450 nm of the control well.

3.4.7. Peptide immunogenicity
Peptides were tested for their ability to deplete CD8+ T cells toward SIINFEKL and a proinflammatory T cell responses using previously reported methods.2 Briefly, 300,000 OT1 CD8+ T
cells were administered intravenously (i.v.) via tail-vein injection into 6-8 week old C57Bl6/J mice
(n = 4 or 5 per group as shown; Taconic). 60 µg of peptide was then injected i.v. on days 1 and 6
retro-orbitally. On day 15, mice were challenged with an intradermal injection of OVA and LPS,
as previously described. 19 days post adoptive transfer, peripheral blood derived CD8+ T cells’
activation by SIINFEKL was analyzed by flow cytometry. On day 21, the inguinal lymph nodes
were harvested and OT1 CD8+ T cells were quantified by flow cytometry.

3.4.8. Statistical analysis
Statistical analysis and graphing was performed using Prism (GraphPad). The listed
replicates for each experiment indicates the number of distinct samples measured for a given assay.
Significance for PA versus DQLR-PA was determined using a one-way ANOVA with a Sidak’s
multiple comparisons test (****P < 0.0001). Significance for PA versus DQLR-PA versus DQLR
+ PA versus scrambled DQLR-PA was determined using a one-way ANOVA with a Dunnett’s
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multiple comparisons test (*P < 0.05). Significance for the OT1 experiments was determined using
Mann-Whitney tests (*P < 0.05).
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Figure 3.6.1. In vivo selection total ion chromatograms. Blood-derived analytes observed by
nano-liquid chromatography mass spectrometer.
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Figure 3.6.2. Processed MS/MS spectra for every identified library-matching peptide from
in vivo selection. Sequencing data obtained using nLC-MS/MS.
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Figure 3.6.3. Apparent binding of AlexaFluor647-labeled DQLR peptides to erythrocytes.
AlexaFluor647-labeled DQLR binds mouse erythrocytes, while the AlexaFluor647-labeled
scrambled sequence peptide does not. Mouse erythrocytes were incubated with dye-labeled
DQLR-variant peptides, washed, and analyzed by flow cytometry.
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Figure 3.6.4. Gating strategy for IFNγ+ CD8+ T cells. Gates were drawn to determine the
quantities of pro-inflammatory T cells, using flow cytometry. Peripheral blood derived T cells
were stimulated ex vivo using SIINFEKL, and their levels of activation were quantified by flow
cytometry.
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Figure 3.6.5. Gating strategy for Thy1.1+ CD8+ T cells. Gates were drawn to determine the
quantities of OVA-specific OT1 T cells, using flow cytometry. Inguinal lymph nodes were
harvested and the number of OT1 T cells was quantified by flow cytometry.
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Figure 3.6.6. ERY1-peptide antigen conjugate does not significantly decrease the antigenspecific immune response to OVA. Previously identified L- chirality erythrocyte-binding peptide
ERY1 was prepared as a conjugate to SIINFEKL and administered to mice, which were adoptively
transferred OT1 CD8+ T cells and subsequently challenged with full-length OVA and LPS (as
described for DQLR- SIINFEKL). The conjugate, ERY1-SIINFEKL, did not significantly
decrease the inflammatory IFNg response or the number of OT1 (i.e., Thy1.1+) T cells, as
compared to SIINFEKL alone (data presented as mean ± s.e.m.).
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Figure 3.6.7. LC-MS result for DQLR-AlexaFluor488 (fwhpwammy-AlexaFluor488). Parent
fwhpwammykGGSGGSK peptide was synthesized on Rink amide resin. For binding studies, the
C-terminal lysine was selectively modified with an AlexaFluor reagent substituted
heterogeneously at the 5 or 6 position with an NHS ester, yielding a 5-isomer dye conjugate and a
6-isomer dye conjugate. Conjugates were purified by HPLC and analyzed on an Agilent 6520 LCMS in negative mode.
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Figure 3.6.8. LC-MS result for ffhpwswtsk-AlexaFluor488. Parent ffhpwswtskGGSGGSK
peptide was synthesized on Rink amide resin. For binding studies, the C-terminal lysine was
selectively modified with an AlexaFluor reagent substituted heterogeneously at the 5 or 6 position
with an NHS ester, yielding a 5-isomer dye conjugate and a 6-isomer dye conjugate. Conjugates
were purified by HPLC and analyzed on an Agilent 6520 LC-MS in negative mode.
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Figure 3.6.9. LC-MS result for ffhpftwltk-AlexaFluor488. Parent ffhpftwltkGGSGGSK
peptide was synthesized on Rink amide resin. For binding studies, the C-terminal lysine was
selectively modified with an AlexaFluor reagent substituted heterogeneously at the 5 or 6 position
with an NHS ester, yielding a 5-isomer dye conjugate and a 6-isomer dye conjugate. Conjugates
were purified by HPLC and analyzed on an Agilent 6520 LC-MS in negative mode.
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Figure 3.6.10. LC-MS result for pwmpqyfhl-AlexaFluor488. Parent pwmpqyfhlkGGSGGSK
peptide was synthesized on Rink amide resin. For binding studies, the C-terminal lysine was
selectively modified with an AlexaFluor reagent substituted heterogeneously at the 5 or 6 position
with an NHS ester, yielding a 5-isomer dye conjugate and a 6-isomer dye conjugate. Conjugates
were purified by HPLC and analyzed on an Agilent 6520 LC-MS in negative mode.
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Figure 3.6.11. LC-MS result for vstvltpfyk-AlexaFluor488. Parent vstvltpfykGGSGGSK
peptide was synthesized on Rink amide resin. For binding studies, the C-terminal lysine was
selectively modified with an AlexaFluor reagent substituted heterogeneously at the 5 or 6 position
with an NHS ester, yielding a 5-isomer dye conjugate and a 6-isomer dye conjugate. Conjugates
were purified by HPLC and analyzed on an Agilent 6520 LC-MS in negative mode.
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Figure 3.6.12. LC-MS result for vhltdaelqk-AlexaFluor488. Parent vhltdaelqkGGSGGSK
peptide was synthesized on Rink amide resin. For binding studies, the C-terminal lysine was
selectively modified with an AlexaFluor reagent substituted heterogeneously at the 5 or 6 position
with an NHS ester, yielding a 5-isomer dye conjugate and a 6-isomer dye conjugate. Conjugates
were purified by HPLC and analyzed on an Agilent 6520 LC-MS in negative mode.
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Figure 3.6.13. LC-MS result for scrambled DQLR-AlexaFluor488 (afhpymmwwkAlexaFluor488). Parent afhpymmwwkGGSGGSK peptide was synthesized on Rink amide resin.
For binding studies, the C-terminal lysine was selectively modified with an AlexaFluor reagent
substituted heterogeneously at the 5 or 6 position with an NHS ester, yielding a 5-isomer dye
conjugate and a 6-isomer dye conjugate. Conjugates were purified by HPLC and analyzed on an
Agilent 6520 LC-MS in negative mode.
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Figure 3.6.14. LC-MS result for L-enantiomer DQLR-AlexaFluor488 (FWHPWAMMYKAlexaFluor488). Parent FWHPWAMMYKGGSGGSK peptide was synthesized on Rink amide
resin. For binding studies, the C-terminal lysine was selectively modified with an AlexaFluor
reagent substituted heterogeneously at the 5 or 6 position with an NHS ester, yielding a 5-isomer
dye conjugate and a 6-isomer dye conjugate. Conjugates were purified by HPLC and analyzed on
an Agilent 6520 LC-MS in negative mode.
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Figure 3.6.15. LC-MS result for DQLR-AlexaFluor647. Parent fwhpwammykGGSGGSK
peptide was synthesized on Rink amide resin. For binding studies, the C-terminal lysine was
selectively modified with an AlexaFluor647 reagent. The conjugate was purified by HPLC and
analyzed on an Agilent 6520 in negative mode.
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Figure 3.6.16. LC-MS result for scrambled DQLR-AlexaFluor647. Parent
afhpymmwwkGGSGGSK peptide was synthesized on Rink amide resin. For binding studies, the
C-terminal lysine was selectively modified with an AlexaFluor647 reagent. The conjugate was
purified by HPLC and analyzed on an Agilent 6520 in negative mode.
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Figure 3.6.17. LC-MS result for DQLR-SIINFEKL. SIINFEKL, an immunodominant peptide
antigen derived from OVA, was prepared as a conjugate with the DQLR peptide fwhpwammyk.
The two peptides were linked with a Glu-Glu-Gly-Glu-Glu linker. The DQLR-SIINFEKL peptide
was synthesized on Rink amide resin, purified by HPLC, and analyzed on an Agilent 6520 LCMS in positive mode.
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Figure 3.6.18. LC-MS result for ERY1-SIINFEKL. SIINFEKL, an immunodominant peptide
antigen derived from OVA, was prepared as a conjugate with the previously discovered peptide
ERY1, a mouse erythrocyte-binding L-peptide. The two peptides were linked with a Glu-Glu-GlyGlu-Glu linker. The ERY1-SIINFEKL peptide was synthesized on Rink amide resin, purified by
HPLC, and analyzed on an Agilent 6520 LC-MS in positive mode.
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Figure 3.6.19. LC-MS result for DQLR-SH. DQLR was synthesized on Rink amide resin with
a C-terminal cysteine for bioconjugation to proteins bearing reactive maleimide functional groups.
DQLR-SH was purified by HPLC and analyzed on an Agilent 6520 LC-MS in positive mode.
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Figure 3.6.20. LC-MS result for scrambled DQLR-SH. Scrambled DQLR was synthesized on
Rink amide resin with a C-terminal cysteine for bioconjugation to proteins bearing reactive
maleimide functional groups. Scrambled DQLR-SH was purified by HPLC and analyzed on an
Agilent 6520 LC-MS in positive mode.
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Figure 3.6.21. LC-MS result for PA (wild-type). Protective antigen was purified from E. coli
using anion exchange and size exclusion chromatography. The final purified protein was analyzed
on an Agilent 6520 LC-MS in positive mode and deconvoluted using the maximum entropy
deconvolution algorithm. This protein was used for immunological studies.
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Figure 3.6.22. LC-MS result for mPA. Mutant protective antigen (K563C, N682A, D683A) was
purified from E. coli using anion exchange and size exclusion chromatography. The final purified
protein was analyzed on an Agilent 6520 LC-MS in positive mode and deconvoluted using the
maximum entropy deconvolution algorithm. This protein was further modified and used for
immunological studies.
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Figure 3.6.23. LC-MS result for mPA-biotin. Mutant protective antigen (K563C, N682A,
D683A) was modified with a maleimide-biotin reagent to yield mPA-biotin, then analyzed on an
Agilent 6520 LC-MS in positive mode and deconvoluted using the maximum entropy
deconvolution algorithm.
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Figure 3.6.24. LC-MS result for mPA-biotin-SMCC. mPA-biotin was modified with a heterobifunctional NHS-ester/maleimide reagent succinimidyl 4-(N-maleimidomethyl)cyclohexane-1carboxylate (SMCC) to yield mPA-biotin-SMCC, then analyzed on an Agilent 6520 LC-MS in
positive mode and deconvoluted using the maximum entropy deconvolution algorithm.
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Figure 3.6.25. LC-MS result for DQLR-PA. mPA-biotin-SMCC was modified with DQLR-SH
to yield DQLR-PA, then analyzed on an Agilent 6520 LC-MS in positive mode and deconvoluted
using the maximum entropy deconvolution algorithm.
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Figure 3.6.26. LC-MS result for scrambled DQLR-PA. mPA-biotin-SMCC was modified with
scrambled DQLR-SH to yield scrambled DQLR-PA, then analyzed on an Agilent 6520 LC-MS in
positive mode and deconvoluted using the maximum entropy deconvolution algorithm.

149

Structure:
H

f

w h p w a m m y

k

G G S G G S

LC-MS:

L P S T G G

NH2

EIC:

Total ion counts

2×10 7
product

1.5×10 7
1×10 7
5×10 6
0
0

5

10

15

0

1000

2000

3000

Mass-to-charge (m/z)

Retention time (min)

EIC of selected region:
Calc: 2309.04 Da
Obs: 2309.08 Da

1152

1154

1156

1158

1160

1162

Mass-to-charge (m/z)

Figure 3.6.27. LC-MS result for DQLR-LPXTG. This DQLR-variant peptide bearing a sortasereactive LPXTG motif was synthesized on Rink amide resin. This peptide was purified by HPLC
and analyzed on an Agilent 6520 LC-MS in positive mode. This peptide was ligated to GFP
bearing an N-terminal oligoglycine and used for binding experiments.
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Figure 3.6.28. LC-MS result for G3-GFP. G3-GFP, containing a sortase-reactive N-terminal
oligoglycine motif, was purified from E. coli using Ni-NTA affinity chromatography, then
analyzed on an Agilent 6520 LC-MS in positive mode and deconvoluted using the maximum
entropy deconvolution algorithm.

151

LC-MS:

EIC:

Total ion counts

2×10 7
excess peptide

1.5×10 7
1×10 7
5×10 6

DQLR-GFP (product)

0
0

5

10

15

0

1000

2000

3000

Mass-to-charge (m/z)

Retention time (min)

Deconvolution:
Calc: 30933.94 Da
Obs: 30934.58 Da

30400

30600

30800

31000

31200

31400

Deconvoluted mass

Figure 3.6.29. LC-MS result for DQLR-LPXTG + G3-GFP reaction. DQLR-LPXTG peptide
was ligated to G3-GFP using pentamutant sortase. After 1 h at r.t., the crude reaction mixture was
analyzed on an Agilent 6520 LC-MS in positive mode and deconvoluted using the maximum
entropy deconvolution algorithm.
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Figure 3.6.30. LC-MS result for DQLR-GFP. DQLR-GFP was prepared by using sortase to
ligate DQLR-LPXTG to G3-GFP, and then analyzed on an Agilent 6520 LC-MS in positive mode
and deconvoluted using the maximum entropy deconvolution algorithm.
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Chapter 4: Appendix: Monopartite anthrax toxin
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4.1.

Introduction
Anthrax is a tripartite toxin. Derived from Bacillus anthracis, this exotoxin is composed of

a receptor-binding, pore-forming protein called protective antigen (PA) and two effector proteins
called lethal factor (LF) and edema factor (EF).1 These proteins work together in a sophisticated
multi-step process. First, PA binds a cell receptor, either tumor endothelial marker 8 or capillary
morphogenesis gene 2, both of which are ubiquitously expressed.2,3 Following that, PA is cleaved
by a furin-family protease at an RKKR motif, releasing a 20 kDa fragment from a receptor-bound
63 kDa fragment.4,5 Following proteolytic activation, PA monomers oligomerize into a heptamers
or octamers, called prepores, on the cell surface.6 LF and EF then bind to cell surface-displayed
prepores, and the complex is internalized into an endosome via receptor-mediated endocytosis.7,8
Upon acidification of the endosome, the PA prepore converts to a membrane-spanning PA pore.9,10
In this acidic environment, LF and EF unfold, translocate via a Brownian ratchet mechanism,
refolds in the cytosol, and perform their respective catalytic functions.11,12
Previous studies have identified that N-terminal domain of LF (LFN, residues 1-254) is the
minimal LF domain required for PA-dependent delivery.13 Many subsequent investigations
established PA/ LFN as a generalizable anthrax-based platform for the efficient cytosolic delivery
of various cargoes appended to the C-terminus of LFN (Figure 4.2.1a),14 including but not limited
to the diphtheria toxin A chain (DTA),15 the A1 subunit of Shiga toxin,16 a cytotoxic T cell peptide
epitope,17 MARTX toxin-derived Ras/Rap1-specific endopeptidase,18 RTX toxin-derived actin
cross-linking domain,19 mirror image

D-peptides,20

different varieties of antibody mimics,21

peptides conjugated to small molecules,22 and peptide nucleic acids.23 Mechanistically, LFN is
responsible for both binding PA and potentiating translocation through the PA pore. A co-crystal
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structure of LFN and a PA octamer indicates that the PA/LFN interface spans 1900 Å2, and is split
among two LFN subsites known as the ⍺-clamp binding subsite and the C-terminal binding
subsite.24 These interactions promote the co-localization of LFN-cargo molecules and PA prepores
in an endosome, which is required for subsequent translocation to the cytosol. Additionally, a
crystal structure of unbound lethal factor suggests that the N-terminal 29 residues are unstructured,
and truncation analyses have indicated that this region is critical for translocation.25,26 Within this
region, residues 12-28 are highly charged, consisting of 8 basic and 7 acidic residues. Inverting
the stereochemistry of this highly charged region (i.e., replacing the native L-amino acids with Damino acids bearing the same functional groups) does not significantly affect translocation.27
Similarly, replacement of this region with alternating lysine and glutamic acid residues (i.e.,
KEKEKEKEKEKEKEKEK) has no effect on translocation, while inclusion of a non-titratable
cysteic acid decreases translocation. Taken together, these mechanistic investigations suggest that
a charged unstructured N-terminal peptide sequence is important for potentiating translocation
through the PA pore. The cation-selectivity of the pore (i.e., preference for basic cargoes),
moreover, is consistent with the model that PA is a proton/protein symporter, which drives
translocation of protonated substrates by harnessing the proton gradient between the endosomal
and cytosolic compartments.11,28–30 These findings also begin to explain the PA-dependent
cytosolic delivery of DTA when fused to stretches of basic residues.31,32
We hypothesized that anthrax could be prepared as a monopartite toxin. In particular, we
conceived that the dual functions of LFN, PA-binding and translocation initiation, could be
achieved using a modified version of PA. In this design, the effector protein is covalently linked
to PA, and also bears a charged N-terminal peptide sequence. We attached the effector protein
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with or without LFN directly to PA using the transpeptidase sortase A. We investigated the effect
of fusing the effector protein to an N-terminal polylysine tag, which has been previously shown to
facilitate PA-dependent delivery.32 Our results indicate monopartite anthrax constructs have potent
translocation-dependent activity, and are capable of delivering cargoes with or without the
assistance of LFN.

4.2.

Results

4.2.1. Design of monopartite anthrax
We prepared monopartite anthrax using enzymatic ligation. In particular, a functional
K563C mutant of PA (PAC)2 was expressed and purified from E. coli. A short D-peptide (linker1)
and a long L-peptide (linker2) were synthesized using standard Fmoc peptide chemistry, each with
an N-terminal oligoglycine and a C-terminal maleimide (Figure 4.2.1b). These linkers were
designed to have different proteolytic lability. Effector proteins based on DTA were modified with
each of these peptides. Using pentamutant sortase A,33 an effector protein bearing a C-terminal
LPXTG motif was ligated to a peptide bearing an N-terminal oligoglycine, yielding an effectorlinker construct terminating with a C-terminal maleimide moiety (Figure 4.2.1c and d). The
effector-linker product was subsequently purified and covalently conjugated to PAC via thiolmaleimide chemistry. The final effector-linker-PA construct, which constitutes monopartite
anthrax, was purified by size exclusion chromatography (Figure 4.2.1e).
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Figure 4.2.1. Design and preparation of the monopartite anthrax delivery system. a)
Mechanism of PA/LFN-mediated translocation. b) Schematic of effector-linker-PA constructs.
Linkers have an N-terminal oligoglycine tag and a C-terminal maleimide. c) Effector protein with
a C-terminal LPSTGG tag was labeled with a peptide linker using sortase-mediated ligation and
then attached to PAC using maleimide-thiol chemistry. The product was purified by size exclusion
chromatography. d) LC-MS results of a representative effector cargo DTA conjugated to PA via
peptide linker1. e) SDS-PAGE analysis of DTA-linker1-PA purification by size exclusion
chromatography.
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4.2.2. Monopartite anthrax is functional and cytotoxic.
We investigated a monopartite anthrax construct with an LFN-DTA-linker-PA design. LFNDTA was linked to PAC using linker1 or linker2 as described above (Figure 4.2.2a). To assess the
activity of LFN-DTA-linker-PA constructs, we performed a cell viability assay (Figure 4.2.2b).
DTA is an ADP-ribosylase, which modifies cytosolic elongation factor 2 to inhibit protein
synthesis. One molecule of DTA is sufficient to cause cytotoxicity.34 Importantly, DTA is a
truncate of full-length diphtheria toxin, and cannot reach the cytosol on its own. In combination
with PA/LFN, however, DTA is highly cytotoxic and can report on successful cytosolic entry
through measurement of cell viability. Thus, we treated HeLa cells with varying concentrations of
LFN-DTA-linker1-PA, LFN-DTA-linker2-PA, LFN-DTA + PA separately, and LFN-DTA alone.
We also treated cells with a monopartite anthrax construct which contains a F427A PA mutant
(PAA; LFN-DTA-linker1-PAA), which does not have the crucial phenylalanine clamp and is
translocation-deficient (Figure 4.2.2c).35 LFN-DTA + PAA separately also served as a control.
Cells were treated for 72 h, after which cell viability was assessed using CellTiter-Glo, which
generates luminescence based on intracellular ATP. LFN-DTA-linker1-PA and LFN-DTA-linker2PA both demonstrated potent sub-nanomolar cell killing, and LFN-DTA + PA demonstrated the
greatest potency. LFN-DTA alone, LFN-DTA-linker1-PAA, and LFN-DTA + PAA had no
observable cytotoxicity. Taken together, these results suggest that the monopartite anthrax
constructs LFN-DTA-linker1-PA and LFN-DTA-linker2-PA are functional and highly cytotoxic.
Their decreased efficacy as compared to PA + LFN-DTA, which most closely resembles the native
configuration of anthrax lethal toxin, may be explained by inefficient release of monopartite
anthrax’s effector from PA in the endosome. Interestingly, the D-peptide linker and L-peptide
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linker monopartite constructs exhibited similar activity, suggesting that proteolysis of the peptide
linker is not a dominant factor in the release of the effector from PA. Instead, effector release might
be driven by the endosomal lability of the thiosuccinimide generated from the thiol-maleimide
conjugation. The LFN-DTA alone condition’s lack of efficacy suggests that toxicity is a PAdependent process. Similarly, the lack of LFN-DTA-linker1-PAA and LFN-DTA + PAA
cytotoxicity evidences the importance of a functional pore, and suggests that successful delivery
is dependent on PA-mediated translocation through the endosomal membrane.
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4.2.3. Monopartite anthrax can be minimized by removing LFN and retain activity.
We investigated minimized forms of monopartite anthrax. Having established that the LFNDTA-linker-PA format monopartite anthrax was functional, we sought to understand whether
conjugation of DTA to PA would be sufficient to achieve cytosolic delivery. We reasoned that
DTA may have a sufficiently charged N-terminus to potentiate translocation on its own, given that
4 of its 9 N-terminal residues are charged. Moreover, previous investigations of co-treatment with
DTA and PA have demonstrated activity, albeit very weak.31 Thus, DTA-LPSTGG was conjugated
to a peptide linker and PA as described above, generating DTA-linker1-PA and DTA-linker2-PA
(Figure 4.2.3a). Cells were treated with DTA-linker1-PA, DTA-linker2-PA, DTA + PA separately,
or DTA alone (Figure 4.2.3b). Additionally, we treated cells with DTA-linker1-PAA, DTAlinker2-PAA, and DTA + PAA separately to investigate the role of translocation (Figure 4.2.3c).
HeLa cells seeded in 96-well plates were treated at varying concentrations for 72 h, and cell
viability was assessed using CellTiter-Glo. DTA alone exhibited no cytotoxicity. In line with
previous reports,31 co-treatment with DTA and PA had sub-micromolar potency. DTA-linker1-PA
and DTA-linker2-PA were roughly ten-fold more potent. DTA-linker1-PAA, DTA-linker2-PAA,
and DTA + PAA had no effect on cell viability. These findings confirm that DTA is non-toxic on
its own, but in combination with PA exhibits mild cytotoxicity. The DTA-linker-PA constructs’
superior potency suggests that covalent linkage of the effector to PA was successful in partially
restoring the activity of the native delivery platform. The lack of efficacy in PAA-containing
conditions additionally confirms that cytotoxicity observed in this experiment was due to
successful PA-dependent translocation, in line with the proposed mechanism.
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4.2.4. N-terminal polylysine improves the efficiency of monopartite anthrax.
We investigated whether the delivery efficiency of monopartite anthrax could be improved
by appending an N-terminal polylysine peptide to the effector protein DTA. Previous
investigations of anthrax-mediated delivery suggest that stretches of N-terminal basic residues on
DTA can improve translocation.31,32 To test this in the context of monopartite anthrax, we prepared
a construct wherein DTA was fused at its N-terminus to an Ala-Lys-Lys-Lys-Lys-Lys peptide.
The N-terminal residue was Ala and not Lys due to limitations of the SUMO fusion expression
system. In this design, 7 of the 9 N-terminal residues of DTA are charged, and 5 of 9 are basic.
Briefly, AK5DTA-LPSTGG was conjugated to a linker, and then to PA as described above (Figure
4.2.4a). The activity of this monopartite anthrax construct was assessed using a cell viability assay
(Figure 4.2.4b). Cells were treated with AK5DTA-linker1-PA, AK5DTA-linker2-PA, AK5DTA +
PA separately, or AK5DTA alone. As before, cells were also treated with translocation-deficient
PAA conditions, including AK5DTA-linker1-PAA, AK5DTA-linker2-PAA, and AK5DTA + PAA
separately (Figure 4.2.4c). HeLa cells were treated for 72 h, and cell viability was determined
using CellTiter-Glo. AK5DTA alone had no effect on cell viability. AK5DTA-linker2-PA and
AK5DTA + PA demonstrated equal potency, which was superior to analogs without the AK5
appendage. AK5DTA-linker1-PA demonstrated the greatest potency, with sub-nanomolar cell
killing. Importantly, PAA-containing conditions demonstrated no efficacy. These observations
suggest that activity was once again dependent on PA-dependent translocation of AK5-DTA to the
cytosol, and that the monopartite anthrax constructs were active. Activity was improved roughly
five-fold for AK5DTA-linker1-PA, three-fold for AK5DTA-linker2-PA, and eight-fold for
AK5DTA + PA, as compared to their respective DTA-containing conditions DTA-linker1-PA,
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DTA-linker2-PA, and DTA + PA. For the D-peptide linker construct AK5DTA-linker1-PA, this
increase is consistent with the cation-selectivity of the PA pore, as the added basic functionalities
likely improved the ability of DTA to potentiate translocation once in the endosome and released
from PA. The substantial improvement in AK5DTA + PA as compared to DTA + PA is likely
attributed both to improved potentiation of translocation and the electrostatic attraction of
AK5DTA to PA, which has a theoretical pI of 5.5 and is therefore negatively charged in pH 7.5
media. It is not clear why the L-peptide linker construct AK5DTA-linker2-PA did not benefit as
much as its linker1 counterpart, though this may be attributed to inadvertent recruitment of serum
proteases and subsequent degradation of the L-peptide linker.
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Figure 4.2.4. Delivery of polylysine tagged DTA with the monopartite system. a) Schematic
representation of AK5DTA-PA. The N-terminal AK5 tag was fused to DTA by recombinant
expression. b) Relative viability of HeLa cells treated with AK5DTA-linker1-PA (IC50 = 6 × 10-10
M), AK5DTA-linker2-PA (IC50 = 3 × 10-9 M), and AK5DTA + PA (IC50 = 4 × 10-9 M) for 72 h. c)
Relative viability of HeLa cells after a 72 h AK5DTA-linker-PAA or AK5DTA + PAA treatment.
Cell viability was measured using CellTiter-Glo and normalized to untreated cells (n = 3; data
presented as mean ± SD).
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4.3.

Discussion
Here we report the generation of monopartite anthrax. In our design, an effector protein

DTA was enzymatically ligated to a peptide linker, then chemically conjugated via a C-terminal
maleimide to a thiol-bearing PA protein. This yielded multiple effector-linker-PA constructs. We
investigated a variety of DTA-based effectors, including LFN-DTA, DTA, and AK5DTA. We
found that these monopartite anthrax toxins induced cytotoxicity in a translocation-dependent
manner. We hypothesize that the mechanism is as follows. The effector-linker-PA construct binds
an anthrax receptor, after which PA is proteolytically activated by a furin-like protease. The
effector-linker-PA monomers then oligomerize into a prepore structure and internalize into an
endosome. Upon acidification of the endosome, the prepore converts to a membrane-spanning
channel. Free effector proteins, which are both released from PA and localized in the endosome,
then translocate into the cytosol and perform their effector function.
We probed the effector release step by utilizing two linkers, a short

D-peptide

linker

designed to be proteolytically stable, and a poly-Gly-Gly-Ser L-peptide linker designed to be
proteolytically labile. Interestingly, the linker composition did not dramatically affect the activity
of the monopartite anthrax constructs. This may suggest that the release of the effector is not
limited by peptide linker proteolysis but instead by degradation of the thiosuccinimide linkage,
which is known to undergo a retro-Michael reaction under physiological conditions.36,37 This
phenomenon could be further studied using other thiol-reactive electrophiles, such as a
bromoacetamide reagent which yields a stable thioether. Alternatively, this linkage could be
replaced with a disulfide, which may provide more a favorable degree of lability.
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We also investigated the translocation step, comparing the activity of DTA versus
AK5DTA monopartite constructs. As expected, we observed greater potency from the constructs
containing the N-terminal AK5 peptide, as this is hypothesized to improve potentiation of protein
translocation through the cation-selective PA pore. As noted, the improvement in cytotoxic activity
may also be due to AK5 peptide-mediated association to PA, which is negatively charged. While
this electrostatic interaction may influence these assays, it is not clear whether the non-covalent
interaction would be sustained under more stringent conditions (e.g., in vivo). Nevertheless,
engineered binding of DTA to PA could be further studied as a mechanism to prepare pseudomonopartite anthrax constructs.
In total, this proof-of-concept study demonstrates that anthrax can be prepared as a
functional monopartite toxin. Moreover, we demonstrate that monopartite anthrax can exhibit
potent activity, even without LFN. This minimized monopartite configuration could be generally
applied to increase the cytosolic access of various effectors, including enzymes, nucleic acids, and
other molecules of therapeutic interest which are impermeable to biological membranes.
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4.4.

Experimental

4.4.1. Synthesis and purification of peptide linkers
Fmoc-protected amino acids were purchased from ChemImpex. Peptide linker1 and
linker2 were synthesized using either manual flow peptide synthesis or automated flow peptide
synthesizer on ChemMatrix resin with a Rink amide linker as previously described.38,39 The
maleimide was coupled on the side chain of L- or D-lysine by treating the Lys-deprotected resin
with 1.5 equivalents of N-γ-maleimidobutyryl-oxysuccinimide ester (GMBS, Thermo Fisher
Scientific) for 3 h. The crude peptides were cleaved by TFA/H2O (97.5:2.5) at RT for 2 h and
purified by semi-preparative RP-HPLC with Agilent Zorbax 300SB C18 column (9.4 x 250 mm, 5
um) at a flow rate of 4 mL/min using the gradient of 1-31% acetonitrile over 80 min. HPLC
fractions were subsequently analyzed by LC-MS. Pure fractions were pooled and lyophilized.

4.4.2. LC-MS analysis
LC-MS analysis was performed on a 6520 Electrospray Ionization Quadrupole Time-ofFlight (ESI-QTOF) LC-MS (Agilent) equipped with an Agilent C3 Zorbax column (300SB C3,
2.1 x 150 mm, 5 µm). Solvent A was water with 0.1% formic acid (FA) and solvent B was
acetonitrile with 0.1% FA. The method used was 5-65% B over 15 minutes. Data was processed
using Agilent MassHunter.
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4.4.3. Protein expression and purification
All proteins were expressed in E. coli BL21 (DE3) cells (Thermo Fisher Scientific). PA
K563C (PAC) and AK5DTA-LPSTGG were prepared from WT PA and DTA-LPSTGG
respectively using QuikChange single site-directed mutagenesis kit (Agilent). The expression of
PAC was done at New England Regional Center of Excellence/Biodefense and Emerging
Infectious Diseases (NERCE) and purified as previously described.40 Roughly 20 g of pellet was
thawed in sucrose buffer [20% sucrose (w/v), 20 mM tris, 1 mM EDTA, pH 8] and homogenized.
The homogenate was centrifuged at 8,000 g for 20 min at 4 °C. The pellet was resuspended in 5
mM magnesium sulfate buffer. The pellet was homogenized and stirred for 30 min at 4 °C. The
homogenate was centrifuged as before and the supernatant was purified on an AKTA Pure FPLC
equipped with a HiTrap Q 5 mL anion exchange column (GE Healthcare). Solvent A was 20 mM
tris pH 8.5. Solvent B was 20 mM tris, 1 M sodium chloride pH 8.5. The gradient used was 0-25%
B over 11 column volumes. Fractions were analyzed by SDS-PAGE, and the purest fractions were
collected and further purified by size exclusion chromatography on a HiLoad 26/600 Superdex
200 pg column, using an isocratic 1.5 column volume elution employing 20 mM tris, 150 mM
sodium chloride pH 7.5 buffer. The purest fractions were filtered using a 0.2 µm filter, snap frozen
in liquid nitrogen, and stored at -80 °C.

LFN-DTA-LPSTGG (LD), DTA-LPSTGG, and AK5DTA-LPSTGG in a pET-SUMO
vector were expressed in E. coli BL21(DE3). The bacteria were grown at 37°C until OD600 nm
reached 0.8, then induced with 0.4 mM IPTG at 30°C for 16 h. Bacteria were centrifuged at 8,000
g at 4°C and stored at -80 °C overnight. Pellets were later thawed on ice and homogenized by
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magnetic stirring and using a sonication probe (Branson). Lysate was centrifuged at 8,000 g at 4
°C, and the supernatant was purified using an AKTA Pure FPLC equipped with a HisTrap FF
crude 5 mL column (GE Healthcare). Solvent A was 20 mM tris pH 7.5. Solvent B was 20 mM
tris, 300 mM imidazole pH 7.5. The gradient used was 0-50% B over 20 column volumes. Fraction
purity was assessed by SDS-PAGE. The purest fractions were collected. The SUMO fusion protein
was cleaved by SUMO protease and removed by size exclusion chromatography. The purified
protein was filtered using a 0.2 µm filter, snap frozen in liquid nitrogen, and stored at -80 °C.

4.4.4. Preparation of monopartite anthrax
DTA-derived effector proteins with C-terminal LPSTGG tags (50 uM) were first
conjugated with oligoglycine maleimide-containing peptide linkers (1.5 mM) by pentamutant
sortase (SrtA*).41 1.5 equivalents of maleimide-labeled cargo protein (30 uM) was then mixed
with PAC (20 uM) in 20 mM Tris, 150 mM NaCl buffer (pH 8.5) at r.t. for 1 h, and the reaction
mixture was purified using a HiLoad 26/600 Superdex 200 pg column. Fractions were analyzed
by SDS-PAGE, and the fractions containing effector-linker-PA were pooled, filtered using a 0.2
µm filter, snap frozen in liquid nitrogen, and stored at -80 °C.

4.4.5. Cell viability assays
HeLa cells were purchased from American Type Culture Collection (Manassas, VA) and
maintained in MEM supplemented with 10% at 37°C in a 5% CO2 environment. On the day prior
to treatment, the cells were seeded in a 96-well plate at a density of 5´103 per well and allowed to
attach overnight. The next day, the cells were treated with 5-fold serial dilutions of different
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proteins for 72 h. The cell viability was measured by CellTiter-Glo luminescent assay (Promega)
following the manufacturer’s protocol. The relative viability was normalized to cells without
treatment.
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4.6.

Appendix

Figure 4.6.1. Amino acid sequences of the PA mutants used in this study.

PA K563C (PAC)
MEVKQENRLLNESESSSQGLLGYYFSDLNFQAPMVVTSSTTGDLSIPSSELENIPSENQYF
QSAIWSGFIKVKKSDEYTFATSADNHVTMWVDDQEVINKASNSNKIRLEKGRLYQIKIQ
YQRENPTEKGLDFKLYWTDSQNKKEVISSDNLQLPELKQKSSNSRKKRSTSAGPTVPDR
DNDGIPDSLEVEGYTVDVKNKRTFLSPWISNIHEKKGLTKYKSSPEKWSTASDPYSDFEK
VTGRIDKNVSPEARHPLVAAYPIVHVDMENIILSKNEDQSTQNTDSETRTISKNTSTSRTH
TSEVHGNAEVHASFFDIGGSVSAGFSNSNSSTVAIDHSLSLAGERTWAETMGLNTADTA
RLNANIRYVNTGTAPIYNVLPTTSLVLGKNQTLATIKAKENQLSQILAPNNYYPSKNLAPI
ALNAQDDFSSTPITMNYNQFLELEKTKQLRLDTDQVYGNIATYNFENGRVRVDTGSNW
SEVLPQIQETTARIIFNGKDLNLVERRIAAVNPSDPLETTKPDMTLKEALKIAFGFNEPNG
NLQYQGKDITEFDFNFDQQTSQNICNQLAELNATNIYTVLDKIKLNAKMNILIRDKRFHY
DRNNIAVGADESVVKEAHREVINSSTEGLLLNIDKDIRKILSGYIVEIEDTEGLKEVINDR
YDMLNISSLRQDGKTFIDFKKYNDKLPLYISNPNYKVNVYAVTKENTIINPSENGDTSTN
GIKKILIFSKKGYEIG

PA F427A, K563C (PACA)
MEVKQENRLLNESESSSQGLLGYYFSDLNFQAPMVVTSSTTGDLSIPSSELENIPSENQYF
QSAIWSGFIKVKKSDEYTFATSADNHVTMWVDDQEVINKASNSNKIRLEKGRLYQIKIQ
YQRENPTEKGLDFKLYWTDSQNKKEVISSDNLQLPELKQKSSNSRKKRSTSAGPTVPDR
DNDGIPDSLEVEGYTVDVKNKRTFLSPWISNIHEKKGLTKYKSSPEKWSTASDPYSDFEK
VTGRIDKNVSPEARHPLVAAYPIVHVDMENIILSKNEDQSTQNTDSETRTISKNTSTSRTH
TSEVHGNAEVHASFFDIGGSVSAGFSNSNSSTVAIDHSLSLAGERTWAETMGLNTADTA
RLNANIRYVNTGTAPIYNVLPTTSLVLGKNQTLATIKAKENQLSQILAPNNYYPSKNLAPI
ALNAQDDASSTPITMNYNQFLELEKTKQLRLDTDQVYGNIATYNFENGRVRVDTGSNW
SEVLPQIQETTARIIFNGKDLNLVERRIAAVNPSDPLETTKPDMTLKEALKIAFGFNEPNG
NLQYQGKDITEFDFNFDQQTSQNICNQLAELNATNIYTVLDKIKLNAKMNILIRDKRFHY
DRNNIAVGADESVVKEAHREVINSSTEGLLLNIDKDIRKILSGYIVEIEDTEGLKEVINDR
YDMLNISSLRQDGKTFIDFKKYNDKLPLYISNPNYKVNVYAVTKENTIINPSENGDTSTN
GIKKILIFSKKGYEIG

*The mutated residues are highlighted in red.
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Figure 4.6.2. Amino acid sequences of LFN-DTA-LPSTGG, DTA-LPSTGG, and AK5DTALPSTGG.

LFN-DTA-LPSTGG (LD)
AGGHGDVGMHVKEKEKNKDENKRKDEERNKTQEEHLKEIMKHIVKIEVKGEEAVKKE
AAEKLLEKVPSDVLEMYKAIGGKIYIVDGDITKHISLEALSEDKKKIKDIYGKDALLHEH
YVYAKEGYEPVLVIQSSEDYVENTEKALNVYYEIGKILSRDILSKINQPYQKFLDVLNTIK
NASDSDGQDLLFTNQLKEHPTDFSVEFLEQNSNEVQEVFAKAFAYYIEPQHRDVLQLYA
PEAFNYMDKFNEQEINLSLEELKDQRSGRELERGADDVVDSSKSFVMENFSSYHGTKPG
YVDSIQKGIQKPKSGTQGNYDDDWKGFYSTDNKYDAAGYSVDNENPLSGKAGGVVKV
TYPGLTKVLALKVDNAETIKKELGLSLTEPLMEQVGTEEFIKRFGDGASRVVLSLPFAEG
SSSVEYINNWEQAKALSVELEINFETRGKRGQDAMYEYMAQASAGNRLPSTGGHHHHH

DTA-LPSTGG
ADDVVDSSKSFVMENFSSYHGTKPGYVDSIQKGIQKPKSGTQGNYDDDWKGFYSTDNK
YDAAGYSVDNENPLSGKAGGVVKVTYPGLTKVLALKVDNAETIKKELGLSLTEPLMEQ
VGTEEFIKRFGDGASRVVLSLPFAEGSSSVEYINNWEQAKALSVELEINFETRGKRGQDA
MYEYMAQASAGNRLPSTGGHHHHHH

AK5DTA-LPSTGG
AKKKKKADDVVDSSKSFVMENFSSYHGTKPGYVDSIQKGIQKPKSGTQGNYDDDWKG
FYSTDNKYDAAGYSVDNENPLSGKAGGVVKVTYPGLTKVLALKVDNAETIKKELGLSL
TEPLMEQVGTEEFIKRFGDGASRVVLSLPFAEGSSSVEYINNWEQAKALSVELEINFETR
GKRGQDAMYEYMAQASAGNRLPSTGGHHHHHH

*The polylysine tag is highlighted in red. The N-terminal alanine was introduced to facilitate
SUMO cleavage.
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Figure 4.6.3. LC-MS traces and mass analyses of the peptide linkers used in this study. Damino acids are indicated by lowercase letters. Peptides were synthesized, purified by HPLC, and
analyzed on an Agilent LC-MS equipped with a Zorbax 300SB C3 column.
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Figure 4.6.4. LC-MS deconvoluted masses of LD, LD-linker1, and LD-linker2. The peptide
linkers were conjugated to LFN-DTA (LD), and analyzed on an Agilent LC-MS equipped with a
Zorbax 300SB C3 column. Proteins were deconvoluted using the maximum entropy algorithm.
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Figure 4.6.5. LC-MS deconvoluted masses of DTA-LPSTGG, DTA-linker1, and DTAlinker2. The peptide linkers were conjugated to DTA,and analyzed on an Agilent LC-MS
equipped with a Zorbax 300SB C3 column. Proteins were deconvoluted using the maximum
entropy algorithm.
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Figure 4.6.6. LC-MS deconvoluted masses of AK5DTA-LPSTGG, AK5DTA-linker1, and
AK5DTA-linker2. The peptide linkers were conjugated to AK5-DTA, and analyzed on an Agilent
LC-MS equipped with a Zorbax 300SB C3 column. Proteins were deconvoluted using the
maximum entropy algorithm.
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Figure 4.6.7. Preparation of AK5DTA-linker-PA conjugates analyzed by SDS-PAGE.
AK5DTA with either linker1 or linker2 was conjugated to PA. The reaction mixture was separated
by size exclusion chromatography, and fractions were analyzed by SDS-PAGE.
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Figure 4.6.8. Preparation of AK5DTA-PAA conjugates analyzed by SDS-PAGE. AK5DTA
with linker1 or linker2 was conjugated to PAA. The reaction mixture was separated by size
exclusion chromatography, and fractions were analyzed by SDS-PAGE.
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Figure 4.6.9. LC-MS deconvoluted masses of PAC, LFN-DTA-linker1-PA, and LFN-DTAlinker2-PA. LFN-DTA (LD) constructs with different linkers were conjugated to PA, and analyzed
on an Agilent LC-MS equipped with a Zorbax 300SB C3 column. Proteins were deconvoluted
using the maximum entropy algorithm.
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Figure 4.6.10. LC-MS deconvoluted masses of PACA and LFN-DTA-linker1-PAA. LFN-DTA
(LD) constructs with different linkers were conjugated to PAA, and analyzed on an Agilent LCMS equipped with a Zorbax 300SB C3 column. Proteins were deconvoluted using the maximum
entropy algorithm.
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Figure 4.6.11. LC-MS deconvoluted masses of PAC, DTA-linker1-PA, and DTA-linker2-PA.
DTA constructs with different linkers were conjugated to PA, and analyzed on an Agilent LC-MS
equipped with a Zorbax 300SB C3 column. Proteins were deconvoluted using the maximum
entropy algorithm.
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Figure 4.6.12. LC-MS deconvoluted masses of PAC, AK5DTA-linker1-PA, and AK5DTAlinker2-PA. AK5DTA constructs with different linkers were conjugated to PA as described, and
analyzed on an Agilent LC-MS equipped with a Zorbax 300SB C3 column. Proteins were
deconvoluted using the maximum entropy algorithm.
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Figure 4.6.13. LC-MS deconvoluted masses of PACA, AK5DTA-linker1-PAA, and AK5DTAlinker2-PAA. AK5DTA constructs with different linkers were conjugated to PAA, and analyzed
on an Agilent LC-MS equipped with a Zorbax 300SB C3 column. Proteins were deconvoluted
using the maximum entropy algorithm.
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