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ABSTRACT

Cardiovascular disease (CVD) is one of the leading causes of death worldwide,
both individually and as a comorbidity for other diseases such as diabetes and
atherosclerosis. Unfortunately, CVD trends irreversibly toward heart failure. Current
treatments only manage symptoms such as high blood pressure rather than addressing
the root biological causes of the disease. Many micro-RNAs (miRNAs) are either over or
under-expressed in CVD, making the regulation of these miRNAs a potential treatment
strategy. Here, we investigate the delivery of antisense oligonucleotides (ASOs) to
inhibit the expression of an overexpressed miRNA in CVD, miRNA-21.

One of the challenges in delivering ASOs and other gene therapies is achieving
delivery to the desired tissue before the therapeutic is trafficked to the liver or kidneys.
Our lab has a platform for discovering peptide-protein interactions, affinity selection-
mass spectrometry (AS-MS), with which we can find short peptide or peptidomimetic
targeting agents with nM binding affinity to target proteins. Here, | describe a platform
for selecting and procuring cardiac-specific proteins or their extracellular domains
(ectodomains), in some cases employing the automated fast-flow peptide synthesis
(AFPS) our lab has developed, which can produce single domain proteins in hours in a
single shot. We aim to discover and validate binders to these targets using AS-MS.

Because these targets were challenging to generate binders to, we began
investigating the transferrin receptor (TfR1) and a peptide found in literature to bind to
TfR1, T12. T12 binds to TfR1 with low tens of nM binding affinity, and a conjugate of
anti-miRNA peptide nucleic acid (PNA) with T12 inhibits about 50% of miRNA-21
expression in mouse cardiac tissue at 30 mg/kg, while 30 mg/kg PNA alone does not
show significant inhibition of mMiRNA-21 expression in the heart. To reduce the dose
required for efficacy, we synthesized a linear dimer of T12, which exhibits tenfold
stronger binding to TfR1. A PNA-T12 dimer conjugate exhibits just over 50% inhibition
of miRNA-21 expression in cardiac tissue at only 5 mg/kg, out-performing the PNA-T12
monomer conjugate. We begin to investigate dimer architecture and its effects on the
T12-TfR1 interaction. With these promising initial results, we hope to apply this simple
peptide targeting platform to other cardiac-specific targets and their discovered binders.

Thesis Supervisor: Bradley L. Pentelute
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1 Background and Overview

1.1 Thesis Overview

This thesis focuses on the application of flow-based peptide and protein
synthesis to improving the delivery of gene therapies, specifically antisense
oligonucleotides, to cardiac tissue. Chapter 1 details several of the early phases of the
project and the workflow that we developed for several steps in the discovery of cardiac
targeting agents. It begins with a discussion of target selection and production, which
posed a larger challenge than anticipated. Many targets did not satisfy our
requirements, and several that did later proved cumbersome to purify or fold. Section
1.4 discusses the flow synthesizers in our lab and the optimizations we did on them,
resulting in great success with producing several single-domain proteins, which are
further detailed in Appendix |. Section 1.5 elaborates on the process of discovering
peptide or peptidomimetic binders to target proteins as well as some of the challenges
in this step. We have discovered putative binders to several of our targets, but many of
these have failed at the validation stage. We are investigating alternative discovery
methods and modifications to AS-MS to try to remedy this.

Because there have been unforeseen barriers to progressing to in vitro and in
vivo tests with the highly cardiac specific proteins and their targeting peptides, we
looked to another platform to develop as a proof of concept. Chapter 2 describes our
investigation of the transferrin receptor (TfR1)-T12 interaction. Though TfR1 is not
extremely cardiac specific, it is expressed in cardiac tissue. Because of this, we observe
delivery of our ASO therapeutic to cardiac tissue by a readout of the level of target

mMiRNA expression at doses competitive with therapeutics currently in the clinic. We
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hope that the success of this platform can be translated to a protein-peptide or protein-
peptidomimetic pair that is extremely cardiac specific, with potentially even greater
effects in cardiac tissue in lower doses. The strategy discussed here, combined with
others in the future such as co-delivery with a targeted cell-penetrating peptide, could

have significant impact in improving the efficacy of cardiac therapeutics.

1.2 The significance and progression of CVD

Cardiovascular disease (CVD) is currently the leading cause of death, comprising
about 30% of worldwide deaths as well as contributing to others as a comorbidity.'-?
1.2Patients with diabetes are at a two- to four-fold higher risk of developing CVDs as a
secondary condition due to a similarity in risk factors between CVD and diabetes, such
as obesity. In fact, about 70% of diabetes patients die of CVD.3># With the incidence of
diabetes rising, from 30 million patients in 1985 to almost 400 million patients in 2014,
and a projected 1 in 10 people suffering from the disease by 2035, the number of
patients at high risk of CVDs is also ever-increasing.® Besides diabetes and obesity,
other risk factors such as hypertension, atherosclerosis, renal dysfunction,
inflammation, and old age can increase a person’s chances of developing CVD. These
risk factors can lead to structural changes in cardiac tissue, including volume overload,
regurgitation, and cardiomyopathy. The structural changes will lead to symptoms
including shortness of breath and fatigue. Eventually, this results in heart failure (HF) in
which the heart decreases its blood flow even at rest. One of the reasons CVD is deadly
is because it progresses irreversibly toward HF. %6 Over humans’ lifetimes, they only
replace <50% of their cardiomyocytes. Hence, ischemic events such as myocardial

infarctions (heart attacks) can be catastrophic. Current treatments only manage
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symptoms, such as blood pressure regulators (angiotensin-converting enzyme (ACE)-
inhibitors and diuretics), rather than addressing the root cause of CVD.” As such,
researchers are striving to develop novel treatments® as well as determine the
associated biological causes of CVDs via genomic studies,® RNA-sequencing

experiments,’® and phage display studies.

1.3 Cardiac-specific protein targets to improve CVD therapeutic delivery

1.3.1 Determination of cardiac-specific target proteins

Our approach to improving the targeted delivery of cardiac therapeutics is to
leverage the binding of targeting peptides or peptidomimetics to cardiac-specific
proteins. We formulated a set of requirements a protein must fulfill to be eligible for
pursuit as a target. The primary requirements for a protein to be a viable target are
tissue specificity — from tissue or transcriptomic detection from known datasets, the
protein must be highly expressed in cardiac tissue only'>'3 — and a known extracellular
domain, or ectodomain — the protein must be a membrane protein with a targetable
domain outside of cells so that it is accessible by targeting agents.'>'* To further narrow
the list of proteins that satisfy these requirements, we prioritized proteins that have
some known structural information such as a crystal structure,’ existing antibodies
against the ectodomain, high sequence homology between the mouse and human
protein sequences for ease of translation between mouse in vivo studies and clinical
applications with humans,'3'® and supporting information in literature. We were
especially interested in the biological function of the proteins and insight into the
domains of the proteins implicated in their activity, as we aimed to select target domains

of the proteins that would not interrupt the proteins’ native function, and by extension
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potentially disrupt large scale cardiac function. While the list of potential protein targets
changed as information became available, we focused on several proteins including
atrial natriuretic peptide (ANP)-converting enzyme (Corin), cadherin-2 (CDH2), calcium
voltage-gated channel subunit alpha1 C (Cav1.2), and sodium voltage-gated channel
subunit alpha 5 (Nav1.5). We chemically synthesized proteins or ectodomains that were
fewer than 200 residues with few to no post-translational modifications (PTMs)'3 using
the automated fast-flow peptide synthesis method developed in our lab (Section 1.4 and
Appendix 1).1718 Proteins with more than 200 residues or several PTMs were purchased

or expressed.

1.3.2 Synthesis and de novo folding of cardiac-specific protein ectodomains

Chemically synthesized proteins must be folded into their native conformations
during binder discovery to ensure a realistic protein target is presented to the peptides.
Our strategy for folding protein domains without known folding protocols was to dissolve
them at high concentrations of a denaturing agent, typically 6 M guanidine, and slowly
dilute it into a “folding” buffer. We developed a matrix of folding buffers that surveyed
various salt concentrations and other additives to determine the optimal folding
conditions for each individual protein (Table 1.1). To validate the folding of the proteins,
we measured the change in protein mass from the formation of disulfide bonds.
Because most of the chemically synthesized proteins were small, folding did not result
in a significant shift in retention time by reverse-phase (RP) high performance liquid

chromatography (HPLC).
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Proteins with a single disulfide bond generally folded and appeared pure by RP-
HPLC. However, proteins with multiple disulfide bonds adopted multiple conformations
and required post-folding purification. We looked to ion exchange chromatography (IEC)

as an orthogonal purification method to RP-HPLC.

Component Conditions Purpose
Guanidine 0.3,0.6,1.2 M Denaturant; slows folding potential
Arginine 0, 250,450 mM Stabilizer; reduces precipitation
Reductant/Oxidant 200 -2000 uM Promotes disulfide shuffling
Use Cysteine/Cystine (pH 7.8) or GSH/GSSG (pH 8.2)
Ratio 1:1,1:0.2, 1:0.1 Establishes reduction / oxidation potential

Controls folding kinetics; 4 °C gives less aggregation
relative to room temperature

All buffers: 50 mM Tris, 19 mM NaCl, 0.8 mM KCl, 1 mM EDTA

Temperature 4°C

Salt (lonic strength)
Table 1.1. Conditions for de novo protein folding buffers. For each chemically
synthesized protein, we assessed 18 folding buffers at a 100 ug scale that surveyed the
range of the above components and concentrations, 9 buffers per red/ox pair. In
general, we found that cysteine/cystine was a more suitable red/ox pair for our proteins
relative to glutathione (GSH/GSSG).

1.3.3 Atrial natriuretic peptide-converting enzyme (Corin)

Corin is highly enriched in cardiac muscle tissue by mRNA detection. '2 It cleaves
NPPA and NPPB into active hormones, atrial natriuretic peptide (ANP) and R-type
natriuretic peptide (BNP), respectively. This implicates Corin in the pathway to regulate
blood pressure and promote natriuresis, diuresis, and vasodilation.'®-23 |t is also shed
from the cell surface in healthy people, but in HF patients, there is reduced shedding of
Corin, making it a potential biomarker for HF.2* Because of its biological function, it is
important to target the correct region of the protein to avoid harmful largescale effects.
The protein domain structure is known, with an N-terminal cytoplasmic and
transmembrane (TM) domain. It contains two frizzle-like domains (Fz1,2) as well as
eight LDL receptor-like domains (LDLR) and a scavenger receptor-like domain (SR). At

the C-terminus, Corin has a trypsin-like catalytic domain that is activated by cleavage at
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R801. Post cleavage, the catalytic domain remains connected by a single disulfide.?
Fz2, SR, and LDLR4 are the least important domains to Corin’s function.'®* We
expressed a soluble Corin reported in literature'® without the catalytic domain using
Expi293 cells in which the TM domain was replaced with an IgGk signal peptide, and
added an N-terminal V5 tag and His tag. We captured the protein from the supernatant
of the cells using a His-trap column and subsequently purified Corin by anion exchange
(AEX). Fractions were analyzed by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) for protein mass and western blot for protein identity, and
the compiled fractions were analyzed by size-exclusion chromatography (SEC) to
ensure a uniform product with approximately the expected size and mass based on an

SEC standard (Figure 1.1).
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Figure 1.1. Expression and purification of Corin from Expi293 cells. A) The
illustration of the domains of Corin (reproduced from Knappe et al.’®) informed the
constructs we expressed. B) Construct 1 (C1) was purified by AEX after His-trap
capture from the cell supernatant. C) We verified the presence and mass of the Corin
C1 by SDS-PAGE and western blot. D) Corin C1 is well-behaved by SEC after AEX
purification.
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1.3.4 Cadherin-2 (CDH2)

CDH2 shows high cardiac enrichment by mRNA detection and moderate cardiac
enrichment by antibody detection.'? It mediates homotypic cell-cell adhesion by
homodimerizing with another CDH2 from another cell.'?'315 Predominantly R-sheet
structured in five domains, it contains no disulfides but seven glycosylation sites. To
avoid the domains involved in the homodimerization, we purchased the two C-terminal
domains 4 and 5.

1.3.5 Calcium voltage-gated channel subunit alpha1 C (Ca,1.2)

Cav1.2 is highly expressed in cardiac tissue by mRNA detection and moderately
expressed in cardiac tissue by antibody detection.'>'® As its name implies, it is involved
in the transport of calcium ions across the cell membrane, making it critical for cardiac
muscle contractions. Thus, defects in its expression and function can result in
arrhythmia.’® Ca,1.2 is a primarily transmembrane protein, but it has some small
ectodomains that are suitable for chemical synthesis.'#2® One such ectodomain is
Cav1.21072-1164, Which contains a single disulfide bond. After assessing folding conditions
as described in Section 1.2.2, we determined that 600 mM guanidine, 250 mM L-
arginine, 50 mM Tris, 19 mM NacCl, 0.8 mM KCI, 1 mM EDTA, and 1 mM cysteine/1 mM
cystine at pH 7.8 was the optimal buffer. Because of the single disulfide, Cay1.21072-1164
did not require further purification post-folding (Figure 1.2). Another ectodomain we
studied was the gamma domain, Ca\1.2-y, which has two disulfide bonds and 3-sheet
structure. We determined the optimal folding conditions for this ectodomain to be 1200
mM guanidine, 50 mM Tris, 19 mM NaCl, 0.8 mM KCI, 1 mM EDTA, and 1 mM

cysteine/1 mM cystine at pH 7.8. Because of the two disulfide bonds, we observed two
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distinct folded conformations by RP-HPLC post folding. We separated the two
conformations with AEX using a ProPac-SAX-10 column and 20mM Tris, 3 M urea, 20

mM morpholine pH 8.0 buffer with increasing NaCl gradient (Figure 1.3).
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Figure 1.2. Folding of Cay1.21072-1164. A) Cav1.21072-1164 cOntains a single disulfide but is
otherwise largely unstructured. B) RP-HPLC shows no change in retention time
between folded and unfolded Cav1.21072-1164, likely due to similar interaction with the
column before and after folding. C) The deconvoluted mass of Cay1.21072-1164 indicates
close to complete folding, in which we would observe a mass shift of 2 Da.

Unfolded: 11362.98 Da
Folded: 11361.15 Da
Mass Shift: 1.82 Da
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Figure 1.3. Folding and purification of Cav1.2-y. A) Ca,1.2-y has a largely B-sheet
structure with two disulfides. B) RP-HPLC shows two main folded conformations that
need to be separated. C) The deconvoluted mass of Cay1.2-y shows a nearly 4 Da
mass shift, indicating both disulfides formed during folding. D) Both folded

conformations are visible in the AEX trace, with the first peak producing a pure folded
conformation by RP-HPLC (E).
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1.3.6 Sodium voltage-gated channel subunit alpha 5 (Nay1.5)

Nay1.5 is nearly exclusively expressed in cardiac tissue by mRNA detection.? It
mediates the voltage-dependent sodium ion permeability of membranes. There are
several sodium ion channel inhibitors that bind to other sodium ion channels, but not
Na,1.5."® Analysis of its structure shows an ectodomain, Nay1.5274-346, that contains two
disulfide bonds.'*?” From the folding matrix, most conditions resulted in nearly full
oxidation of the ectodomain. Interestingly, unlike with Cay1.2-y, only one folded
conformation was observed despite there being two possible sets of disulfide bonds
possible (Figure 1.4). The folded protein was purified by SEC to yield a pure, folded

ectodomain.

a) b) Mass chromatograms, intensity vs retention time Deconvoluted MS spectra, zoomed in
7833.75
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2 3 4
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Figure 1.4. Folding of Nay1.5. A) The crystal structure of Nay1.5 is largely unstructured
but contains two disulfides. B) Folding Nay1.5 results in a single folded species with a
nearly 4 Da mass shift, indicating both disulfides are formed.

1.4 Development of automated fast-flow peptide synthesizers (AFPS)

1.4.1 Solid phase peptide synthesis (SPPS)
While proteins and peptides are naturally expressed by cells and bacteria,
chemically synthesized proteins offer several advantages. Synthetic proteins allow for

more chemical freedom than recombinant proteins, for example the ability to incorporate
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unnatural amino acids or access chemical PTMs.2?8 Therefore, there has been
longstanding interest in developing robust chemical synthesis of proteins and peptides.
The first solution phase chemical synthesis of a peptide was performed by Fischer and
Fourneau in 1901. With unprotected amino acids in solution, there was no way to
prevent the polymerization of the same amino acid to itself, creating many side products
in addition to the desired sequence-defined peptides.?® In 1932, Bergmann and Zervas
added reversible protecting groups to amino acids, allowing for sequence-defined
peptide synthesis.3® A major advancement came in 1963 when Merrifield introduced
solid phase peptide synthesis (SPPS). In SPPS, the peptide grows on an insoluble
resin, facilitating wash steps between amine couplings without sacrificing synthetic
quality.3" In SPPS, an N-terminally protected amino acid is activated in the presence of
a base to form an activated ester, which is added to a growing peptide chain on a solid
phase resin. The activated ester reacts with the exposed amine at the N-terminus of the
peptide. Finally, the protecting group is removed from the N-terminus, resulting in an
exposed amine group ready for the next coupling. Because of the exponential effect of
the efficiency of each coupling, the theoretical yield of sequences drops to about 50% in
about 40 residues even with 99% coupling efficiency, so SPPS was generally limited to
less than 50 amino acids. To access full length single-domain proteins, Kent developed
native chemical ligation (NCL) as a strategy to chemically synthesize pieces of a protein

and ligate them to form a functional protein.?

1.4.2 Automated fast-flow peptide synthesis (AFPS)
Though traditional SPPS is still a functional method to synthesize peptides,

introducing flow chemistry to peptide synthesis is a major advancement towards
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accessing longer sequences in a single shot. Batch SPPS couplings generally take
about an hour each and 10 min each for deprotection, making synthesis of longer
sequences unrealistic from a time standpoint. Our lab developed automated fast-flow
peptide synthesizers (AFPS). In AFPS, bottles of all reagents (amino acids, activators,
base, and deprotection solution) are flowed by HPLC pumps through selector valves
and to a mixing T, where for each coupling the amino acid, activator, and base meet at
the same time. The activated amino acid is then flowed through a heating loop and then
over heated reaction vessel containing the resin with the growing peptide. Excess
reagents are flowed through an in-line ultraviolet-visible (UV-vis) detector before going
to waste (Figure 1.5). The in-line UV detector allows us to monitor the sequence
progression and aggregation in real time. For each coupling, two peaks appear — first a
broad, saturated peak as the excess coupling agents flow through, followed by a
smaller peak as the protecting group is removed from the peptide. The relative height
and width of the deprotection peaks gives information on the synthetic quality. In
addition to the real-time knowledge of synthetic progress, AFPS has improved heat and
mass transfer and low residency times on resin relative to batch SPPS. Perhaps most
importantly, the constant exposure to fresh reagents and high temperatures vastly
speeds up the coupling reaction, allowing for as low as 2 minutes per coupling and 1
minute per deprotection.'”33 With further optimizations, the AFPS machines in our lab
are now able to synthesize single-domain proteins that are biologically functional over
200 amino acids long that are critical for research.’®3* Many of these optimizations are

described in detail in Appendix I.
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Figure 1.5. Schematic of the AFPS machine. There are several synthesizers in our
lab, each with slight differences, but all following the same synthetic principles and
general setup depicted here.

1.4.3 Renovation of the first generation AFPS

Over time, the AFPS machines get worn down from use. The first generation
AFPS was in such a state, so we used the opportunity to fully renovate and redesign the
layout of the synthesizer. Our goal was to make it safer and more user-friendly.
Because of the orientation of the rack of amino acids, reaching several reagents was
difficult to do safely, so one of the most noticeable changes we made was rotating the
solution rack and redid the plumbing to remedy this. Additionally, to ensure that the
amino acids and activators reach the mixing T at exactly the same time to avoid
potentially capping the peptide, we carefully measured the length of the lines going to
the pumps such that they were equal in length. Another safety hazard was the exposure
of live wires and electrical components on the surface of the fume hood to solvents in
the case of leaks. Several wires and fittings were damaged, so we replaced these and

added an elevated protected track to prevent future chemical exposure. We also added
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a box to protect a set of previously exposed electrical connections. Figure 1.6 displays
the layout of the first-generation AFPS before and after renovations.

Another aspect to improving the machine was synchronizing the HPLC pumps.
Pump synchronization may only have a small effect on a single coupling, but for longer
sequences the effects add up and result in lower quality synthesis. The two main ways
the pumps can become unsynchronized is either one tube being shorter than the other,
which was remedied by fixing the lines, and cavitation, which can occur if the pump
briefly creates a vacuum while refilling with solution. We used colored food dye and a
960 fps video camera to observe frame by frame the time at which color arrived at an
endpoint (Figure 1.7). On another synthesizer, we found that too short of a refill time,
200 ms, induced cavitation which prevented the synthesis of barnase, a protein
synthesized by a third AFPS machine. Increasing the refill time to 600 ms yielded
comparable synthetic quality of barnase on the two machines. Additionally, even in a
shorter test peptide GLP-1, synchronizing the pumps increased the purity of the
produced peptide from 46% (98.8% efficiency per coupling) to 78% (99.6% efficiency
per coupling). Following the renovations to the first generation AFPS, all machines in

the lab were able to synthesize similar quality single-domain proteins.

e 3
Figure 1.6. First generation AFPS before and after renovation. Several
modifications were made to the first generation AFPS to improve its synthesis quality,
safety, and user-friendliness.
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Figure 1.7. lllustration of pump synchronization. A) Diagrams show the two potential
sources of a lack of sychronization and how they manifest visibly with food dye. Images
of dye in the lines for a pump with one short tube (B), cavitation (C), and correct
synchronization (D) are courtesy of Dr. Mark Simon.
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1.5 Affinity selection mass spectrometry to discover peptidomimetic
binders to cardiac-specific proteins

Affinity selection-mass spectrometry (AS-MS) balances chemical control and
library diversity to discover putative binders to target proteins such as those described
in Section 1.3. For the discovery of novel peptide binders, phage display® and mRNA
display®® are common because they routinely sample a sequence space of 108-10"3

members.3” The key drawback to these methods is that incorporation of D- and
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noncanonical amino acids is difficult, as these are biological approaches to binder
discovery.?:3% Though chemical combinatorial techniques offer complete chemical
control over the sequence and easy incorporation of any building blocks, they are
historically limited to a library diversity of only 10.4° Our lab has developed an AS-MS
protocol that can identify sequences from libraries up to 108 members while maintaining
total chemical control.*’

AS-MS leverages the robust biotin-streptavidin interaction to facilitate the capture
of putative binders to a target protein. The target protein is biotinylated either through a
coupling on resin for synthetic proteins or using biotin-NHS ester to non-selectively label
lysines or another free amine on a recombinant protein. The biotinylated protein is then
immobilized on a streptavidin-coated magnetic bead. The immobilized protein is then
incubated for an hour with a synthetic library of up to 108 members. Unbound members
are washed away. Bound peptides are eluted with guanidine and sequenced using
nano-liquid chromatography coupled with tandem mass spectrometry (nLC-MS/MS).42
To ensure the selectivity of the discovered putative binders, we use anti-hemagglutinin
monoclonal antibody (anti-HA mAb or 12ca5) as an off-target protein because it binds to
peptides with a known binding motif (D**DYA) in a common library structure we use in
selections.*' Because we observe consistent results with 12ca5 in our AS-MS protocol,
it acts as a positive control for the success of the selection overall. We also run multiple
target proteins in parallel in addition to 12ca5 to act as off-target proteins for each other.
Putative binders are validated using biolayer interferometry (BLI) to confirm their binding

to the target protein and determine their binding affinities.
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In AS-MS, we chemically synthesize libraries with the solid-phase one-bead-one-
compound (OBOC) method.*® For each coupling, the resin beads are split equally into
as many aliquots as monomers for that library. After the amino acid is coupled, all the
resin is pooled together for deprotection. Before the next coupling, the resin is equally
aliquoted again. In this way, each bead will have a distinct sequence, hence the name
OBOC. The most standard library we use in initial screens for binder discovery has
twelve variable residues with a single C-terminal lysine to aid with solubility and
sequencing (X12K), with the monomer set comprising the canonical L-amino acids
except for cysteine and isoleucine. Cysteine is excluded to ensure that the peptides do
not cyclize or multimerize, as this can create complications in the sequencing of the
discovered binders. Isoleucine is excluded because it has the same mass as leucine,
and the sequencing is done by measuring the mass of each peptide. Because the
theoretical diversity of the X12K library is so much higher than the number of beads
(10" vs 108),41 it has a very low redundancy, so each bead should have a distinct
sequence. Some variations of the canonical-L X12K library are a slightly shorter and
lower diversity canonical X9K library with nine variable residues and the same monomer
set, and the canonical-D versions of both of these libraries. Macrocyclic-L libraries are
often more likely to yield binding peptides because the steric constraint the peptides are
already under reduces the entropic penalty of binding a protein.3® We are in the process
of creating a robust protocol to perform AS-MS with macrocyclic peptides, which is a
greater challenge because they require extra steps to cyclize them after synthesis and
to linearize them before sequencing. Additionally, we have a non-canonical X12K library

that samples a much larger chemical space. These libraries were used to discover
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serum-stable peptidomimetic binders to angiotensin converting enzyme 2 (ACE2),
described in Appendix 11.44

Some proteins have known binders or putative binders from a previous round of
de novo binder discovery. In these cases, we can synthesize a lower diversity focused
or specialized library. For example, if a protein has a known binding partner, and
especially if a motif is known from that partner, a focused library can mimic the binding
partner and include the binding motif to screen for an even stronger binder. As another
example, a putative binder to CDH-2 was discovered, so we performed an alanine scan
in which each residue in the sequence is mutated to alanine one by one. We check
each alanine mutant with BLI to see which residues maintain or lose binding. If mutating
a given residue to alanine removes all binding, we conclude that that residue is a “hot
spot”, or key to the binding interaction. Conversely, if mutating a given residue has no
effect on the binding, we conclude that it is a “cold spot”, or not important to the binding
interaction. After determining the hot and cold spots for the CDH-2 binder, we
synthesized two focused libraries. The hot spot library only had variable regions at the
hot spot residues and aimed to make the “hot spots hotter”. The cold spot library only
had variable regions at the cold spot residues and aimed to make the cold spots warm.

Despite the advances in AS-MS, there are ongoing efforts to improve this
discovery platform. Many parameters can affect the quality and number of recovered
peptides from a given selection. We have varied the buffers used, incubation times, and
number of washes (stringency of the selection) as physical variables. However, one of
the largest losses of data comes from the sequencing and analysis step. Parameters of

the sequencing, such as time spent sequencing and strength of the ionization of the
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peptides can affect how many peptides are both discovered and sequenced with high
fidelity. One solution is to look to machine learning to aid in handling massive datasets.
There are efforts in the lab to develop a program PyBinder that will look at the raw MS
spectra and detect peptides to later be sequenced. With this program, the nLC-MS/MS
step can be optimized to spend a long time acquiring a high fidelity sequence only for

real peptides.
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2 A transferrin receptor 1-targeted PNA-peptide conjugate
inhibits microRNA-21 expression in cardiac and other
mouse tissues

The work presented in this chapter has been reproduced and adapted from the
following publication:

Antilla, S.*; Zhang, G.*; Li, C.*; Loas, A.; Nielsen, T.E.; Pentelute, B.L., A transferrin
receptor 1-targeted PNA-peptide conjugate inhibits microRNA-21 expression in cardiac
and other mouse tissues. Manuscript in progress.

*These authors contributed equally to this work.
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2.1 Introduction

The implication of many microRNAs (miRNAS) in disease progression has been
documented.*>46 MiRNA genes are transcribed by RNA polymerase Il in the nucleus,
producing the precursor miRNAs, termed primary miRNAs, which can be further capped
and polyadenylated into pre-miRNA transcripts.*” Pre-miRNA typically exists in a
hairpin-shaped structure and is processed by the Dicer enzyme into short single-
stranded miRNA (mature miRNA) consisting of ~22 nucleotide bases after being
exported into the cytosol via the nuclear pore.*® Functional mature miRNA can
incorporate into the RNA-induced silencing complex (RISC) in the cytoplasm and
complementarily bind the 3’-untranslated region of mRNA targets, regulating protein
expression through either mRNA degradation or translational suppression.4”4°® Over the
past two decades, nearly 2,000 precursors and over 2,600 mature miRNAs have been
identified and annotated in humans.>® Many miRNAs were found to be potent regulators
of intracellular signaling pathways and act as important effectors of different cellular
functions, such as cell proliferation and differentiation,>'-°3 survival,>*-°¢ extracellular
matrix production,®” and other regulatory events.”#5%8:59 Individual miRNAs can affect
the expression of several MRNAs and govern complex biological processes. Not
surprisingly, dysregulation of miRNAs was found in some pathophysiological stress and
disorder conditions.”-%560-62

In the diseased state, relevant miRNAs can be either overexpressed or
downregulated, therefore presenting opportunities for therapeutic intervention by using
either oligonucleotide-based inhibitors or miRNA mimics.*® To combat upregulated

miRNAs in diseased tissue, targeting strategies with antisense oligonucleotides (ASOs)
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have gained traction as potential therapies.®®:63.64 Antagomirs, as a novel class of
chemically engineered oligonucleotides, first demonstrated efficacy toward silencing
specific miRNAs in vivo in 2005% and have shown promise in developing treatments of
overexpressed miRNAs.%6-68 Chemical modifications to the ASO backbone such as
phosphorothioate (PS), 2’-O-methyl (OMe), 2’-O-methoxyethyl (MOE), and locked
nucleic acids (LNAs) have greatly improved their metabolic stability, enhanced RNA
target specificity, and alleviated off-target toxicity.?®7% In other modifications of ASOs,
the charged backbone is replaced with neutral components to reduce electrostatic
repulsion, such as in phosphorodiamidate morpholino oligomers (PMO) and peptide
nucleic acids (PNA). PMOs of at least 15 nucleotides are highly specific, easily soluble,
and non-toxic.®® Unlike the other ASOs, the backbones of PNAs consist of repeating
neutral N-(2-aminoethyl)glycine units, rendering them chemically, thermally, and
enzymatically stable. Additionally, PNAs exhibit higher binding affinity with their DNA or
RNA targets due to their neutral backbone.%%7"

Recent studies illustrate how delivery of ASOs can safely affect the progression
of diseases in humans. Inhibiting miRNA-92a with ASOs led to improved vascularization
in myocardial infarction models and more rapid wound healing.”? In 2020, the first in-
human study of MRG-110, an LNA-DNA mixed antagomir that targets miRNA-92a,
showed time- and dose-dependent inhibition of mMiRNA-92a expression relative to the
placebo group after a single dose over the course of twelve weeks.”? At the highest
dose of 1.5 mg/kg, >95% inhibition of mMiRNA-92a was observed after 24 h. No
significant side effects were reported in the patients participating in this study.”® In 2021,

the first in-human study was reported of CDR132L, an LNA-based antagomir that
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targets miRNA-132, which is upregulated in response to cardiac stress, eventually
leading to heart failure (HF). Patients in this study received two doses or a placebo four
weeks apart. At all doses, rapid and sustained inhibition of mMiRNA-132 was observed in
plasma relative to the placebo group. Importantly, patients receiving at least 1 mg/kg of
CDR132L showed plasma levels of miRNA-132 similar to that of a group of healthy
volunteers. None of the patients in the study reported adverse side effects.”*”® These
two studies demonstrate that ASOs are tolerable and effective in humans, augmenting
their promise as therapies.

In addition to miRNA-92a and miRNA-132, miRNA-21 is overexpressed in failing
hearts, and its inhibition shows promise as a treatment for HF. MiRNA-21 is involved in
the extracellular signal-regulated kinase—mitogen-activated protein kinase signaling
pathway that modulates apoptotic cell death in cardiac fibroblasts. Increased expression
of miRNA-21 reduces the percentage of apoptotic cells of failing hearts, and the greater
survival of damaged cells leads to morphology changes exhibited in HF. Silencing
miRNA-21 with ASOs in mouse models has shown reduced fibrosis and cardiac
dysfunction.” Transverse aortic constriction (TAC) model mice treated with anti-miRNA-
21 exhibited higher fractional shortening and decreased cardiac size relative to control
mice, partially recovering to healthy measurements.’

Despite encouraging results demonstrating the efficacy of ASOs, delivering them
to extrahepatic tissues is a challenge because they are often trafficked to the liver or
kidney for excretion. Investigating various techniques to modulate the biodistribution of
gene therapies is an area of active research. For example, studies have recently shown

that N-acetylgalactosamine (GalNAc) conjugated to small interfering RNA (siRNA), a
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double-stranded RNA that activates the RISC complex similarly to miRNAs, can target
liver hepatocytes.*376 Targeting the central nervous system and lungs has been
achieved by modifying siRNA with lipophilic moieties.”” Another strategy leverages the
specific binding interactions between antibodies and their target proteins to target non-
liver tissue. Antibody-oligonucleotide conjugates (AOCs) were developed that help
reduce gene splicing errors in target mMRNAs implicated in myotonic dystrophy type 1
(DM1).7® Though antibodies are highly specific, they are large (>150 kDa) and complex
glycosylated molecules. It has been shown that using only the antigen-binding fragment
(Fab) of an antibody to deliver PMOs to muscle tissue can maintain the selectivity of the
targeting agent while reducing the molecular weight of the conjugate.”® An alternative to
antibody-based targeting strategies is employing adeno-associated virus vectors with
low pre-existing immunogenicity to target skeletal and cardiac muscle tissue to treat
diseases such as Duchenne muscular dystrophy (DMD).&° These and other targeting
strategies show promising results for improved delivery of gene therapies to desired
tissue.

One protein of particular interest for targeted delivery of gene therapies is the
transferrin receptor 1 (TfR1). TfR1, or CD71, is highly expressed in cardiac and skeletal
muscle tissue and mediates iron transport into cells by binding its native partner
transferrin (Tf), which has been used as a metallodrug carrier.2'8? Several classes of
targeting agents previously discussed are currently being studied in the context of
targeting TfR1, including AOCs and Fabs, for the treatment of DMD and other muscular
diseases.”®’® Centyrins, antigen-specific proteins with specific sites for drug conjugation

about 1/15 the size of an antibody, are being investigated as an siRNA delivery agent to
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treat Pompe disease.?3 To avoid potentially disrupting iron cycling into cells, there are
ongoing efforts to discover bicyclic peptides that target regions of TfR1 that do not bind
to Tf.8* All of these strategies show significantly improved delivery of the gene therapies
to muscle tissue, but they rely on large molecular weight targeting agents that
sometimes require high doses for efficacy. For example, one reported Fab complex is
effective at 30 mg/kg PMO, corresponding to 68 mg/kg total dosage of compound.’®
Simplifying the structure of the targeting agent would allow for lower doses to achieve
equivalent efficacy, further reducing treatment costs.

Here we report a structurally simple linear 12-mer peptide with nanomolar affinity
to TfR1 that alters the biodistribution of anti-miRNA-21 PNA relative to PNA alone. Two
peptide binders to TfR1, 12-mer and 7-mer long, respectively, were discovered in 2001
by phage display on whole cells transfected to express TfR1.85 Competition assays with
Tf indicated that neither binder competes with Tf binding to TfR1. Using phage titer, it
was determined that the 12-mer peptide has 15 nM binding affinity to TfR1, while the 7-
mer peptide’s binding affinity was only in the micromolar range.®> We leverage the
strong interaction with TfR1 of this known 12-mer binder, termed T12, to modulate the
expression of miRNA-21 in vitro and in vivo via the delivery of an anti-miRNA-21 PNA.
By conjugating T12 to PNA, we observe knockdown of miRNA-21 expression in cardiac

tissue in vivo, whereas no such activity was observed with unconjugated PNA.
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2.2 Results and Discussion

2.2.1 Chemically synthesized PNA-T12 antagomir shows selective binding to its
pre-miRNA target

Previously, we developed a single-shot strategy to synthesize peptide-
conjugated PNAs on an automated platform,8 which was controlled using a modular
script in the ‘Mechwolf programming environment (Figure2.1a).6¢ The PNA sequence
was reverse-complemented to specifically target miRNA-21. Synthetic T12, amino acid
sequence THRPPMWSPVWP,8 was verified to exhibit nanomolar binding affinity to the
recombinant mouse TfR1 ectodomain (residues C89-F763) by bio-layer interferometry
(BLI, Figure 2.1b). We observed an apparent dissociation constant Kp = 26 nM, in line
with the previously reported value of 15 nM determined by phage titer.8°> For the PNA-
T12 conjugate, we included a simple Lysz linker between the two components, resulting
in the final sequence of CATCAGTCTGATAAGCTA-KKK-THRPPMWSPVWP-CONHoa.
After multiple rounds of synthesis and purification, >10 mg of PNA-T12 (>95% purity by
LC-MS) were isolated. Following sample preparation, a gel shift assay was performed to
demonstrate that chemically synthesized PNA-T12 could selectively bind to the target
miRNA sequence. As shown in Figure 2.1c, the anti-miRNA-21 PNA-T12 construct
bound and shifted pre-miRNA-21, but not pre-miRNA-34a used as a control, indicating

mMiRNA target selectivity.
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Figure 2.1. Chemically synthesized PNA-T12 conjugate binds the targeted pre-
miRNA. (a) T12-conjugated PNA was prepared by automated single-shot flow
synthesis. (b) Synthetic T12 exhibits concentration-dependent binding to recombinant
TfR1 ectodomain with nanomolar affinity by BLI. Biotinylated T12 loaded on streptavidin
(SA) tips at 1.5 yM was allowed to associate with mTfR1 at the above concentrations for
300 s, followed by a dissociation step for 500 s. (c) Gel shift assays show the selective
binding between chemically synthesized anti-miRNA-21 PNA-T12 and pre-miRNA-21,
with pre-miRNA-34a used as a control. For each gel, 6 pM miRNA was pre-mixed with
0-12 uM PNA-T12 at 37°C for 1 hour and loaded into a 5% agarose gel at 400 ng
miRNA/well. Gels were run at 100 V for 70 min in 1X TBE buffer.
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2.2.2 Anti-miRNA-21 PNA-T12 conjugate inhibits miRNA-21 expression in mouse
cardiomyocytes

To assess the efficacy of our PNA-T12 conjugate for gene silencing, we
performed a miRNA inhibition efficacy assay in a cardiac muscle cell line (HL-1). HL-1
cells were derived from the AT-1 mouse atrial cardiomyocyte tumor lineage and can be
repeatedly passaged while maintaining a cardiac-specific phenotype.®” Stable HL-1
cells were incubated with PNA-T12 or PNA alone at gradually increasing concentrations
(for PNA alone 0.01, 0.1, 1, and 10 pM; for PNA-T12 0.1, 0.5, 1, and 5 pM). One day
later, the attached cells were scraped off the plate and harvested for RNA extraction,
followed by reverse transcription and quantitative real-time polymerase chain reaction
(qQRT-PCR). The mouse miRNA-16 was selected as an internal control for the qRT-PCR
reactions based on a previous report,®® and the comparative C-T method was used to
calculate the cycle threshold.®® A clear dose-dependent reduction inmiRNA-21
expression, up to >50% inhibition at 5uM, was observed in the cells incubated with
PNA-T12 (Figure 2.2b). However, no dose- dependent inhibition was observed in the
cells incubated with PNA alone (Figure 2.2a). These results indicate that conjugating
the targeting ligand T12 to PNA improves uptake and intracellular delivery of PNA in

cardiac cells and drives targeted miRNA silencing.
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Figure 2.2. T12-conjugated PNA antagomir displays miRNA-21 inhibition in mouse
cardiomyocytes. The bioactivity of the synthetic PNA-T12 conjugate was tested in
cultured HL-1 mouse cardiomyocytes, and the targeted miRNA inhibition efficacy was
measured via qRT-PCR. HL-1 cells were incubated at 37°C in complete Claycomb
media for 24-36 h after being dosed with PNA or PBS. Anti-miRNA-21 PNA conjugated
to T12 shows dose-dependent inhibition of miRNA-21 relative to the PBS control when
conjugated to T12 (b), but not on its own (a). For each condition, N=3 technical
replicates were used, with relative expression calculated using the comparative Cr
method. Statistical significance is calculated using Student’s t-test, ** p < 0.01; **** p <
0.0001; n.s. not significant.

2.2.3 The anti-miRNA-21 PNA-T12 conjugate affects miRNA-21 inhibition in the

mouse heart

Minimizing off-target delivery could improve the therapeutic window of antagomir

PNAs. We investigated the PNA targeting capabilities of the T12 ligand in vivo following
the improved uptake in HL-1 mouse cardiomyocytes observed in vitro. Two
experimental groups of wild-type mice (strain C57BL/6, n = 5) were dosed with 30
mg/kg or 15 mg/kg of PNA-T12 via retro-orbital injection. Two control groups (n = 5)
were injected with equivalent volume of 1X phosphate-buffered saline (PBS) and 30
mg/kg PNA alone. All mice were sacrificed two weeks after compound administration. At
the time of sacrifice, all mice appeared healthy, and we observed no significant adverse
side effects in the physical appearance or behavior of the mice. To measure the efficacy

of PNA-T12 toward miRNA-21 inhibition, five organs (heart, liver, kidney, lung, and
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spleen, Figure 2.3a) were extracted from dissected mice and preserved in Trizol
reagent for subsequent analysis. Total RNA was extracted from the preserved organ
samples and gRT-PCR was performed on each sample using primers provided within
the Tagman kit. We observed the naked PNA construct at 30 mg/kg caused significant
miRNA-21 reduction in the kidney and liver, but not in the heart (Figure 2.3b-d), which
reinforces the long-standing challenge of delivering ASO molecules outside of
vascularized tissues.?°" In contrast, PNA-T12 inhibits approximately 50% of miRNA-21
expression in cardiac tissue at 30 mg/kg (Figure 2.3b). In lung tissue, including a
targeting ligand reduces inhibition of miRNA-21 expression relative to PNA alone
(Figure 2.3e), indicating that T12 is able to alter the biodistribution of PNA in mice. At 15
mg/kg, there is reduced gene silencing in cardiac liver, kidney, and spleen tissue
(Figure 2.3b,c,d,f), consistent with dose dependence. While this outcome is promising in
demonstrating that lower doses of these compounds can reduce off-target delivery, no

significant efficacy was observed in the cardiac tissue below 30 mg/kg.
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Figure 2.3. T12-conjugated anti-miRNA-21 PNA exhibits altered biodistribution
relative to PNA alone. (a) Schematic representation of the mouse organs dissected to
assess miRNA-21 inhibition. Anti-miRNA-21 PNA alone drives substantial inhibition of
miRNA-21 in the mouse liver (c¢) and kidney (d), but not in the heart (b). In contrast,
T12-conjugated anti-miRNA-21 PNA renders reduced expression of miRNA-21 at
equivalent doses in mouse cardiac tissue (b) along with a diminished inhibitory effect in
lung tissue (e). The efficacy of the PNA-T12 conjugate in mouse cardiac tissue is
reduced at doses below 30 mg/kg (b). Statistical significance is calculated using
Student’s t-test, ** p < 0.01; **** p < 0.0001; n.s. not significant.
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2.2.4 Synthetic linear dimer of T12 exhibits tenfold stronger binding interaction
with mTfR1

To reduce the dose of compound required to inhibit miRNA expression in cardiac
tissue, we investigated the effect of dimerizing T12 on its interaction with TfR1. Using
automated flow synthesis previously developed,®? we synthesized a linear dimer of T12
with a Lyss linker between the two T12 monomers, with the sequence
THRPPMWSPVWP-KKK-THRPPMWSPVWP- CONH.. To compare the binding
affinities of this dimer construct with the original monomer T12, we performed BLI to
assess the interaction between the T12 dimer and mTfR1. We observed an apparent
dissociation constant Kp = 2.5 nM (Figure 2.4a), which is tenfold stronger than the
dissociation constant Kp = 26 nM we observed for the T12 monomer.

Following the confirmation of the T12 dimer having stronger binding to TfR1 than
the T12 monomer, we synthesized a conjugate of the dimer with anti-miRNA-21 PNA
using the same single-shot method® as the PNA-T12 monomer conjugate, with the final
sequence CATCAGTCTGATAAGCTA-KKK- THRPPMWSPVWP-KKK-
THRPPMWSPVWP-CONH:. Following several rounds of synthesis and purification, we

isolated >10 mg of PNA-T12 dimer.
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Figure 2.4. Chemically synthesized T12 dimer exhibits stronger binding to mTfR1,
and its PNA conjugate shows improved inhibition of miRNA-21 expression in
vitro relative to PNA-T12 monomer conjugate. (a) Synthetic T12 dimer exhibits
concentration-dependent binding to recombinant mTfR1 ectodomain with nanomolar
affinity by BLI, tenfold stronger than the analogous binding affinity demonstrated by
synthetic T12 monomer. Biotinylated T12 dimer loaded on streptavidin (SA) tips at 1.5
MM was allowed to associate with TfR1 at the above concentrations for 300 s, followed
by a dissociation step for 500 s. (b,c) The bioactivity of the synthetic PNA-T12 dimer
conjugate was tested in cultured HL-1 mouse cardiomyocytes, and the targeted miRNA
inhibition efficacy was measured via qRT-PCR. HL-1 cells were incubated at 37°C in
complete Claycomb media for 24-36 h after being dosed with anti-miRNA-21 PNA-T12
monomer or dimer. At lower doses, T12 dimer conjugates inhibit miRNA expression (c)
while T12 monomer conjugates do not (b) relative to PBS control. For each condition,
N=3 technical replicates were used, with relative expression calculated using the
comparative Ct method. Statistical significance is calculated using Student’s t-test, *
p<0.1; ** p < 0.01; **** p < 0.0001; n.s. not significant.
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2.2.5 Anti-miRNA-21 PNA-T12 dimer conjugate inhibits miRNA-21 expression in
mouse cardiomyocytes at sub-uM doses

To investigate the effect of the improved binding interaction with TfR1, we
performed another miRNA inhibition efficacy assay. We cultured HL-1 cells as
previously described then incubated stable HL-1 cells with increasing doses of either
PNA-T12 monomer or PNA-T12 dimer (5.0, 2.5, 1.0, 0.5, and 0.1 pM). The following
day, the cells were scraped from the plate and the RNA extracted. We performed
reverse transcription and qRT-PCR as described above with miRNA-16 as an internal
control. In this side-by-side comparison of PNA-T12 monomer vs PNA-T12 dimer, the
two constructs have similar performance at higher concentrations (5.0 and 2.5 uM),
inhibiting approximately 60-65% of miRNA-21 expression relative to the PBS control
(Figure 2.4b,c). At lower doses (0.5 and 0.1 yM), the monomer construct does not
effectively inhibit miRNA-21 expression, but the dimer construct shows statistically
significant inhibition of MiIRNA-21 expression (Figure 2.4b,c). This result indicates that
the T12 dimer construct is functional to deliver anti-miRNA-21 PNA to mouse
cardiomyocytes, with similar or improved performance relative to the T12 monomer

construct.

2.2.6 Anti-miRNA-21-T12 dimer construct inhibits miRNA-21 expression in the
mouse heart at lower doses than its monomer analog

With promising results from our in vitro efficacy assay, we wanted to investigate
whether the dimer construct would outperform the monomer construct at lower doses in
vivo. Three experimental groups of wild-type mice (strain C57BL/6, n = 3) were dosed

with 30 mg/kg, 15 mg/kg, or 5 mg/kg of PNA-T12 dimer via retro-orbital injection. Two
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control groups (n = 3) were injected with equivalent volume of 1X PBS and 30 mg/kg
PNA-T12 monomer (positive control from previous experiment). All mice were sacrificed
one week after compound administration, at which time no adverse side effects in the
appearance or behavior of the mice was observed. We harvested the same five organs
as reported in Figure 2.3, the heart, liver, kidney, lungs, and spleen (Figure 2.3a, 5a)
and preserved the organs in TriZol reagent for analysis. We extracted RNA and
performed qRT-PCR as previously described. At all doses of compound, we observed
>50% inhibition of mMiRNA-21 expression in cardiac tissue (Figure 2.5b). Even as low as
5 mg/kg PNA-T12 dimer, miRNA-21 expression was inhibited by >60%, a significant
improvement over the performance of the T12 monomer construct, which showed little
to no cardiac delivery at 15 mg/kg. While there is minimal trafficking of PNA to lung
tissue for all doses (Figure 2.5e), we observe significant delivery of PNA to liver (Figure
2.5¢), kidney (Figure 2.5d), and spleen (Figure 2.5f) tissue. However, there is a
reduction in inhibition in kidney tissue at 5 mg/kg T12 dimer construct. This is a
promising result that may indicate reduction in kidney delivery at further reduced doses
of compound.

At 5 mg/kg we were able to enhance miRNA-21 inhibition in the cardiac tissue of
mice using a directed targeting strategy without eliciting observable side effects. This
indicates that at the doses studied, our PNA-T12 monomer and dimer conjugates are
effective and well-tolerated in mice. Our peptide-conjugated antisense PNA construct
opens a route to produce lead compounds to continue in-depth pre-clinical

investigations.

53



heart liver

Aekkk Adkdkok

b)

(2
~—

Fkk *okokok

AFedkdkok kKoK

2.0 Keokk

|t
o
L

[

o
1

°

Relative Expression
5 b
1 1
;l
Relative Expression
- - N
° o °
1 1 ]
[ ]
[ ]
L ]

o
o
1
o
=)
1

d) kidney e) f)

sokokok lung spleen

Fokokok * *kok

Aedkokok
Pk ok ok | k%

-
o
1
N
o
1
*
£
1
*
*

Relative Expression
o [=] -
° o ° ¢
L 1 1
E .
L ]
Relative Expression
o o - -
° o ° o E
L 1 1 1
[ ]
[ ]
[ ]
® J
Relative Expression
o - N w
L L L 1
hd h{
. .

1 1 1 1
S O © S S S CJ S S © S S

& S LSS & S8 & S LSS

o N \J o

N P L) N’
PP «»"0 & ,\0 «»:v «0 Qg Y
‘;Y’ QY «" ‘\V" &Y «" ‘\?’ QY «"
& e’ & & e“ & & e" &

Figure 2.5. T12 dimer-conjugated anti-miRNA-21 PNA inhibits miRNA-21
expression in cardiac tissue at lower doses than analogous PNA-T12 monomer
conjugate. (a) Schematic representation of the mouse organs dissected to assess
miRNA-21 inhibition. While reduced efficacy of PNA-T12 monomer was observed below
30 mg/kg, the efficacy of PNA-T12 dimer conjugates remains stable down to 5 mg/kg in
cardiac tissue (b). Significant levels of PNA delivery is observed in liver (c), kidney (d),
and spleen (f) tissue, though a dose-dependent reduction of miRNA inhibition is seen in
kidney tissue (d). Statistical significance is calculated using Student’s t-test, ** p < 0.01;
*** p<0.001; **** p < 0.0001; n.s. not significant.

54



2.2.7 A single residue mutation of T12 eliminates binding to TfR1

Following the strong performance of the linear T12 dimer, we are interested in
optimizing the interaction between T12 constructs and TfR1. To do this, we want a
negative control non-binding peptide related to T12. To achieve this and simultaneously
gain insight into the residues critical to the binding interaction, we synthesized®® four
T12 mutants, mutating prolines and tryptophans that we suspected to be involved in the
T12-TfR1 interaction: T12-P5A, T12-W11A, T12-P5A-W11A, and T12-W7A-P9A. We
performed the same BLI experiment on each of these that we had done to validate T12
binding to TfR1 (Figure 2.6). T12-P5A bound to TfR1 with a Kp of 6.0 nM, indicating that
this proline is not necessary for the interaction to occur (Figure 2.6a). In contrast, T12-
W11A exhibited no binding to TfR1, strongly implicating the mutated tryptophan as a
key part of the T12-TfR1 interaction (Figure 2.6b). Both double mutants also lost all
binding (Figure 2.6¢,d), and based on the single mutant results we hypothesize that the
mutation of tryptophans plays a larger role in eliminating binding. Importantly, we
determined that mutating a single tryptophan yields a non-binding T12 mutant that can

be used as a negative control peptide.
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Figure 2.6. Mutating tryptophans in T12 eliminates is binding to TfR1. Biotinylated
T12 mutants loaded on streptavidin (SA) tips at 1.5 uM were allowed to associate with
mTfR1 at the above concentrations for 300 s, followed by a dissociation step for 500 s.
(a) A single proline mutation (T12-P5A) maintains binding to TfR1. A single tryptophan
mutation, T12-W11A (b) and two proline and tryptophan double mutants, T12-P5A-
W11A (c) and T12-W7A-P9A (d), do not exhibit binding to TfR1, implicating the
tryptophan at residue 11 and likely at residue 7 as key to the interaction between T12
and TfR1.

2.2.8 Branched T12 dimers exhibit similar binding affinities to TfR1 as the linear
T12 dimer

To further understand the interaction between T12 and TfR1, we want to
evaluate the effect of varying the architecture of the T12 dimers. There are two
branched architectures we are interested in, where the ASO or biotin (for BLI) is
between the two T12 monomers instead of at the N-terminus of the entire sequence:
both C-termini of the T12 monomers are adjacent to the ASO or other cargo (referred to
as “V1”) and where the ASO or cargo is between the N-and C-termini of the two
monomers (referred to as “V2”) (Figure 2.7a). Additionally, rather than use a tri-lysine

linker, we vary the length of the linker between the monomers using PEG4, PEG1o, or
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PEGyo linkers. In total, we synthesized'® six branched T12 dimer constructs using
automated flow synthesis. Each of these constructs was labeled with an azidolysine
handle so that either PNA-DBCO or biotin-DBCO could be attached with a copper-free
click reaction.

From BLI experiments, it is difficult to conclude a superior dimer architecture. We
clicked biotin-DBCO to each of the six branched dimer constructs and performed BLI as
with the other T12 compounds (Figure 2.7). All constructs exhibited low single digit nM
binding affinities, meaning their performance was similar to that of the linear T12 dimer.
Figure 2.7b summarizes the BLI performance of all T12 compounds tested. The linear
dimer has the fastest association rate (kon) and response by three to fourfold relative to
all other compounds. The other branched dimers have a similar kon as the T12
monomer. What gives the branched dimers a stronger overall binding affinity is that they
have a slower dissociation rate (kof) than the monomer by about tenfold. Overall, the Kp
of the branched dimers is comparable to that of the linear dimer, so it is inconclusive
from BLI alone which compound would perform better in a more biologically complex

environment.
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Figure 2.7. Branched T12 dimers exhibit low single digit nM binding to TfR1.
Biotinylated T12 dimers loaded on streptavidin (SA) tips at 1.5 yM were allowed to
associate with mTfR1 at the above concentrations for 300 s, followed by a dissociation
step for 500 s. (a-f) Six branched T12 dimers bind to TfR1 in a concentration-dependent
manner, with comparable binding affinities to the linear T12 dimer. (g) Comparing the
Kp of the branched T12 dimers to the linear T12 dimer, all compounds perform similarly
in BLI. Panel (h) depicts the branched structures of the dimers, with the final number in
the compound name indicating the length of PEG linker in the dimer (e.g. T12-V1-4 has
architecture V1 with PEG; linkers).
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2.3 Conclusion

In this study we show that a TfR1-targeting ligand can modulate the
biodistribution of ASOs in vivo in a beneficial manner. Addressing the root biological
causes of several diseases that are driven by upregulation or downregulation of RNA
expression could lead to reversal of the disease progression rather than managing
symptoms. However, because of the high concentration of receptors that facilitate the
uptake of ASOs in vascularized tissue such as liver, kidney, and spleen, targeted
delivery of ASO-based therapeutics remains a challenge.®® This proof-of-concept study
illustrates that a simple receptor-targeting peptide has the capacity to modulate the
activity of a conjugated ASO cargo toward miRNA expression in cardiac tissue.

This small linear peptide and its dimer perform on a comparable level with much
larger, more complex targeting agents. The size and structural simplicity of T12 and the
T12 dimer is reliably accessed with flow synthesis in hours, offering a more rapid and
straightforward production method relative to recombinant expression and other
bioengineering procedures required for acquiring antibodies and other complex
macromolecular targeting agents. Protein and antibody-based targeting agents typically
require doses in the range of 1-30 mg/kg for efficacy.”®7%8 The best reported efficacy
for a Fab-PMO conjugate is achieved at 30 mg/kg of ASO equivalent, which
corresponds to nearly 70 mg/kg of total compound,”® a large amount of material
required for human patients. Our PNA-T12 conjugate demonstrated about 50% efficacy
in cardiac tissue at 30 mg/kg total compound, and our PNA-T12 dimer conjugate
demonstrated about 60% efficacy at only 5 mg/kg total compound. Thus, T12 alters the

biodistribution of ASOs at a competitive level with other larger targeting modalities.
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Looking ahead, we seek to find the minimum dose required for the T12 dimer
construct to remain efficacious and to investigate dimer architecture and other
strategies to further increase the conjugate’s efficacy. We hope that trough dose
reduction we will achieve a reduction in trafficking to liver and kidney tissue. One other
approach that can be used on its own or in conjunction with the dimer strategy is to co-
deliver targeted cell-penetrating peptides (CPPs) that could aid in the entry of the ASO
therapeutics into cells.®?

Current advances in the field of ASO targeting are expanding the viability of RNA
interference (RNAI) therapeutics. As the number of target miRNA sequences in the
progression of various diseases grows, ASOs and other gene therapies are becoming a
key area of interest.”-%%60-62 Several ongoing efforts as well as this work demonstrate
that active targeting can be used to beneficially direct where ASOs or other RNAI
therapeutics are delivered in the body.”8-80.8384 The development of rapid flow synthesis
of peptides, ASOs, and their conjugates will allow for straightforward manufacturing of
many candidate compounds on a short time scale not achievable by biological methods
for larger, more complex conjugates.?88 These efforts have shown encouraging
progress in achieving extrahepatic targeted delivery of gene therapies. As targeting
strategies improve and off-target delivery is reduced, ASOs can become much more
prevalent and widely available treatments for diseases.

We hope that this system can act as a proof of concept that can be applicable for
more cardiac-specific proteins and their respective peptide or peptidomimetic binders.
Moving forward, when the system is further understood, we would like to demonstrate

efficacy with other backbone structures of ASOs such as LNAs and PMOs, and other
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gene targets implicated in CVD or other diseases. Additionally, we believe that
combining this and the co-delivery strategy can result in low doses competitive with

those in current clinical development.

2.4 Materials and Methods

2.4.1 General information

Throughout this work, no unexpected or unusually high safety hazards were
encountered.

Synthesis reagents

H-Rink Amide (0.50 mmol/g loading or 0.18 mmol/g) resin for peptide and PNA
synthesis were purchased from PCAS Biomatrix. All the fluorenylmethyloxycarbonyl
(Fmoc) protected amino acids were purchased from Novabiochem-line from Sigma
Millipore and used as received. All the Fmoc-protected PNA monomers (moA, moC,
moG, and moT) were purchased from PNA bio; O-(7-azabenzotriazol-1-yl)-N,N,N’,N'-
tetramethyluronium hexafluorophosphate (HATU, 297.0%) was purchased from P3
Biosystems; N,N,N' ,N"-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluoro-
phosphate (HBTU, 297.0%) was purchased from P3 Biosystems; Diisopropylethylamine
(DIEA; 99.5%, biotech grade, catalog number 387649), piperidine (299.0%), piperazine
(299.0%), morpholine (299.5%), trifluoroacetic acid (HPLC grade, 299.0%),
triisopropylsilane (298.0%), formic acid (FA, 295.0%), and 1,2-ethanedithiol (EDT, GC
grade, 298.0%) were purchased from Sigma-Aldrich. Diisopropylethylamine (DIEA;
99.5%, biotech grade, catalog number 387649), piperidine (299.0%) and formic acid

(FA, 295.0%) were purchased from Sigma-Aldrich. N, N-dimethylformamide (DMF,
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Biosynthesis OmniSolv® grade) was purchased from EMD Millipore (DX1732-1);
AldraAmine trapping agents (for 1000~4000 mL DMF, catalog number Z511706) were

purchased from Sigma-Aldrich.

Cleavage reagents
Trifluoroacetic acid (TFA, HPLC grade, 299.0%), triisopropylsilane (TIPS, 298.0%), and

1,2-ethanedithiol (EDT, GC grade, 298.0%) were purchased from Sigma-Aldrich.

Analysis and purification reagents
Water for HPLC was purified to 18.2MQ/cm resistivity on a Millipore Milli-Q system.
Acetonitrile (HPLC-grade) was purchased from VWR International (Philadelphia, PA)

and acetonitrile (LC-MS grade) was purchased from Sigma-Aldrich (St. Louis, MO).

Cell assay reagents

Claycomb medium, (+/-)-norepinephrine (+)-bitartrate salt, L-ascorbic acid, L-glutamine
solution bioxtra, trypsin-EDTA solution, trypsin inhibitor, fibronectin from bovine plasma,
and gelatin from bovine skin type B were all purchased from Sigma-Aldrich; fetal bovine

serum was purchased from Thermo Fisher Scientific.

Animal experiments

Wild-type male mice (strain C57BL/6) were ordered from Charles River; Dulbecco’s

phosphate buffered saline was purchased from Sigma-Aldrich; TRIzol reagent, TagMan
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universal PCR master mix, and TagMan MicroRNA assay kits were all purchased from

Invitrogen; Anti-MiR21 LNA molecule was ordered from Integrated DNA Technologies.

Declaration of approval for animal experiments
Experiments with mice completed under this study were approved by the Committee on

Animal Care (CAC) at MIT under protocol number 0821-058-24.

2.4.2 Procedure for automated PNA/PNA-peptide synthesis
Unmodified PNAs and peptide-conjugated PNAs were synthesized on an automated
synthesizer named Tiny Tides®® following our reported protocols.8 We redescribe the

procedure below for the reader:

Unmodified PNA synthesis

The automated synthesis of PNAs was performed using the self-designed
oligonucleotide synthesizer (Tiny Tides). Rink amide resin (15 mg, 0.5 mmol/g loading)
was loaded into the reactor. The reactor was connected to the reactor head and heated
to 70 °C. DMF was delivered at 5 mL/min (2.5 mL/min per pump) for 20 seconds to
remove air. The flow was stopped and the resin was allowed to swell at 70 “C for 5
minutes. The flow protocol was started with an initial DMF wash at 5 mL/min (2.5
mL/min per pump) 70 °C for 40 seconds, then coupling solution composed of one-part
0.2 M PNA monomer subunit in DMF, one-part 0.18 M HBTU in DMF, and one-part 10%
DIEA (v/v) in DMF was delivered for 10 seconds (10 eq PNA monomer) at 70 °C. Next,
DMF was delivered at 5 mL/min (2.5 mL/min per pump) under 70 °C for 20 seconds to

ensure all the monomer solutions arrived at the reactor and clean the loop. The 6-
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position valve then switched to the room-temperature loop. DMF was delivered at 5
mL/min (2.5 mL/min per pump) for 40 seconds at room-temperature. Cold DMF flow (rt)
mixed with the hot reactor (70 ‘C) generated an in-situ 40 °C environment for
deprotection. Deprotection was performed with one-part 40% piperidine, 2% formic acid
(v/v) in DMF, and one-part DMF for 50 seconds in the room-temperature loop. After a
20-second room temperature DMF wash, the 6-position valve was switched to the 70 °C
loop. DMF was delivered at 5 mL/min for 40 seconds to wash the resin and preheat the
reactor. No capping or multiple couplings were needed, and each single coupling cycle

took 3 minutes. Repeat the synthesis cycle to finish the long PNA chain assembly.

PNA-T12 monomer and dimer synthesis

For single-shot T12 conjugated PNA synthesis, T12 was pre-synthesized on the
H-Rink Amide resin (0.49 mmol/g) with an automated peptide synthesizer developed in
our lab.%0:5253 The T12-bound resin was used directly for automated PNA-T12 synthesis
on Tiny Tides. Both (Lys)s linker and PNA sequences were synthesized directly on Tiny
Tides. Similarly, for the PNA-T12 dimer conjugate, T12-Lys3-T12 was pre-synthesized
on H-Rink Amide resin (0.49 mmol/g) with our automated peptide synthesizer.50:52.53

This peptide-bound resin was transferred to Tiny Tides for the synthesis of PNA-Lyss.

2.4.3 Cleavage protocols

After synthesis, the PNA bound resin was washed with dichloromethane (3 x
5 mL), dried in a vacuum chamber, and weighed. Then the resin was transferred into a
15 mL conical polypropylene tube. Approximately 1 mL of cleavage solution (94% TFA,

1% TIPS, 2.5% EDT, 2.5% water) was added to the tube and kept at room temperature

64



for 2 hours. After cleavage, the resin was removed by filtration, the filtrate was
concentrated under a stream of nitrogen and the PNA product was precipitated in dry
ice-cold diethyl ether (12 mL) by centrifugation and washed three times. The
supernatant was discarded, and the residual was dissolved in 50% acetonitrile in water
with 0.1% TFA. The PNA solution was filtered with a Nylon 0.22 ym syringe filter, frozen
with liquid nitrogen, and lyophilized to dried powder. Finally, the crude PNA was

weighed.*

2.4.4 Purification protocols
Method A:

HPLC purification was carried out on a reversed-phase preparative HPLC using
an Agilent mass directed purification system (1260 Infinity LC and 6130 single quad
MS) with UV detection at 260 nm. Column: Agilent Zorbax SB-C3 (9.4 x 250 mm, 5 um).
Flow rate 4.0 mL/min; Temperature: 60 °C. Solvent System: A linear gradient of
acetonitrile with a 0.1% TFA additive (solvent B) in water with a 0.1% TFA additive
(solvent A) was used. Gradient: 5 min hold 1% B, 1-31% B gradient from 5 to 105 min,
31-65% B gradient from 105 to 120 min, hold 65% B from 120 to 125 min. A final 5.5
min hold was performed with 1% B. The method in total lasted 125 min. Fractions were

collected every minute.

Method B:
Reverse phase purification was carried out on a Biotage Selekt flash purification

system with UV detection at 280 and 214 nm. Column: Biotage Sfar C18 (12g column
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size, particle size 20 uM, pore size 300 A, column volume (CV) 17 mL); Flow rate 12
mL/min; Temperature: r.t. Solvent System: A linear gradient of acetonitrile with a 0.1%
TFA additive (solvent B) in water with a 0.1% TFA additive (solvent A) was used.
Gradient: 1 CV hold 5% B, 5-15% B gradient over 1 CV, 15-45% B gradient over 10 CV,
45-95% B gradient over 0.5 CV, hold 95% B for 2 CV, return to 5% B over 0.1 CV, and
hold 5% B for 1 CV. Fractions were collected by UV peak detection, with thresholds of

15 mAu at 280 nm and 50 mAu at 214 nm.4

Method C:

HPLC purification was carried out on a reversed-phase preparative HPLC using
an Agilent mass directed purification system (1260 Infinity LC and 6130 single quad
MS) with UV detection at 260 nm. Column: Agilent Zorbax SB-C3 (9.4 x 250 mm, 5 um).
Flow rate 4.0 mL/min; Temperature: 60 °C. Solvent System: A linear gradient of
acetonitrile with a 0.1% TFA additive (solvent B) in water with a 0.1% TFA additive
(solvent A) was used. Gradient: 5 min hold 1% B, 1-40% B gradient from 5 to 105 min,
40-65% B gradient from 105 to 120 min, hold 65% B from 120 to 125 min. A final 5.5
min hold was performed with 1% B. The method in total lasted 125 min. Fractions were

collected every minute.

Method D:
HPLC purification was carried out on a reversed-phase preparative HPLC using
an Agilent mass directed purification system (1260 Infinity LC and 6130 single quad

MS) with UV detection at 260 nm. Column: Agilent Zorbax SB-C3 (9.4 x 250 mm, 5 um).
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Flow rate 4.0 mL/min; Temperature: 60 °C. Solvent System: A linear gradient of
acetonitrile with a 0.1% TFA additive (solvent B) in water with a 0.1% TFA additive
(solvent A) was used. Gradient: 5 min hold 5% B, 5-25% B gradient from 5 to 15 min,
25-32.5% B gradient from 15-40 min, 32.5-95% B gradient from 40-45 min, hold 95% B
from 45-50 min. The method in total lasted 50 min. Fractions were collected every

minute.

2.4.5 LC-MS analysis

Analysis was performed on an Agilent 1290 Infinity HPLC coupled to an Agilent
6550 Q-TOF with Dual Jet Stream ESI ionization and iFunnel. MS was run in positive
ionization mode, extended dynamic range (2 GHz), and low mass range (m/z in range
100 to 1700). All peptide and PNA solutions were filtered and then diluted to
approximately 0.1 mg/mL before sample loading. Buffer A: 0.1% formic acid in H20.

Buffer B: 0.1% formic acid in acetonitrile.

The following LC-MS methods were used at different situation:

Method A:

Column: Phenomenex Aeris C4 (2) (3.6 um, 2.1 x 150 mm, 100 A silica); Flow Rate: 0.2
mL/min; Gradient: 1% B 0-1.50 min, linearly ramp from 1% B to 61% B 1.50 to 6.50 min,
hold 90% B from 6.51 to 8 min. Post time is 1% B for 5 min.

Method B:

Column: Phenomenex Aeris C4 (2) (3.6 um, 2.1 x 150 mm, 100 A silica); Flow Rate: 0.2
mL/min; Gradient: 1% B 0-2 min, linearly ramp from 1% B to 61% B 1.50 to 10 min, hold

90% B from 10.1 to 12 min. Post time is 1% B for 5 min.
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Method C:

Column: Agilent ZORBAX 300SB C3 (5 um, 2.1 x 150 mm); Flow Rate: 0.5 mL/min;
Gradient: 1% B 0-2 min, linearly ramp from 1% B to 91% B 2 to 12 min. Post time is 1%
B for 3 min.

Method D:

Column: Agilent ZORBAX 300SB C3 (5 um, 2.1 x 150 mm); Flow Rate: 0.5 mL/min;
Gradient: 1% B 0-2 min, linearly ramp from 1% B to 61% B 2 to 7 min. Post time is 1%

B for 1 min.

2.4.6 Biotinylated cardiac targeting ligand binding affinity study

Peptide binding validation was carried out using bio-layer interferometry (BLI) on
a Gator Bio GatorPlus system. The plate agitation speed was kept at 1,000 rpm and the
temperature was maintained constantly at 30 °C. Streptavidin (SA)-coated biosensor
tips were used to load N-terminal biotinylated cardiac targeting ligand (CTL) T12
(sequence: THRPPMWSPVWP) or T12 dimer (sequence:
THRPPMWSPVWPKKKTHRPPMWSPVWP) which was dissolved at 1.5 uyM in a kinetic
buffer (K.B.): 1 x PBS with 0.1% BSA and 0.02% tween20. After loading the peptide for
120 s, the biosensor tips were then moved into solutions containing various
concentrations (15.625 nM, 31.25 nM, 62.5 nM, 125 nM, 250 nM, and 500 nM) of
recombinant transferrin receptor (TfR1/CD71) protein (purchased from Sino Biological)
in the K.B. to obtain the association curve. After a 300-s association step, the tips were
moved back into the K.B. for 500 s to collect the dissociation curve. Peptide-only (1.5
MM) and protein-only (600 nM) conditions were used as references for background

subtraction. The association and dissociation curves were analyzed in the Gator Bio
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GatorPlus Data Analysis Software with defined parameters (linked global kinetic fitting
algorithm, binding model 1:1) to calculate the apparent dissociation constant (Kp). The
analysis results were shown in Figure 2.1, the Kp value is 26 nM (reported Kp = 15 nM

by Scatchard plot from phage titer).8°

2.4.7 Gel shift assay

Synthetic purified PNA-T12 was pre-mixed with 6 uM pre-miRNAA-21 or pre-
miRNA-34a (ordered from IDT) at different concentrations (0, 0.6, 1.2, 3.0, 6.0 and 12
pM) for 1 hour at 37 °C. Subsequently, a 5% agarose gel was used for gel band
separation and analysis, the gel running condition was 100 V for 70 min in 1xTBE
buffer. The gel was imaged with SYBR gold nucleic acid stain purchased from Thermo

Fisher.

2.4.8 Bioactivity study of anti-miRNA PNAs in HL-1 cells

A cardiac muscle cell line derived from AT-1 mouse atrial cardiomyocyte tumor
lineage, named HL-1, was cultured at 37 °C and 5% CO: in complete Claycomb
medium until 90% confluency. Purified PNA-T12 monomer and dimer constructs with
serial concentrations were added into adherent HL-1 cells. After 24-36 hours
inoculation, the total RNA was extracted from treated cells using TRIzol reagent
following manufacture’s instruction (also specified below). The TagMan microRNA
assay kit was used for quantitative real-time polymerase chain reaction (QRT-PCR).
After data acquisition and cycle threshold calculation, the expression levels of relevant

miRNAs were calculated using a comparative Cr method (in comparison with a PBS-
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treated control after being internally normalized to a housing keeping microRNA, MiR-

16).

Extract RNA

Add 500 uL TRIzol Reagent to cell pellets, then incubate for 5 min at room
temperature to allow complete disruption of the cell membrane. Add 200 pL of
chloroform per 1 mL of TRIzol reagent used for lysis, then securely cap the tube, and
thoroughly mix by shaking. Incubate for 3 minutes. Centrifuge the sample for 15 minutes
at 12,000 g at 4 °C. Transfer the upper colorless aqueous phase containing the RNA to

a new tube carefully with a micropipette.

Isolate RNA

Add 500 uL of isopropanol to the aqueous phase, incubate for 10 min at 4 "C.
Centrifuge the solution for 10 minutes at 12,000 g at 4 °C. Note: the total RNA
precipitate forms a white gel-like pellet at the bottom of the tube. Discard the

supernatant with a micropipette.

Wash RNA

Resuspend the pellet in 1 mL of 75% ethanol, and vortex the sample briefly.
Then, centrifuge the sample for 5 minutes at 7500 g at 4 °C. Discard the supernatant
with a micropipette. Air dry the RNA pellet for 10-30 minutes. Note: Do not let the pellet

very dry to make sure the solubility of RNA.
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Reverse transcription (RT)

TagMan™ MicroRNA Reverse Transcription Kit was used for reverse
transcription. The concentration of each RNA sample was measured using a BioTek
Epoch microplate spectrophotometer. Prepare 50 ng/uL RNA solution according to the
UV concentration. To a 96-well plate, add 0.1 yL dNTP substrate (100 mM wdTTP), 0.5
ML reverse transcriptase, 1 uL RT buffer (10X), 0.14 yL RNase inhibitor (20 U/uL), 5.25
ML nuclease-free water, 2 uL primer, and 1 yL RNA sample to each well. MiRNA-16 was
used as an internal control. Perform the reverse transcription on a regular PCR cycler
as follows: 16 °C for 30mins, 42 °C for 30mins, 85 °C for 5 min, and then chilled at 4 °C

until further manipulation.

qQRT-PCR

The gRT-PCR experiment was performed using the TagMan microRNA assay kit
and the PCR 2X super mix solution with three technical repeats on a Roche light cycler
480 instrument at MIT Proteomics Core Facility. The gqRT-PCR running condition is:
95°C — 10s, 95°C — 15s, 60°C — 60s, and repeat for 50 cycles. The fold change relative
to control was calculated using the comparative Cr method, and equation was specified

as follows:8°

Fold Change - 2—[ACPsample—ACPcontrol]

2.4.9 T12-conjugated PNA efficacy study in mice
Wild-type male mice were reared under a 12-hour light and 12-hour dark cycle

and housed at the facility within MIT Division of Comparative Medicine (DCM). To study
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the PNA-T12 in vivo efficacy, PNA-T12 was administered into wild-type mice via retro-
orbital injection. Two experimental groups of mice (n=5) were treated with 30 mg/kg and
15 mg/kg PNA-T12, and two control groups of mice (n=5) were injected with equivalent
volume of 1x PBS and 30 mg/kg PNA only. At day 14 post-injection, the mice were
euthanized and sacrificed using approved protocols and in compliance with the MIT
Committee on Animal Care (CAC) guidelines. To measure the efficacy of PNA-T12
injections, five mouse organs (heart, liver, kidney, liver, and spleen) from the mice were
dissected, collected, and preserved in TRIzol Reagent for subsequent analysis.

In a separate experiment, PNA-T12 dimer was administered into wild-type mice
reared as described above via retro-orbital injection. Three experimental groups of mice
(n=3) were treated with 30, 15, or 5 mg/kg PNA-T12 dimer, and two control groups of
mice (n=3) were injected with equivalent volume of 1x PBS and 30 mg/kg PNA-T12
monomer. 7 days post-injection, the mice were euthanized and sacrificed using
approved protocols and in compliance with the MIT Committee on Animal Care (CAC)
guidelines. The same five organs were collected and preserved in TRIzol Reagent as in
the first experiment.

For both rounds of in vivo experiments, the harvested organs were homogenized
in TRIzol using a Dounce homogenizer and incubated for 5 minutes to allow complete
dissociation of the nucleoprotein complexes. RNA extraction, reverse transcription and

gRT-PCR were performed similarly following the procedures outlined in Section 4.4.8.
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2.4.10 Copper-free click reaction

For copper-free click reactions between azidolysine on a peptide and DBCO on
an ASO or biotin, both components were dissolved at 5 mM. Generally, peptides were
dissolved in MilliQ water and DBCO compounds were dissolved in dimethylsulfoxide
(DMSO). At the scale of the reactions completed, this was less than 200 L total
volume. The two components were then combined 1:1 to a final concentration of 2.5
mM each reactant and allowed to react at room temperature for at least 2 hours with
occasional vortexing. LC-MS was taken at the start time as well as after 2 hours
(Section 2.4.5 Method D). Upon analysis of LC-MS traces, amounts of starting materials
were adjusted until >90% conversion was achieved. Once the reaction was complete, it
was diluted with 900 pL 50% acetonitrile in water and freeze dried overnight on the

lyophilizer.
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2.7 Appendix I: LC-MS Characterization

All the peptide and PNA samples were synthesized and purified according to the
protocols in Section 2.4.2 and analyzed with LC-MS before use.

Anti-MiRNA-21 PNA

Sequence: CATCAGTCTGATAAGCTA-KKK-CONH..
Synthesis method: Automated flow synthesis.
Purification method: Section 2.4.4, method A

LC-MS method: Section 2.4.5, method A

Calculated: 5263.27 Da

Observed: 5263.55 Da
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Anti-MiRNA-21-T12

Sequence: CATCAGTCTGATAAGCTA-KKK-THRPPMWSPVWP-CONHa.
Synthesis method: Automated flow synthesis.

Purification method: Section 2.4.4, method A

LC-MS method: Section 2.4.5, method B

Calculated: 6736.01 Da

Observed: 6736.07 Da
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+ESI Scan (5.24-5.69 min, 42 Scans) Frag=175.0V HPLC-p...

x10 5
N~
S
8 A
™~
O
6_
41
2_
0_ i At M o

Soo%ounth/Os(.) DecoZl(\)/%?uted ggso (amu?000

biotin-T12

Sequence: biotin-PEG4-THRPPMWSPVWP-CONHo>.
Synthesis method: Automated flow synthesis.
Purification method: Section 2.4.4, method B

LC-MS method: Section 2.4.5, method C
Calculated: 1963.35 Da

Observed: 1962.95 Da
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x102 + Scan (6.434-6.632 min, 13 Scans) T12-NBio-pure-0.2ul.d
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T12-NAz

Sequence: Lys(N3)-KGGG-THRPPMWSPVWP-CONHo..
Synthesis method: Automated flow synthesis.
Purification method: Section 2.4.4, method B

LC-MS method: Section 2.4.5, method C

Calculated: 1943.27 Da

Observed: 1943.11 Da
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X105 |+ Scan (5.487-5.520, 5.553-5.603 min, 7 Scans) T12-NAz_pure_0.3ul.d
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biotin-T12-P5A-M6NIle

Sequence: biotin-PEG4-THRPA(NIe)WSPVWP-CONHo>.
Synthesis method: Automated flow synthesis.
Purification method: Section 2.4.4, method B

LC-MS method: Section 2.4.5, method C

Calculated: 1919.29 Da

Observed: 1919.00 Da
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x105 |+ Scan (6.314-6.330, 6.380-6.413 min, 5 Scans) T12-M1_pure_0.3ul.d
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biotin-T12-M6NIle-W11A

Sequence: biotin-PEG4-THRPP(NIe)WSPVAP-CONHo>.
Synthesis method: Automated flow synthesis.
Purification method: Section 2.4.4, method B

LC-MS method: Section 2.4.5, method C

Calculated: 1830.19 Da

Observed: 1829.97 Da
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X105 |+ Scan (5.865-5.882, 5.931-5.964 min, 5 Scans) T12-M2_pure_0.3ul.d
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biotin-T12-P5A-M6NIle-W11A

Sequence: biotin-PEG4-THRPA(NIe)WSPVAP-CONHo>.
Synthesis method: Automated flow synthesis.
Purification method: Section 2.4.4, method B

LC-MS method: Section 2.4.5, method C

Calculated: 1804.15 Da

Observed: 1804.05 Da
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x106 |+ Scan (5.831, 5.880-5.914 min, 4 Scans) T12-M3_pure_0.3ul.d
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biotin-T12-M6NIle-W7A-P9A

Sequence: biotin-PEG4-THRPP(NIe)ASAVWP-CONHo>.
Synthesis method: Automated flow synthesis.
Purification method: Section 2.4.4, method B

LC-MS method: Section 2.4.5, method C

Calculated: 1804.15 Da

Observed: 1804.04 Da
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x10 6 |+ Scan (5.889-5.922, 5.972-6.005 min, 6 Scans) T12-M4_pure_0.3ul.d
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T12-W11A-NAz

Sequence: Lys(N3)-KGGG-THRPPMWSPVAP-CONH..
Synthesis method: Automated flow synthesis.
Purification method: Section 2.4.4, method B

LC-MS method: Section 2.4.5, method C

Calculated: 1828.14 Da

Observed: 1828.07 Da
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x10 6 |+ Scan (4.876, 4.942-4.975 min, 4 Scans) T12-W11A_pure_0.5ul.d
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Anti-MiRNA-21-T12 dimer

Sequence: CATCAGTCTGATAAGCTA-KKK-THRPPMWSPVWP-KKK-
THRPPMWSPVWP-CONHoa.

Synthesis method: Automated flow synthesis.

Purification method: Section 2.4.4, method C

LC-MS method: Section 2.4.5, method C

Calculated: 8593.27 Da

Observed: 8593.60 Da
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biotin-T12 dimer

Sequence: biotin-PEG4-THRPPMWSPVWP-KKK-THRPPMWSPVWP-CONHo>.
Synthesis method: Automated flow synthesis.

Purification method: Section S4, method D

LC-MS method: Section S5, method C

Calculated: 3820.61 Da

Observed: 3820.10 Da
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T12-V1-4

Sequence: (THRPP(NIe)WSPVWP),-PEGs-K-Lys(N3)-CONHa.
Synthesis method: Automated flow synthesis.

Purification method: Section S4, method D

LC-MS method: Section S5, method C

Calculated: 3703.36 Da

Observed: 3703.03 Da
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x10 5 |+ Scan (6.368-6.467 min, 7 Scans) T12-V1-4_pure_0.3ul.d
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T12-V1-10

Sequence: (THRPP(NIe)WSPVWP).-PEG10-K-Lys(N3)-CONHo>.
Synthesis method: Automated flow synthesis.

Purification method: Section S4, method D

LC-MS method: Section S5, method C

Calculated: 4231.99 Da

Observed: 4232.37 Da
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x10 7 |+ Scan (6.561-6.677 min, 8 Scans) T12-V1-10_pure_0.3ul.d Deconvoluted (Isotope Width=0.0)
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T12-V1-20

Sequence: (THRPP(NIe)WSPVWP),-PEG20-K-Lys(N3)-CONHo>.
Synthesis method: Automated flow synthesis.

Purification method: Section S4, method D

LC-MS method: Section S5, method C

Calculated: 5113.03 Da

Observed: 5113.40 Da
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X106 |+ Scan (6.777-6.943 min, 11 Scans) T12-V1-20_pure_0.3ul.d Deconvoluted (Isotope Width=0.0)
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T12-V2-4

Sequence: THRPP(NIe)WSPVWP-PEG4-Lys(N3)-PEGs-THRPP(NIe)WSPVWP-CONH..
Synthesis method: Automated flow synthesis.

Purification method: Section S4, method D

LC-MS method: Section S5, method C

Calculated: 3573.21 Da

Observed: 3574.93 Da
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x105 |+ Scan (6.511-6.527, 6.593-6.626 min, 5 Scans) T12-V2-4_pure_0.3ul.d
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T12-V2-10

Sequence: THRPP(NIe)WSPVWP-PEG10-Lys(N3)-PEG10-THRPP(Nle)WSPVWP-
CONHa.

Synthesis method: Automated flow synthesis.

Purification method: Section S4, method D

LC-MS method: Section S5, method C

Calculated: 4101.84 Da

Observed: 4104.07 Da

afooreoad o e dood

x108 [+ TIC Scan T12-V2-10_pure_0.3ul.d

0.9
0.8
0.7
0.6
05
0.4

42 44 46 48 5 52 54 56 58 6 62 64 66 68 7 72 74 76 78 8 82 84 86 88 9 92 94 96 98 10 102 104 106 108 11 11.2 114 116 11.8
Counts vs. Acquisition Time (min)

93



x105 |+ Scan (6.712-6.827 min, 8 Scans) T12-V2-10_pure_0.3ul.d
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x107 [+ Scan (6.712-6.827 min, 8 Scans) T12-V2-10_pure_0.3ul.d Deconvoluted (Isotope Width=0.0)
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T12-V2-20

Sequence: THRPP(NIe)WSPVWP-PEG20-Lys(N3)-PEG20-THRPP(NIe)WSPVWP-
CONHa.

Synthesis method: Automated flow synthesis.

Purification method: Section S4, method D

LC-MS method: Section S5, method C

Calculated: 4982.88 Da

Observed: 4985.31 Da
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PMO-DBCO

Purchased anti-miRNA-21 PMO was dissolved in DMSO. 4 eq DBCO-acid was
dissolved at 0.4 M in 0.38 M HBTU (3.8 eq) in amine-free DMF. 10 eq DIEA was added
to the DBCO immediately before combining with PMO. The reaction was allowed to sit
at room temperature overnight.

Purification method: Section S4, method D

LC-MS method: Section S5, method C

Calculated: 6461.20 Da

Observed: 6460.95 Da
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Right peak: PMO-DBCO
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+ Scan (5.389-5.538 min, 10 Scans) PMO-DBCO_325-42_22.5h_0.3ul.d Deconvoluted (Isotope Width=0.0)
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Observed: 6277.51 Da
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x10 5 |+ Scan (5.224-5.339 min, 8 Scans) PMO-DBCO_325-42_22.5h_0.3ul.d Deconvoluted (Isotope Width=0.0)
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PMO-T12

PMO-DBCO was reacted to T12-NAz as described in Section 2.4.10
LC-MS method: Section S5, method C

Calculated: 8404.47 Da

Observed: 8404.24 Da
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Right peak: PMO-T12

x10 5 |+ Scan (4.636-4.751 min, 8 Scans) T12-PMO_325-57_16h_0.3ul.d
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+Scan (4.636-4.751 min, 8 Scans) T12-PMO_325-57_16h_0.3ul.d Deconvoluted (Isotope Width=0.0)
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Left peak: excess T12-NAz
Calculated: 1943.27 Da
Observed: 1943.00 Da

x10 5 |+ Scan (4.355-4.421 min, 5 Scans) T12-PMO_325-57_16h_0.3ul.d
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2.8 Appendix II: Nucleic acid gels of alternative ASOs

PMO-T12

Anti-miRNA-21 PMO was purchased from GeneTool with a C-terminal amine. PMO was
coupled to DBCO-acid (see LC-MS in Appendix ) and purified as described in Section
2.4.4 Method C. PMO-DBCO was clicked to T12 with an N-terminal azidolysine handle.
In the nucleic acid gel, 6 uM pre-miRNA-21 or pre-miRNA-34apurchased from IDT in
nuclease-free water was pre-mixed with several concentrations of PMO-T12 (12, 6.0,
3.0, 1.2, 0.6, and 0 uM in nuclease-free water) for 1 hour at 37°C. Samples were loaded
at ~400 ng pre-miRNA/well. Gels were 5% agarose with Cybr gold stain and were run in
1X TBE buffer at 100 V for 70 min. We observe concentration-dependent binding of
PMO-T12 to pre-miRNA-21 but not pre-miRNA-34a, indicating the ASO binds
specifically to its target pre-miRNA.
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LNA-T12

Anti-miRNA-21 LNA was purchased from IDT with a C-terminal amine. LNA was
coupled to DBCO-acid and purified by running through a NAP-10 column to remove
excess DBCO. LNA-DBCO was clicked to T12 with an N-terminal azidolysine handle
with excess 12 to ensure all LNA-DBCO was reacted. LNA-T12 was purified by SEC on
a Superdex 75 Increase column at 0.80 mL/min 1X PBS for 40 min (2 CV). Fractions
were collected and compiled into four peaks visible at 214 nm or 280 nm. Fractions
were analyzed by nucleic acid gel under the same pre-mixing with pre-miRNA-21 and
running conditions as described for PMO-T12. Peak A was the only fraction to indicate
the presence of LNA.
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Peak A of LNA-T12 was run in the same gel shift assay with pre-miRNA-21 and pre-
miRNA-34a as with PMO-T12. Again, we observed concentration-dependent binding of
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Appendix |  Synthesis of proteins by automated flow
chemistry
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A1.1 Introduction

Mechanical pumps, valves, solid supports, and computers have transformed the
way we perform chemical reactions. Continuous, multistep flow technology has enabled
routine access to small molecules ranging from pharmaceutical ingredients to natural
products and bulk commodities." Advantages of flow synthesis over batch methods are
in-line spectroscopic monitoring, efficient mixing, and precise control over the reaction
parameters.? Translating these capabilities to the total chemical synthesis of peptides
and proteins will provide rapid access to an expanded chemical space. Protein
production is an essential part of research in academia and industry and can be
accomplished by biological methods or chemical synthesis. Most proteins are obtained
by biological expression, a process that largely limits their chemical composition to the
canonical proteinogenic amino acids.® Advances in genetic code expansion have
allowed for the incorporation of up to two unnatural amino acids in the structures of
native proteins.* By contrast, chemical syn-thesis offers unmatched flexibility when
incorporation of multiple unnatural amino acids, post-translational modifications, or
artificial backbones is desired.® Synthetic proteins have become accessible with a
combination of solid-phase and ligation methodologies. Yet, total chemical synthesis of
proteins remains highly labor intensive. Solid-phase peptide synthesis (SPPS) is the
foundation of chemical peptide and protein production.® Despite decades of
optimization, peptides longer than 50 amino acids are difficult to synthesize with
standard SPPS instrumentation, owing in large part to generation of by-products from
deletion, truncation, and aggregation of the growing chains.® It was not until the

development of native chemical ligation (NCL) that chemical synthesis of protein chains
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became practical.® Despite the efforts dedicated to improving NCL techniques,® a major
bottleneck resides in the absence of a routine, widely applicable protocol to access the
requisite peptide fragments.'®'" We set out to address this problem by developing a
reliable method to synthesize long peptides and protein chains using flow chemistry.
Flow-based SPPS is gaining momentum owing to its advantageous features— for
example, control over physical parameters and greatly reduced formation of side
products.'?'* Studies carried out as early as 1970 found that automation and high
fidelity of peptide synthesis could be achieved by containing the solid supportin a
reactor and operating it as a fixed bed.'>'® Instead of complex systems for liquid
handling to dispense reagents and wash the resin, high-performance liquid
chromatography (HPLC) pumps were used to continuously deliver reagents,
establishing the principles of peptide synthesis in flow. Inspired by this early work, over
the past 5 years we developed rapid, automated fast-flow peptide synthesis (AFPS)
instrumentation that incorporates amino acid residues in as little as 40 s at temperatures
up to 90°C.""-1°® Even though prior work by us and others on flow-based SPPS
considerably reduced the total synthesis time, the potential of flow chemistry to enable
synthesis of peptide chains in the range of single-domain proteins has not been fully
realized."”-23 We set out to optimize our AFPS technology to meet this challenge.' We
report here a routine protocol that allows for stepwise chemical total synthesis of
peptide chains exceeding 50 amino acids in length, with a cycle time of ~2.5 min per
amino acid (Fig. A1.1A). The optimized protocol was built on a collection of analytical
data acquired with an AFPS system and delivers products with high fidelity and of high

chiral purity. Using this protocol, single-domain protein chains ranging from barstar (90
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amino acids) to sortase ase-206 (SOrtase A*, 164 amino acids) were synthesized in 3.5 to
6.5 hours. To demonstrate production of functional proteins, these sequences were
folded, and their biophysical properties and enzymatic activities were determined. The
time scale of chemical protein synthesis is on par with that of recombinant expression
and therefore offers a practical alternative to biochemical methods while opening up the

chemical space beyond canonical amino acids.

A1.2 Rapid screening of reaction variables for AFPS protocol development
We chose to first optimize coupling efficiency and later investigate possible side
reactions induced by the optimized coupling conditions. On a benchmark AFPS
instrument previously developed in our laboratory,'”'% reagents are mixed, heated, and
delivered onto a pre-tempered solid support using three HPLC pumps. In-line ultraviolet-
visible (UV-vis) detection of the reactor eluent is used to monitor removal of the N-
terminal protecting group after each coupling cycle. Indirectly, this information reports
on the efficiency of the preceding coupling step. We first optimized general parameters,
including flow rate, reaction solvent, reagent concentration, temperature, and coupling
agents (Fig. A1.1B and tables A1.1 to A1.7). Modifications to our original AFPS protocol
included increasing reagent concentrations to 0.4 M,?* the use of amine-free N, N-
dimethylformamide (DMF), and an increase in temperature to 85°to 90°C for reagent
activation and coupling. The performance of different activators for the coupling step
was also investigated, identifying the azabenzotriazol-reagents PyAOP [(7-
azabenzotriazol-1-yloxy)tripyrrolidino-phosphonium hexafluorophosphate] and HATU

(hexafluorophosphate azabenzotriazole tetra-methyl uranium) as optimal. Automated
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collection and analysis of data combined with the synthesis parameters allowed for
optimization of residue-specific coupling conditions. By comparing data on amino acid
deprotections, we were able to gain information on coupling efficiency for all canonical
amino acids and generated a general amino acid—specific recipe (tables A1.8 and
A1.9). Analytical comparison of the products obtained for glucagon-like peptide-1 (GLP-
1) is illustrative of the improvement in crude peptide quality achieved with the optimized
synthesis conditions (Fig. A1.1B).

We aimed to suppress aspartimide formation, a major side reaction in SPPS and
AFPS. Because increased temperature leads to more aspartimide formation, various
deprotection bases, additives, and aspartic acid protecting groups were screened to
minimize this unwanted side reaction.?>2% We found that milder deprotection bases [i.e.,
piperazine and 1-hydroxybenzotriazole (HOBt) with piperidine] and bulky aspartic acid
protecting groups [i.e., O-3-methylpent-3-yl (OMpe)] decreased the level of aspartimide
formation (fig. A1.8 and table A1.10). The most effective strategies, however, were the
addition of formic acid as a piperidine additive and backbone protection with
dimethoxybenzyl glycine. Formic acid (2% stock solution in 40:60 v/v piperidine: DMF)
was therefore used as an additive for deprotection, and backbone protection was
applied for collagen and fibroblast growth factor 1 (FGF1) syntheses.

We confirmed retention of chirality for amino acids at high risk of epimerization
(i.e., cysteine and histidine) in a final optimization step (figs. A1.9 to A1.14).2” The
influence of temperature, time, and activating agent, as well as different side-chain
protecting groups were screened (Fig. A1.1C and D)."” For both amino acids,

epimerization increases with activation time and temperature. The choice of protecting
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group proved to be critical for histidine. Ultimately, activation of Fmoc-Cys(Trt)-OH and
Fmoc-His(Boc)-OH with PyAOP with a shorter time at 60°C resulted in <2% D-epimer
formation (Fmoc, fluorenylmethyloxycarbonyl; Trt, trityl; Boc, tert-butyloxycarbonyl).
Next, we determined that the amount of epimerization under these optimized conditions
does not increase over multiple coupling cycles (Fig.A1.1E). The amount of D-isomer
did not change over 100 amino acid couplings executed after manual capping of the N-
terminus, indicating that epimerization of cysteine and histidine only occurs during the
activation step. Implementation of these conditions allowed us to solidify the general
AFPS protocol, which was then applied to the production of sequences exceeding 50

amino acids [table A1.11 and Section A1.9.10].
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A Fully Automated Synthesis of Functional Synthetic Proteins
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Figure A1.1. Optimized conditions for automated fast-flow solid-phase peptide
synthesis enable high-fidelity production of long amino acid sequences. (A) Fully
automated chemical flow synthesis yields peptide chains, which, after purification and
folding, give functional proteins. Protein Data Bank (PDB) 1BRS (barnase)®’ was used.
(B) Synthesis of GLP-1 using starting conditions and optimized conditions. The
concentrations listed refer to stock solutions. NMP, N-methylpyrrolidone; DIEA,
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diisopropylethylamine. (C) Quantification of cysteine epimerization as a function of
activation temperature, heating time (5' loop and 10’ loop), and activator in a GCF test
peptide. Isomer was quantified from extracted ion chromatograms on LC-MS by
comparison to reference peptides. (D) Quantification of histidine epimerization as a
function of activation temperature, heating time (5’ loop and 10’ loop), and activator in a
FHL test peptide. The d-isomer was quantified by analytical HPLC by comparison to
reference peptides. (E) Quantification of epimerization over multiple coupling cycles.
GCF and FHL were synthesized under optimized conditions, and the N terminus was
manually capped with a Boc-protecting group. One-hundred glycine couplings were
executed, and a sample was taken out for analysis every 20 amino acid couplings. Cpl
w/, coupled with. Single-letter abbreviations for the amino acid residues are as follows:
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

A1.3 Optimized AFPS outperforms traditional synthesis methods

We investigated if our optimized AFPS conditions could facilitate the synthesis of
longer sequences using proinsulin (86 amino acids) and human immunodeficiency
virus-1 (HIV-1) protease (99 amino acids) as test sequences. The total synthesis of
human proinsulin was previously reported using NCL of three peptide fragments
individually prepared by SPPS.?8 HIV-1 protease was previously prepared using
stepwise and chemical ligation routes under Boc-SPPS conditions.?°3° Using our
standard AFPS protocol, the syntheses of proinsulin and HIV-1 protease were
completed in 3.5 and 4.5 hours, respectively. HPLC purification yielded 2.2 mg (1%) of
purified proinsulin and 5.3 mg (1%) of purified HIV-1 protease.

A comparison between AFPS and standard batch SPPS syntheses on
commercially available synthesizers at room temperature, 70°C, and 90°C indicated
substantially improved synthetic outcome for the optimized AFPS protocol (Fig. A1.2
and Section A1.10). On each instrument, machine-specific, optimized conditions were

used to achieve the best synthesis outcome. For HIV-1 protease and proinsulin, AFPS
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yielded the desired product as the major species along with minor by-products of similar
weight, as determined by analytical HPLC and liquid chromatography—mass
spectrometry (LC-MS). By contrast, synthesis on commercially available peptide
synthesizers took approximately five times longer and resulted in a complex compound
mixture. AFPS therefore offers a substantial improvement when directly compared with

traditional SPPS methods, both with respect to time and performance.

A Traditional SPPS vs. AFPS, analytical data for crude proinsulin
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calc.: 9394 :
Synthesis time: obs.: 9395 Synthesis time:

~37.3h ~3.5h
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) Proinsulin . ¥ . T ! '
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FVNQHLCGSH LVEALYLVCG ERGFFYTPKT RREAEDLQVG QVELGGGPGA
GSLQPLALEG SLQKRGIVEQ CCTSICSLYQ LENYCN (86 AA)

B Traditional SPPS vs. AFPS, analytical data for crude HIV-1 protease
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Synthesis time:
A obs.: 10725 ~45h
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PQVTLWQRPI VTIKIGGQLK EALLDTGADD TVLEEMSLPG KWKPKMIGGI
GGFIKVRQYD QVSIEICGHK AIGTVLIGPT PVNIIGRNLL TQLGCTLNF
(99 AA)

Figure A1.2. Synthesis of proinsulin and HIV-1 protease demonstrates the
advantage of AFPS over traditional SPPS methods. (A and B) Analytical HPLC data
of the crude proinsulin (A) and HIV-1 protease (B) are presented as the main
chromatographic traces with absorbance detection at 214 nm (additional details in the
SM). Deconvoluted masses are displayed in the insets. Analytical data for the synthesis
of crude protein chain using SPPS on a commercially available synthesizer at 70°C with
total cycle times of 26 min per amino acid and 40 equivalents of amino acid for each
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coupling are displayed on the left; analytical data for the synthesis of crude protein
chain using AFPS at 90°C with 60 equivalents of amino acid for each coupling are
displayed on the right. PDB 2KQP (proinsulin) (58) and 2JE4 (HIV-1 protease dimer
with inhibitor, not identical to the sequence synthesized) (30) were used. Crude material
of higher quality was obtained in the case of HIV-1 protease by substitution of Cys and
Met residues, as described in SM section 5. AA, amino acids.

A1.4 Optimized AFPS enables routine access to single-domain protein
chains

To demonstrate general applicability of our AFPS protocol, the synthesis of
additional protein chains ranging from ~70 to ~170 amino acids was performed (Fig.
A1.3A and Section A1.11). These sequences were chosen to enable comparison with
literature data. We chose not only historically relevant targets for drug discovery, such
as HIV-1 protease and murine double minute 2 (MDM2),3"-*2 but also proteins that serve
as therapeutics themselves, such as FGF1 and proinsulin.®334 Barstar, barnase,
lysozyme, MDM2, and sortase A* allowed for a direct comparison of recombinant and
synthetic proteins. The ability of AFPS technology to rapidly and simultaneously
incorporate noncanonical amino acids in greater number and of greater diversity than
biological methods was tested by synthesizing derivatives of barnase and HIV-1
protease containing site directed mutations. In the case of barnase, we incorporated p-
bromophenylalanine at a site previously investigated for mutational tolerance.® Then,
we produced synthetic HIV-1 protease in which two methionine and one cysteine
residues were replaced as previously described with norleucine and aminobutyric acid,
respectively (Fig. A1.3B), to avoid potential oxidation side products and increase
synthetic efficiency.3° All sequences were successfully synthesized in 3.5 to 6.5 hours.

The desired protein was the main product in every synthesis, and HPLC

purification yielded milligram quantities of product. Isolated yields after HPLC
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purification ranged from 2.2 to 19.0 mg (1 to 5%), a sufficient amount of material for
folding and evaluation of tertiary structure and biological function (Fig. A1.3B and
Secttion A1.11). In conclusion, optimized AFPS allows for the routine stepwise chemical
synthesis of peptide chains of up to ~170 amino acids and therefore substantially
decreases time and labor associated with the chemical production of single-domain

proteins.
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A Single domain proteins synthesized using AFPS
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Figure A1.3. AFPS enables high-fidelity production of long amino acid sequences
in hours. (A) Sequences produced using an AFPS instrument. Sequences highlighted
in gray were folded and purified, and their structure and biological activity were
evaluated. All sequences were synthesized using the same standard recipe. PDB 1AY7
(barstar),%® 2KQP (proinsulin),>® 1CGD (collagen),®® 2JE4 (HIV-1 protease dimer with
inhibitor),® 1BRS (barnase),%” 3G03 (MDM2),%' 2NWD (lysozyme),62 4Q9G (FGF1),83
and 2KID (sortase A)%* were used. (B) Analytical data for the purified sequences of
proinsulin, barstar, collagen, HIV-1 protease, MDM2['-1"8 |ysozyme, FGF1, and sortase
A*. For all cases, analytical HPLC data of the purified protein chains are presented as
the main chromatographic trace with absorbance detection at 214 nm. The gradient for
analytical HPLC was 5 to 65% B. A linear gradient of acetonitrile with 0.08%
trifluoroacetic acid (TFA) added (solvent B) in water with 0.1% TFA added (solvent A)
was used in all cases. Electrospray ionization (ESI) mass spectrum (upper left) and
deconvoluted mass spectrum (upper right) are also shown in each case. Both spectra
were obtained by summation of the entire LC peak; additional details on purification and
analytical methods are in the Section A1.11.

A1.5 The structure and function of folded synthetic proteins are
comparable to recombinant samples

Determining the purity of long synthetic peptides is challenging because of
difficulties associated with identification and quantification of by-products by standard
analytical techniques. In a physiological environment, the native folded structure of a
globular protein, which gives rise to its distinctive biological activity, is determined by its
amino acid sequence.3® As a consequence, the tertiary structure of a protein can be
used as a measure of the chemical integrity of the primary amino acid sequence.®’

We folded and purified selected synthetic proteins by size exclusion
chromatography and ion exchange chromatography and characterized their tertiary
structure with biophysical and functional assays, alongside recombinant protein
standards. Our goal was to demonstrate the fidelity of our AFPS protocol in delivering
synthetic proteins of defined covalent structure and high chiral integrity. To this aim, we

thoroughly characterized barnase and further investigated barstar, sortase A*, MDM2,
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and HIV-1 protease. Folding of the synthetic proteins was case-specific and was
achieved either by following a literature protocol or by screening various conditions.
Chemical denaturation is diagnostic for assessing structural integrity and stability
of synthetic proteins. The globular protein barnase, a bacterial ribonuclease (RNase)
isolated from Bacillus amyloliquefaciens, is a model system to investigate protein
folding, denaturation, and binding to its inhibitor protein barstar (Fig. A1.4A).283° The
primary structures of synthetic and recombinant barnase were indistinguishable by LC-
MS and HPLC methods (Fig. A1.4B). We used a chemical denaturation fluorometric
assay as a readout for the integrity of the tertiary structure (Fig. A1.4C). In this assay,
tryptophan fluorescence was used to monitor the folding equilibrium, as the
concentration of urea was varied. Synthetic barnase exhibited a transition midpoint (the
concentration at which half of the sample is unfolded, [D]so%) that compared well to both
the authentic recombinant sample and literature value {{D]50%, synthetic = 4.68 £ 0.06
M; [D]s0%, recombinant = 4.63 + 0.04 M (mean + SE); [D]so%, iiterature = 4.57 M}.3° More
importantly, the m values obtained in the experiment, which describe the slope of the
unfolding transition and are a sensitive measure of structural homogeneity, were similar
[Msynthetic = 1.82 £ 0.25 kcal mol™ M~ ; Mrecombinant = 1.88 + 0.21 kcal mol™* M~! (mean +
SE); Miiterature = 2.06 kcal mol™' M~ 1.39 If the synthetic protein were microheterogeneous
(e.g., contained a distribution of isomers or deletion coproducts), then the apparent m
value may be altered owing to the distribution of [D]so% values represented within the
mixture. Therefore, because the synthetic sample exhibited an m value within the error

of the recombinant sample, we concluded that microheterogeneity was negligible.
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Enzymatic assays show comparable activity of synthetic proteins obtained by
AFPS and their recombinant equivalents. Enzymatic catalysis is sensitive to minor
changes in the enzyme’s tertiary structure, for which even single point mutations can
have a major impact.*®4! We evaluated the native activity of three synthetic variants of
well-studied enzymes: barnase, HIV-1 protease, and sortase A*. Barnase catalyzes
hydrolysis at diribonucleotide GpN sites. Its specific activity can be measured by
monitoring hydrolysis of a DNA-RNA hybrid containing a Férster resonance energy
transfer fluorophore pair.#? The enzymatic efficiency of synthetic barnase was kcat/Ku =
(7.6 £0.2) x 106 M~ s ! (mean + SE), which is comparable to that of recombinant
barnase [Kcat/Km = (9.0 £ 0.3) x 106 M~' s ! (mean + SE)] determined using the same
assay (Fig. A1.4D).

The primary structure of HIV-1 protease was confirmed by LC-MS and HPLC
methods (Fig. A1.5B). HIV-1 protease hydrolyzes the peptides of HIV, and using a
fluorogenic peptide allows for quantification of its proteolytic activity.*®> Synthetic HIV-1
protease displays a Michaelis constant of Ky = 20.9 + 1.0 mM (mean + SE) and a
turnover number of keat = 29.6 £ 4.1 s™" (mean * SE), close to literature values
published for a similar synthetic sample obtained by SPPS (Fig. A1.5C).%° Incubation of
the synthetic protease with a model substrate peptide results in wild type—like specificity
with exclusive cleavage at a single Phe-Pro site (Fig. A1.5D).%°

Sortase Asg206 is a transpeptidase produced by Gram-positive bacteria that
catalyzes a cell wall sorting reaction at a threonine-glycine bond in the LPXTG motif
(Leu-Pro-X-Thr-Gly, where X is any amino acid).** We synthesized the 164—amino

acid—long sortase A* variant (P94S/D160N/K196T; P, Pro; S, Ser; D, Asp; N, Asn; K,
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Lys; T, Thr) to allow for direct comparison to a recombinant standard.*>4¢ At a
concentration of 0.01 mg/ml, synthetic sortase A* led to 47% product formation by
LCMS within 24 hours (starting from 0.2 mg/ml GGGGGLY and AQALPETGEE as test
substrates; G, Gly; L, Leu; Y, Tyr; A, Ala; Q, GIn; E, Glu) (Fig. A1.28). This conversion
value is comparable to that determined for the recombinant protein (50% product
formation within 24 hours). Enzymatic activity assays of synthetic proteins accessed by
AFPS therefore confirmed both the high substrate specificity and comparable activity to

recombinant enzymes and literature values.
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A Production, structure and function of barnase
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Figure A1.4. Synthetic barnase and synthetic barstar fold into the native tertiary
structure and display enzymatic activity comparable to recombinant samples. (A)
Conceptual overview of production and analysis methods. (B) Comparison of primary
structures obtained from AFPS and recombinant expression. For both cases, analytical
HPLC data of the purified barnase are presented as the main chromatographic trace
with absorbance detection at 214 nm (additional details in the SM). ESI mass spectrum
and deconvoluted mass spectrum of the purified peptide samples are displayed in the
upper-left and the upper-right insets, respectively. Both spectra were obtained by
summation over the entire LC peak in the chromatogram. (C) Structural evaluation of
barnase in a chemical denaturation assay using urea as denaturant performed in
triplicate; results are reported as mean = SE. Error bars on the graph indicate SE. (D)
Quantitative enzymatic activity assay performed in triplicate; error bars are not
displayed for clarity. Details are outlined in the SM. kcat/Km values are reported as mean
+ SE. (E) Barnase inhibition and binding assay using recombinant and synthetic barstar.
3.4 nM barnase was used in all conditions. Details are outlined in the SM. PDB 1BRS
(barnase)*’and 1AY7 (barstar)®® were used.

Binding studies of synthetic MDM2 and barnase confirmed specific affinities for
their respective substrates. Barnase binds selectively and with high affinity to its
inhibitor barstar. In a gel-based assay, recombinant barstar inhibited RNase activity of
synthetic and recombinant barnase in a concentration dependent manner (Fig.
A1.4E).*" In addition, synthetic barstar obtained with AFPS performed comparably to
recombinant barstar. To quantify binding of a synthetic protein to a known ligand, we
also characterized the N-terminal binding domain of MDM2!'-1181 32 The binding of
MDM2 to p53 is a key interaction in multiple pathways up-regulated in cancer.*®4% We
folded milligram quantities of synthetic MDM2['-""8l and characterized its binding to
immobilized p53!'4-2°1 using biolayer interferometry (Figs. A1.29 and A1.30). Synthetic
MDM2['-118] displayed an affinity toward p53 [dissociation constant (Kq) = 6.25 mM]
comparable to the literature value (K4 = 5.45 mM) obtained under the same folding

conditions.
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HIV-1 protease including three non-canonical
amino acids
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Figure A1.5. Synthetic HIV-1 protease containing three noncanonical amino acids
folds into the native dimer structure and displays enzymatic activity and
substrate specificity comparable to literature samples. (A) Crystal structure of HIV-
1 protease dimer with highlighted noncanonical amino acids aminobutyric acid (Abu,
blue) and norleucine (Nle, red). PDB 2JE4 (HIV-1 protease dimer with inhibitor)®° was
used. (B) Primary structure obtained from AFPS. Analytical HPLC data of the purified
HIV-1 protease is presented as the main chromatographic trace with absorbance
detection at 214 nm (additional details in the SM). ESI mass spectrum and
deconvoluted mass spectrum of the purified sample are displayed in the upper-left and
the upper-right insets, respectively. Both spectra were obtained by summation over the
entire LC peak in the chromatogram. (C) Quantitative enzymatic activity assay
performed in triplicate for the determination of kcat and Kwm values. Results are reported
as mean £ SE. Error bars on the graph indicate SE. Lit., literature. (D) Qualitative
substrate specificity assay with model substrate p12nt, in which HIV-1 protease
exclusively cleaves at a single Phe-Pro site whereas bovine serum albumin (BSA) stays
intact; details are outlined in the SM.
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A1.6 Discussion

The optimized AFPS protocol demonstrates advantages of flow chemistry over
common batch methods, yielding peptide chains more than three times longer than
previously accessible by routine standard SPPS.® An improvement to existing flow
protocols was achieved by rapid screening of variables in a reproducible reaction setup.
Even though in this study AFPS yields superior results over traditional SPPS methods in
terms of total synthesis time and crude product quality, general challenges associated
with peptide synthesis, such as low atom economy and the use of DMF as a solvent,
remain unsolved. A potentially limiting feature of our setup is synthesis scale. The
capacity of the reactor used in our study allows up to 200 mg of resin with a loading of
0.49 mmol/g. Increased production output can be achieved by incorporating a larger
reactor in the current system, but such a modification will likely require specific
optimization, toward which we performed preliminary investigations.’® Since we
implemented AFPS, we have produced more than 5000 peptides and automatically
collected in-line analysis data for all syntheses. Moving forward, this extensive, high-
quality dataset could be leveraged to further improve peptide synthesis in flow using
machine learning and other computational methods. Ultimately, we intend for this report
to serve as a blueprint for the automated flow synthesis of other biopolymers and
artificial sequence-defined polymers.*°

A robust, widely available routine method for chemical production of proteins is
poised to have a strong impact on chemical biology and the development of new
therapeutics. Our advances provide a viable solution to reliably assemble long linear

peptide chains, shifting the focus in the field of chemical protein synthesis to improving
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folding protocols and, most importantly, applications. Combined with chemical ligation,
rapid stepwise production of single-domain proteins by AFPS technology will extend the
practical applications of total chemical synthesis to the majority of human proteins
(those with a mass of up to ~30 kDa).'%>" In this respect, we envisage adapting to our
AFPS protocol the incorporation of peptide hydrazides for thioester-based ligation, an
approach previously achieved with manual flow instrumentation.>? Additional research
avenues opened by our method include rapid access to mirror-image proteins, post-
translationally modified proteins, and de novo—designed, abiotic proteins. Introduction of
noncanonical amino acids as point mutations in native proteins will make accessible
variants with considerably altered biological function, for example, catalytic activity.53%*
Finally, AFPS has the potential to enable on-demand production of time-sensitive and
potentially life-saving personalized medicine, such as for enzyme replacement therapy

or neoantigen cancer vaccines.%%%6
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A1.8 Materials and Methods

A1.8.1 Reagents and Solvents

All reagents were purchased and used as received. Fmoc-protected amino acids

(FmocAla-OHxH20, Fmoc-Arg(Pbf)-OH; Fmoc-Asn(Trt)-OH; Fmoc-Asp-(Ot-Bu)-OH;

FmocCys(Trt)-OH; Fmoc-GIn(Trt)-OH; Fmoc-Glu(Ot-Bu)-OH; Fmoc-Gly-OH; Fmoc-

His(Trt)-OH; Fmoc-lle-OH; Fmoc-Leu-OH; Fmoc-Lys(Boc)-OH; Fmoc-Met-OH; Fmoc-

Phe-OH; Fmoc-ProOH; Fmoc-Ser(But)-OH; Fmoc-Thr(t-Bu)-OH; Fmoc-Trp(Boc)-OH,;

Fmoc-Tyr(t-Bu)-OH; FmocVal-OH), N-a-Fmoc-L-a-aminobutyric acid (Fmoc-Abu-OH)

and N-a-Fmoc-L-norleucine (Fmoc-Nle-OH) were purchased from the Novabiochem-

from Sigma Millipore; FmocHis(Boc)-OH was purchased from ChemPep, Inc.; Fmoc-

line

p_
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bromo-Phe-OH was purchased from Bachem (product number 4042637); O-(7-
azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU,
=297.0% ), N,N,N’,N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluoro-phosphate
(HBTU, 297.0%), O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3- tetramethyluronium
hexafluorophosphate (HCTU, 297.0%) and (7-azabenzotriazol-1-
yloxy)tripyrrolidinophospho-nium hexa-fluorophosphate (PyAOP, 297.0%) were
purchased from P3 Biosystems. Biosynthesis OmniSolv® grade N,N-dimethylformamide
(DMF) was purchased from EMD Millipore (DX1732-1). N-Methyl-2-pyrrolidone (NMP,
=299.0%) was purchased from Sigma-Aldrich and dried over PPT Pure Process
Technology solvent system. AldraAmine trapping agents (for 1000 — 4000 mL DMF,
catalog number Z511706), Diisopropylethylamine (DIEA; 99.5%, biotech grade, catalog
number 387649), piperidine (ACS reagent, 299.0%), trifluoroacetic acid (HPLC grade,
=99.0%), triisopropylsilane (=298.0%), acetonitrile (HPLC grade), formic acid (FA,
295.0%), dimethyl sulfoxide (DMSO, HPLC grade, 299.7%), piperazine (299.0%) and
1,2- ethanedithiol (EDT, GC grade, 298.0%) were purchased from Sigma-Aldrich.
Tetrafluoroethylene (TFE, extra pure, 299.8%) was purchased from Acros. Anisole
(purum, GC grade, 299.0%) and 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU, GC grade,
=99.0%) were purchased from Fluka. 1- Hydroxybenzotriazole hydrate (HOBt, 297.0%)
was purchased from Peptides International. HRink Amide (0.49 mmol/g and 0.18
mmol/g loading) and HMPB ChemMatrix polyethylene glycol (0.45 mmol/g loading)
resin were purchased from PCAS Biomatrix. Water was deionized using a Milli-Q
Reference water purification system (Millipore). Nylon 0.22 uym syringe filters were

TISCH brand SPEC17984.
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A1.8.2 Automated flow peptide synthesis set-up

All peptides were synthesized on an automated-flow system, which was built in
the Pentelute lab (“Amidator”),'® which is similar to the published AFPS system.”
Capitalized letters refer to L-amino acids, uncapitalized letters refer to D-amino acids.
Unless otherwise noted, the following settings were used for peptide synthesis: flow-rate
= 40 mL/min, temperature = 90 °C (loop) and 85-90 °C (reactor). The 50 mL/min pump
head pumps 400 pL of liquid per pump stroke; the 5 mL/min pump head pumps 40 uL of
liquid per pump stroke. The standard synthetic cycle involves a first step of prewashing
the resin at elevated temperatures for 60 s at 40 mL/min. During the coupling step,
three HPLC pumps are used: a 50 mL/min pump head pumps the activating agent, a
second 50 mL/min pump head pumps the amino acid and a 5 mL/min pump head
pumps DIEA. The first two pumps are activated for 8 pumping strokes in order to prime
the coupling agent and amino acid before the DIEA pump is activated. The three pumps
are then actuated together for a period of 7 pumping strokes, after which the activating
agent pump and amino acid pump are switched using a rotary valve to select 4 DMF.
The three pumps are actuated together for a final 8 pumping strokes, after which the
DIEA pump is shut off and the other two pumps continue to wash the resin for another
40 pump strokes. During the deprotection step, two HPLC pumps are used. Using a
rotary valve, one HPLC pump selects deprotection stock solution and DMF. The pumps
are activated for 13 pump strokes. Both solutions are mixed in a 1:1 ratio. Next, the

rotary valves select DMF for both HPLC pumps, and the resin is washed for an
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additional 40 pump strokes. The coupling—deprotection cycle is repeated for all

additional monomers.

Fmoc-Lys(Alloc)]-OH HPLC
Fmoc-Gly-OH Pumps
i 10 ft. Loop
1T ap®

D.L._and other Amino Acids

UV-Visible
Spectrometer

PyBOP
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Figure A1.6. Schematic AFPS setup used in this study. Modified from Ref. 17.

A1.8.3 Cleavage Protocols
After synthesis, the peptidyl resin was washed with dichloromethane (3 x 5 mL),
dried in a vacuum chamber, and weighed. 50% of the resin was transferred into a 50
mL conical polypropylene tube. For cleavage of peptides and proteins we used two
different protocols:
A) Peptides: Approximately 3 mL of cleavage solution (94% TFA, 1% TIPS, 2.5%
EDT, 2.5% water) was added to the tube. If needed, more cleavage solution was
added to ensure complete submersion. The tube was kept at room temperature
for 2 h.
B) Proteins and Cys-containing peptides (except for GCF peptide):
Approximately 3 mL of cleavage solution (82.5% TFA, 5% water, 5% phenol, 5%

thioanisole, 2.5% EDT) was added to the tube. If needed, more cleavage solution
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was added to ensure complete submersion. The tube was kept on a nutating

mixer at room temperature for 4 h.

Ice cold diethyl ether (45 mL) was added to the cleavage mixture and the
precipitate was collected by centrifugation and triturated twice more with cold diethyl
ether (45 mL). The supernatant was discarded. Residual ether was allowed to
evaporate and the peptide was dissolved in 50% acetonitrile in water with 0.1% TFA
(long peptides were dissolved 70% acetonitrile in water with 0.1% TFA). The peptide
solution was filtrated with a Nylon 0.22 pym syringe filter and frozen, lyophilized until dry,

and weighed.

A1.8.4 Liquid chromatography-mass spectrometry (LC-MS)

For mass analysis, the filtered peptide solution (10 pyL of a 1mg/mL solution) was
diluted in 50% acetonitrile in water with 0.1% TFA (90 pL) to a final concentration
approximately 0.1 mg/mL. LC-MS chromatograms and associated high resolution mass
spectra were acquired using an Agilent 6520 Accurate-Mass Q-TOF LC-MS
(abbreviated as 6520) or an Agilent 6550 iFunnel Q-TOF LC-MS system (abbreviated
as 6550). Solvent compositions used in the LC-MS are 0.1% formic acid in H20
(solvent A) and 0.1% formic acid in acetonitrile (solvent B). The following LC-MS
methods were used:

* 1-61% B over 9 min, Zorbax C3 column (6520)

LC conditions: Zorbax 300SB-C3 column: 2.1 x 150 mm, 5 ym, column

temperature: 40 °C, gradient: 0-2 min 1% B, 2-11 min 1-61% B, 11-12 min

61-95% B, flow rate: 0.8 mL/min. A final 3-min hold was performed at a flow
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rate of 0.8 mL/min. The total method time was 15 min. MS is on from 4 to 12

min. MS conditions: positive electrospray ionization (ESI) extended dynamic

mode in mass range 300-3000 m/z.
1-91% B over 9 min, Zorbax C3 column (6520)

LC conditions: Zorbax 300SB-C3 column: 2.1 x 150 mm, 5 ym, column

temperature: 40 °C, gradient: 0-2 min 1% B, 2-11 min 1-91% B, 11-12 min 91-
95% B; flow rate: 0.8 mL/min. A final 3-min hold was performed at a flow rate
of 0.8 mL/min. The total method time was 15 min. MS is on from 4 to 12 min.

MS conditions: positive electrospray ionization (ESI) extended dynamic mode

in mass range 300-3000 m/z.
1-61% B over 15 min, Phenomenex Jupiter C4 column (6550)

LC conditions: Phenomenex Jupiter C4 column: 1.0 x 150 mm, 5 ym, column

temperature: 40 °C, gradient: 0-2 min 1% B, 2-12 min 1-61% B, 12-16 min 61-
90% B; flow rate: 0.1 mL/min. A final 4-min hold was performed at a flow rate
of 0.1 mL/min. The total method time was 20 min. MS is on from 4 to 12 min.

MS conditions: positive electrospray ionization (ESI) extended dynamic mode

in mass range 100-1700 m/z.
1-61% B over 33 min, Phenomenex Jupiter C4 column (6550)

LC conditions: Phenomenex Jupiter C4 column: 1.0 x 150 mm, 5 ym, column

temperature: 40 °C, gradient: 0-2 min 1% B, 2-30 min 1-91% B, 30-34 min 61-
90% B; flow rate: 0.1 mL/min. A final 4-min hold was performed at a flow rate

of 0.1 mL/min. The total method time was 38 min. MS is on from 4 to 30 min.
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MS conditions: positive electrospray ionization (ESI) extended dynamic mode

in mass range 100-1700 m/z.
1-61% B over 15 min, Zorbax C3 column (6550)

LC conditions: Zorbax 300SB-C3 column: 2.1 x 150 mm, 5 ym, column

temperature: 40 °C, gradient: 0-2 min 1% B, 2-11 min 1-61% B, 11-12 min 61-
95% B, flow rate: 0.8 mL/min. A final 3-min hold was performed at a flow rate
of 0.8 mL/min. The total method time was 15 min. MS is on from 4 to 12 min.

MS conditions: positive electrospray ionization (ESI) extended dynamic mode

in mass range 100-1700 m/z.
1-91% B over 20 min, Phenomenex Jupiter C4 column (6550)

LC conditions: Phenomenex Jupiter C4 column: 1.0 x 150 mm, 5 ym, column

temperature: 40 °C, gradient: 0-2 min 1% B, 2-18 min 1-91% B, 18-21 min
91% B; flow rate: 0.1 mL/min. A final 4-min hold was performed at a flow rate
of 0.1 mL/min. The total method time was 25 min. MS is on from 4 to 18 min.

MS conditions: positive electrospray ionization (ESI) extended dynamic mode

in mass range 100-1700 m/z.
1-61% B over 17 min, Luna C18 column (6550)

LC conditions: Phenomenex Luna C18 column: 0.5 x 150 mm, 5 ym, column

temperature: 40 °C, gradient: 0-2 min 1% B, 2-14 min 1-61% B, 14-18 min 61-
91% B; flow rate: 0.1 mL/min. A final 5-min hold was performed at a flow rate
of 0.1 mL/min. The total method time was 23 min. MS is on from 4 to 14 min.

MS conditions: positive electrospray ionization (ESI) extended dynamic mode

in mass range 100-1700 m/z.
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Data were processed using Agilent MassHunter Workstation Qualitative Analysis

Version B.06.00 with BioConfirm Software.

A1.8.5 Analytical high performance liquid chromatography (HPLC)

For determination of purity by HPLC, the filtered peptide solution was diluted in
50% acetonitrile in water with 0.1% TFA (100 pL) to a final concentration of
approximately 1.0 mg/mL. Peptide samples containing cysteines were diluted in 6M
Guanidinium chloride containing 100 mM DTT.? The samples were analyzed on Agilent
Technologies 1200 Series, which was computer-controlled through Agilent ChemStation
software.

For standard analysis of all peptide samples, analytical HPLC spectra were
recorded on an analytical Agilent Zorbax 300SB-C3 column (2.1 mm x 150 mm, 5-um
particle size). A linear gradient of acetonitrile with a 0.08% TFA additive (solvent B) in
water with a 0.1% TFA additive (solvent A) was used. After a 3-min hold, gradients of
1% B per minute ramped up over 60 min at a flow rate of 0.4 mL/min. Gradients either
started at 1% B (annotated as “1-61% B over 60 min”) or 5% B (annotated as “5-65% B
over 60 min”). A final 3-min hold was performed. The total method time was 66 min.
Crude HPLC purities were determined by manual integration of all signals in the area of
5-60 min.

For analysis of epimerization, analytical HPLC spectra were recorded on an
analytical Agilent Zorbax 300SB-C18 column (2.1 mm x 150 mm, 5-um particle size). A
linear gradient of acetonitrile with a 0.08% TFA additive (solvent B) in water with a 0.1%

TFA additive (solvent A) was used. After a 3-min hold, a gradient of 2% B per minute
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ramped up over 20 min at a flow rate of 0.4 mL/min (annotated as “1-41% B over 20
min”). A final 3-min hold was performed. The total method time was 30 min. Epimer

ratios were determined as described in section A1.8.9.

A1.8.6 Mass-directed reversed-phase high performance liquid chromatography
(RP-HPLC)

For RP-HPLC purification, the lyophilized peptide sample was dissolved in the
gradient starting concentration (e.g., 5% acetonitrile in water with 0.1% TFA) or6 M
Guanidinium chloride containing 100 mM DTT. All samples filtrated with a Nylon 0.22
pum syringe filter prior to purification. For all HPLC purifications, a gradient of acetonitrile
with 0.1% TFA additive (solvent 2 Except for GCF peptides for epimerization studies 7
B) and water with a 0.1% TFA additive (solvent A) was used. All samples were purified
on a semipreparative Agilent Zorbax 300SB-C3 column (9.4 mm x 250 mm, 5-um
particle size) at a flow rate of 4 mL/min unless otherwise noted. Specific purification
conditions such as column temperature and gradient are specified for each case.

In order to optimize the purification for the longer peptide chains the procedure
below was followed: A 60-minute analytical run was performed prior to the purification.
1-2 mg of crude material from 900 uL of solvent was injected on a semipreparative
Zorbax 300SB-C3 column at 60 °C (gradient: 5-65% B with 1% B/min). The method
was then adjusted according to the elution profile. Gradient was changed to 0.2% B
around the B concentration at which the product eluted (e.g., if the compound eluted at
39% B we adjusted the method to: <50 mg of crude on a semipreparative Zorbax
300SB-C3 column at 60 °C (gradient: 5-29% B with 1% B/min, 29-49% B with 0.2%

B/min, 49-65% B with 1% B/min).
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A1.8.7 Determination of protein concentrations

The concentration of proteins in solution was determined by absorbance at 280

nm (A2so) or bicinchoninic acid (BCA) assay. The detailed protocol is as followed:

1.

A2so: The concentration of proteins was calculated using the Beer-Lambert
law by measuring the absorbance of the protein sample at 280 nm. The
absorbance was measured by averaging at least two independent readings of
the same sample on a BioTek Synergy HT plate reader outfitted with a
BioTek Take 3 micro-volume plate. Unless indicated otherwise, the molar
extinction coefficient of the protein of interest was estimated based on the
sequence of the protein via ExXPASy Swiss Institute of Bioinformatics -
Bioinformatics Resource Portal.

BCA assay: The concentration of proteins was determined by the Pierce™
Rapid Gold BCA Protein Assay Kit from ThermoFisher Scientific (catalog
number A53226) following the manufacturer’s instructions. Briefly, nine
standards of Albumin protein (BSA) at different concentrations was prepared
in addition to at least two dilutions of the desired protein, in triplicates. In a 96-
well plate, 10 uL of each of the protein samples were added. 200 pL of the
Pierce Rapid Gold BCA Working Reagent was then added to the wells using
a multichannel pipette. The plate was incubated at room temperature for 5
minutes. The absorbance at 480 nm was then measured using a BioTek

Synergy HT plate reader. Finally, the concentration of the desired protein was
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calculated based on the standard curve generated with the BSA standards,

averaged and reported.

A1.8.8 Determination of yield

Molecular weight of peptide sequences was determined via ChemDraw,
accounting for the weight of a TFA counter-ion for each basic residue (K, R, H) in
addition to the N-terminal amine. For example, for a peptide with sequence “KALE” the
molecular weight of the peptide as TFA salt is calculated as 916 g/mol (= 688 + 2 x
114). 8 The weight of lyophilized powders of the peptides was directly measured using
analytical scales (XS205DU Analytical Balance, Mettler-Toledo) [note: use of deionizers
such as SPI Westek Workstation Still Air lonizer helps with measurements]. Following
folding, protein concentration was measured based on the outlined procedures under
“‘Determination of protein concentration”.

Theoretical yield was determined based on weight of the resin, resin loading, and the

molecular weight (with TFA) of each peptide. For example, for the KALE sequence
synthesized on 50 mg resin with 0.44 mmol/g loading, theoretical yield is:
theoretical yield = 0.44 mmol/g x 50 mg x 916 g/mol = 20 mg

Yield of crude peptide was determined based on the ratio of weight of lyophilized crude

peptide (as TFA salt) to theoretical yield multiplied by the purity determined by UV
absorption at 280 nm (analytical HPLC). In the example above, if 10 mg of crude KALE
peptide is produced and the purity by analytical HPLC is 50%, synthesis yield is:

yield = 10 mg/20 mg x 0.50 x 100 = 25%
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Yield past HPLC was calculated based on weight ratio of HPLC-purified peptides to

theoretical yield (both as TFA salts). In the example above, if 4.0 mg of KALE peptide is
isolated from HPLC, the yield of the synthesis past HPLC is:

yield =4 mg/20 mg x 100 = 20%
Folding and chromatography (size exclusion, ion exchange, etc.) yield was calculated
based on concentration of protein in solution and the mass of lyophilized purified
peptide (as TFA salt). In the example above, if 1 mL of 1 mg/mL solution* of KALE
peptide is obtained from folding & size exclusion chromatography of 4 mg of HPLC-
purified KALE, the purification yield is:

purification yield = 1 mg/mL x 1 mL/4 mg x 100 = 25%

A1.9 Development of a general AFPS protocol

A1.9.1 Initial AFPS conditions

Parameter Conditions

Temperature 85-90 °C in reactor, 70 °C in 10’ activation loop
Flow Rate 40 mL/min

Coupling step 0.20 M amino acids stock solution in NMP

0.19 M activator stock solution in DMF

DIEA (99.7%) as coupling base

Coupling conditions: R was coupled with PyAOP and all other amino acids were coupled with
HATU (13 pump strokes)

Deprotection step 40% piperidine in DMF (13 pump strokes)

Washing steps DMF (40 pump strokes)

Table A1.1. Conditions that were used on the AFPS system “amidator” at the
beginning of the optimization process. NOTE: amino acid, activator and base are

mixed in a 10:10:1 ratio in the coupling step and deprotection solution and DMF are
mixed in a 1:1 ratio during the deprotection step.
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Peptide sequences used for screening purposes:

GLP-1:
GHRH:
NN92:
Amyloid-f3:

A1.9.2 Temperature

Entry
1
2
3
4
5
6

7

Peptide
GLP-1
GLP-1
GLP-1
GLP-1
GHRH
GHRG
GHRH

HAEGTFTSDV SSYLEGQAAK EFIAWLVKGR (30 AA)
YADAI FTNSY RKVLG QLSAR KLLQD ILSA (29 AA)
RVVVGEHNLS QNDGTEQYVN VQKIVSHPY (29 AA)

DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA [IGLMVGGVYV IA (42 AA)

T (loop)

70 °C
70 °C
90 °C
90 °C
70 °C
90 °C
90 °C

T (reactor)

70 °C
90 °C
70 °C
90 °C
90 °C
70 °C
90 °C

Purity by HPLC

46%
52%
53%
60%
83%
78%
89%

Crude Yield

17%
23%
25%
32%
60%
43%
50%

Table A1.2. Synthesis at 90 °C results in improved synthesis outcome for GLP-1
and GHRH. Synthesis conditions: resin = 100 mg ChemMatrix RINK amide resin (0.5
mmol/g loading); temperature = as indicated in this table; flowrate = 40 mL/min;

coupling step = 0.2 M amino acid stock solutions in NMP, 0.19 M activator in DMF,

DIEA as coupling base; PyAOP for coupling of R, HATU for coupling of all other amino
acids (13 pump strokes); deprotection = 40% piperidine as deprotection base (diluted to
20% during synthesis on the machine); washing steps = DMF (40 pump strokes).
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Figure A1.7. Change of UV deprotection integrals during the synthesis of GLP-1
at different temperatures. A) Relative change of absolute deprotection signals. Higher
temperatures lead to more consistent coupling efficiencies, which correlates to the
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observation of increased formation of deletion by-products at lower temperature.
Highlighted in grey are integrals for glutamine (Q) and histidine (H), two major deletion
by-products by LC-MS; B) The shape of the peaks at 90 °C is overall much sharper than
at 70 °C, which indicates increased mass transfer. Highlighted in grey are integrals for
glutamine (Q) and histidine (H), two major deletion by-products by LC-MS; D) glutamine
(Q) deprotection integral versus by-product detected by LC-MS; C) histidine (H)
deprotection integral versus by-product detected by LC-MS.

Conclusion: Higher temperature leads to increased coupling efficiency and less
deletion byproducts. 90 °C was therefore chosen as the optimal temperature for both

activation loop and reactor.

A1.9.3 Solvent and reagent concentrations

Different solvent and reagents were evaluated for two temperature settings:

Entry peptide Solvent Amino acid conc. HPLC purity Crude yield
1 GLP-1 DMF 0.2M 54% 18%
2 GLP-1 NMP 0.4M 56% 15%
3 GLP-1 NMP 0.2M 46% 17%
4 GLP-1 amine-free DMF 0.4M 65% 13%
5 GLP-1 amine-free DMF 0.2M 61% 11%

Table A1.3. High reagent concentration lead to increased synthesis outcome for
the synthesis of GLP-1. Synthesis conditions: resin = 100 mg ChemMatrix RINK
amide resin (0.5 mmol/g loading); temperature = 85-90 °C in reactor, 70 °C in 10’
activation loop; flowrate = 40 mL/min; coupling step = concentrations and solvents as
indicated in the table (“amine-free DMF” was pre-treated with AldraAmine trapping
agents >24 h prior to usage), DIEA as coupling base; PyAOP for coupling of R, HATU
for coupling of all other amino acids (13 pump strokes); deprotection = 40% piperidine
as deprotection base (diluted to 20% during synthesis on the machine); washing steps =
DMF (40 pump strokes).
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Entry peptide Solvent Amino acid conc. HPLC purity Crude yield

1 GLP-1 DMF 0.4M 69% 36%
2 GLP-1 DMF 0.2M 58% 3

3 GLP-1 NMP 0.4M 65% 21%
4 GLP-1 NMP 0.2M 53% 21%
5 GLP-1 amine-free DMF 0.4M 71% 13%
6 GLP-1 amine-free DMF 0.2M 55% 23%

Table A1.4. High reagent concentration lead to increased synthesis outcome for
the synthesis of GLP-1. Synthesis conditions: resin = 100 mg ChemMatrix RINK
amide resin (0.5 mmol/g loading); temperature = 85-90 °C in reactor, 90 °C in 10’
activation loop; flowrate = 40 mL/min; coupling step = concentrations and solvents as
indicated in the table, DIEA as coupling base; PyAOP for coupling of R, HATU for
coupling of all other amino acids (13 pump strokes); deprotection = 40% piperidine as
deprotection base (diluted to 20% during synthesis on the machine); washing steps =
DMF (40 pump strokes). “Amine-free DMF” was pre-treated with AldraAmine trapping
agents >24 h prior to usage.

Conclusion: A temperature of 90 °C in the heating loop, concentrations of 0.4 M (amino
acids) and 0.38 M (activator) and amine-free DMF as a solvent significantly improve
synthesis outcome for GLP-1. Temperature leads to the most significant improvement

for GLP-1 synthesis, followed by the concentration of reagents.

A1.9.4 Coupling bases

Entry peptide Coupling base HPLC purity Crude yield
1 GLP-1 DIEA 66% 24%
2 GLP-1 NMM 24% 9%
3 GLP-1 Collidine + HOBt (1.0eq) 5% 2%
4 GLP-1 Anisole (7%, v/v) 56% 21%

Table A1.5. DIEA is superior to other bases for the synthesis of GLP-1. Synthesis
conditions: resin = 100 mg ChemMatrix RINK amide resin (0.5 mmol/g loading);
temperature = 85-90 °C in reactor, 90 °C in 10’ activation loop; flowrate = 40 mL/min;
coupling step = 0.4 M amino acid stock solutions in amine-free DMF, 0.38 M activator in
amine-free DMF, coupling base as indicated in the table; PyAOP for coupling of R,
HATU for coupling of all other amino acids (13 pump strokes); deprotection = 40%
piperidine as deprotection base (diluted to 20% during synthesis on the machine);
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washing steps = amine-free DMF (40 pump strokes). “Amine-free DMF” was pre-treated
with AldraAmine trapping agents >24 h prior to usage.

Conclusion: DIEA is the most effective coupling base on AFPS.

A1.9.5 Deprotection Solutions

Entry peptide base solvent Coupling agent HPLC purity  Crude yield
1 GLP-1 Piperidine (40%, v/v) DMF HATU 69% 33%
o  OLP Piperidine (40%, v/v) T?E’I(Fl M | HATU 75% 31%
3 GLP-1 piperazine (6%, w/v) DMF HATU 41% 14%
4 GLP-1 piperazine (6%, w/v)** DMF HATU 59% 22%
5 GLP-1 piperazine (8%, w/v) DMF HATU 43% 12%
6 GLP-1 DBU (2%)** DMF HATU 78% 33%
7 GLP-1 DBU (4%) DMF HATU 66% 31%
8 GLP-1 DBU (4%)** DMF HATU 66% 31%
9 GLP-1 DBU (8%) DMF HATU 61% 21%
10  GLP-1 DBU (2%) + piperazine (6%) DMF HATU 75% 34%
11 GLP-1 DBU (2%) + piperazine (6%) DMF PyAOP 74% 35%
12 91 DBU (2%) + piperazine (6%) T?II;’I(Fl ;)) PyAOP 76% 41%
13 GLP-1 Piperidine (40%) + FA (2%) DMF HATU 77% 30%
14 GLP-1 Piperidine (40%) + FA (2%) DMF PyAOP 78% 36%
15 GLP-1 Piperidine (40%) + FA (2%) T]I?E/I(Fl ;;] ) PyAOP 74% 349
16 GLP-1 Piperidine (40%) + 0.1M HOBt DMF HATU 68% 29%

Table A1.6. Multiple deprotection solutions show improved synthesis outcome.
Synthesis conditions: resin = 100 mg ChemMatrix RINK amide resin (0.5 mmol/g
loading); temperature = 85-90 °C in reactor, 90 °C in 10’ activation loop; flowrate = 40
mL/min; coupling step = 0.4 M amino acid stock solutions in amine-free DMF, 0.38 M
activator in amine-free DMF, DIEA as coupling base; PyAOP for coupling of R, HATU
for coupling of all other amino acids (13 pump strokes); deprotection = as indicated in
the table (40 pump strokes); washing steps = amine-free DMF (40 pump strokes).
“‘Amine-free DMF” was pre-treated with AldraAmine trapping agents >24 h prior to
usage. ** = 80 pump strokes for deprotection.

Conclusion: Piperidine with formic acid additive improves synthesis outcome.

150



A1.9.6 Activators

/ /
N / __N /
o e
XN N,
PRSP
N N
N @b Cl ®b
S) ©
HATU HCTU
/

HBTU PyAOP
Entry Peptide Coupling agent Purity by HPLC Crude Yield
1 GLP-1 HATU ® 71% 24%
2 GLP-1 HBTU 66% 20%
3 GLP-1 HCTU @ 69% 26%
4 GLP-1 PyAOP 76% 22%

Table A1.7. PyAOP was identified as the most effective activator for the synthesis
of GLP-1. Synthesis conditions: resin = 100 mg ChemMatrix RINK amide resin (0.5
mmol/g loading); temperature = 85-90 °C in reactor, 90 °C in 10’ activation loop;
flowrate = 40 mL/min; coupling step = 0.4 M amino acid stock solutions in amine-free
DMF, 0.38 M activator in amine-free DMF, DIEA as coupling base; PyAOP for coupling
of R, all other amino acids were coupled as described on this table (13 pump strokes);
deprotection = 40% piperidine + 2% formic acid in DMF (40 pump strokes); washing
steps = amine-free DMF (40 pump strokes). “Amine-free DMF” was pre-treated with
AldraAmine trapping agents >24 h prior to usage.

Conclusion: PyAOP performed the best in our screening and was therefore used
moving forward.
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A1.9.7 Treatment of individual amino acids

For an amino acid-based optimization we used statistical data on amide bond formation
that was indirectly obtained from the deprotection integrals on the AFPS system (real
time UV data at 310 nm). Data from the synthesis of multiple peptides (excluding GLP-1
synthesis traces) was used to improve synthesis conditions as demonstrated in Table

A1.8.

I A I D E F G H | K L M

initial coupling conditions | FATU: | FATU.  HATU.  HATU, HATU, HATU, HATU, HATU, HATU, HATU,
13 13 13 13 13 13 i3 4 13 13
before individual amino | o 5o/ | 161 500 999% 100,8% 108:2%| 99.6% 99.6% 99.9% 99.7% 100,4%
acid optimization
changestothe protocol |YAOP/| HATU. HATU,  HATU, HATU, HATU, HATU, HATU, HATU, HATU,
26 13 13 13 13 13 13" 43 13 13
after individual amino

a R 101,4%]| 98,1% 99,0% 100,6% 101,0% 98,7% 989% 984% 98,3% 99,8%
acid optimization

n ] p [ @l R [ sT 7T Vv ] w Y
HATU, | HATU, | HATU, | PyAOP, | HATU, | HATU, | HATU, | HATU, HATU,
13 13 13 26 13 13 13 13 13
before II:IdI-VIdl.Jal amino 94,1%
acid optimization

initial coupling conditions

99,8% | 97,8% | 96,2% | 98.2% | 98,3% | 97.9% | 98,7% 100,5%

. X | [Pyaor.| HaTu. | PyAcP. | PyaOP, | HATU, | PyAOP, | PyAOP, | HATU,  HATU,
changes to the protoco 26 13 26 26 21 26 26 13 13

after individual amino Bzl 100,29 | 100,5% | 98,3% [101,8%] 100,1% | 99.7% |100,3% 99.4%

acid optimization
Table A1.8. UV integrals for deprotection signals before and after amino acid-
based optimization of coupling protocol shows increased integral values for
optimized residues. NOTE Un-optimized amino acid coupling resulted in different
integral values because coupling is residue and sequence-specific. This table is
intended to display deprotection (and thereby coupling) trends rather than absolute
values

Finally, GLP-1 synthesis under various coupling conditions was examined as
demonstrated in Table A1.9. Since Valine and Histidine deletions were the most

abundant by-products of GLP1 syntheses, these residues were coupled with various
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conditions. After analyzing statistical peptide data for the various set of conditions

(Table A1.8), GLP-1 was resynthesized with the optimal coupling conditions.

Entry Peptide Coupling conditions Purity by HPLC Crude Yield
1 GLP-1 H, V double coupling time 67% 30%
H, V double coupling time o o
2 GLP-1 1% TFE in Q,A.K solution 64% 27%
H, V double coupling time (deprotected by 2%
3 GLP-1 DBU+6%Piperizine) 66% 30%
4 GLP-1 S,A =HATU (21 strokes) 70% 24%

Q,N, V, T, R = PyAOP (21 strokes)

Table A1.9. Set of developed coupling conditions from coupling statistics proves
to increase synthesis outcome more than optimization based on by-product
formation (by LCMS). Synthesis conditions: resin = 100 mg ChemMatrix RINK amide
resin (0.5 mmol/g loading); temperature = 85-90 °C in reactor, 90 °C in 10’ activation
loop; flowrate = 40 mL/min; coupling step = 0.4 M amino acid stock solutions in amine-
free DMF, 0.38 M activator in amine-free DMF, DIEA as coupling base; PyAOP for
coupling of R, all other amino acids were coupled as described on this table (13 pump
strokes); deprotection = 40% piperidine + 2% formic acid in DMF (40 pump strokes);
washing steps = amine-free. DMF (40 pump strokes). “Amine-free DMF” was pre-
treated with AldraAmine trapping agents >24 h prior to usage.

A1.9.8 Aspartimide formation

Optimization effort was put into reducing aspartimide formation in sequences
containing Asp. Peptide NN92 was used as a test sequence since it showed significant
aspartimide formation in initial experiments. To determine the ratio of aspartimide to

peptide, the integrals of the extracted ion count [EIC] of both compounds was integrated

and compared as shown in Fig. A1.8.
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a) LCMS data, TIC

Sequence: RVVVGEHNLS QNDGTEQYVN VQKIVSHPY (29 AA)

b) LCMS data, EIC

c) HPLC data

—TIC (#1130)

blank run

Aspartimide
m/5 = 658.94

o~
/

;

R

Total ion counts vs. time (min)

Desired Peptide
m/5 = 662.54

/\Jf\,/

Ratio=1:2.57 || \

——EIC (662-664)
——EIC (658-661) |

Aspartimide | |
m/5 = 658.94

N

ll Desired Peptide
‘ | m/5=662.54
|
Al

Extracted lon current vs. time (min)

Purity= N/A
Yield = N/A

absorption at 214 nm vs. time [min]

Figure A1.8. Synthesis data for aspartimide-forming peptide NN92. A) LC-MS

analysis of by-products; b) extracted ion counts of peptide m/z (662-664 Da) and
aspartimide m/z (658-661); c) analytical HPLC trace.
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A) LCMS data, EIC

Reference peptide; standard cond.

B) LCMS data, EIC
6% piperazine, extended deprot.

C) LCMS data, EIC
Solvent = DMF + 1% TFE

D) LCMS data, EIC
40% pip + 0.1 M HOBt for deprot.

—EIC (658-660)
——EIC (662-664)
Ratio =
15:85
Aspartimide
m/5 = 658.94

esired Peptide
m/5 = 662.54

—EIC (658-660)
—EIC (662-664)

|
( Ratio =
57 :43

Extracted lon current vs. time (min)

Extracted lon current vs. time (min)

—EIC (658-660)
—EIC (662-664)

Ratio =
65:35

——EIC (658-660)
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67 : 33
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E) LCMS data, EIC
40% pip. + 2% FA for deprot.

F) LCMS data, EIC; solvent = DMF +
1% TFE, base = 40% pip + 2% FA

G) LCMS data, EIC
Fmoc-Asp(OMpe)-OH

H) LCMS data, EIC
Fmoc-Gly(DMB)-OH

——EIC (662-664)
——EIC (659-661)
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Extracted lon current vs. time (min)

——EIC (658-660)
—EIC (662-664)
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—EIC (658-660)

——EIC (662-664)
Ratio =
33:67

——EIC (658-660)
—EIC (662-664)

Ratio =
94:6

N

Extracted lon current vs. time (min)

Extracted lon current vs. time (min)

Extracted lon current vs. time (min)

Entry base solvent Coupling agent HPLC purity Crude yield
1 Reference peptide; standard cond. DMF HATU® 61% 17%
2 6% piperazine, extended deprot. DMF HATU ? 67% 31%
3 Solvent = DMF + 1% TFE DMF HATU? 63% 27%
4 40% pip + 0.1 M HOBt for deprot. DMF HATU® 63% 24%

0, H 0, 1 1 2
5 40% pip + afpfg?mc acid for DMF HATU 65% 24%
solvent = DMF + 1% TFE, DMF HATU ® 5 o
6 base = 40% pip+ 2% FA [eFe S
7 Fmoc-Asp(OMpe)-OH DMF HATU® 70% 15%
8 Fmoc-Gly(DMB)-OH DMF HATU ? 72% 20%

Table A1.10. Formic acid additive and Fmoc-(DMB)Gly-OH were the most effective
strategies to minimize aspartimide formation in the test peptide NN92. Synthesis
conditions: 100 mg ChemMatrix RINK amide resin (0.5 mmol/g loading), flowrate: 40
mL/min, temperature = 90 °C, 0.4 M amino acid stock solutions (diluted to 0.2 M
solution during synthesis on the machine), 0.38 M activator (diluted to 0.19 M during
synthesis on the machine), 40% piperidine as deprotection base (diluted to 20% during
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synthesis on the machine) unless an alternative deprotection base was indicated in the
figure.

Conclusion: In all cases the ratios of desired mass to aspartimide and HPLC purity

(combined signal of product and aspartimide) improved; best results were achieved with
formic acid additive and Fmoc-Gly(DMB)-OH.

A1.9.9 Epimerization experiments

Epimerization experiments were carried out for Fmoc-Cys(Trt)-OH, Fmoc-
His(Trt)-OH and Fmoc-His(Boc)-OH. Initial experiments on epimerization and the
correlation between flow rate and epimerization were already reported.'” In additional
experiments, we determined the correlation between epimerization and protecting
group, temperature, heating time, reactor temperature, coupling strokes and additional
coupling cycles. Four reference peptides (GCF, GecF, FHL and FhL) were prepared
using standard batch solid-phase peptide synthesis. All peptides in this study were
cleaved using a modified version of the protocol for short peptides (see section 2.3).
Peptides were cleaved as described, the cleavage mixture was removed under a
stream of nitrogen and the peptides were dissolved in 50% acetonitrile in water with
0.1% TFA. The peptide solution was filtrated by a Nylon syringe filter with a 0.22 ym
pore size and directly submitted for analysis. For Fmoc-Cys(Trt)-OH epimerization was
quantified by integrating EIC [m = 325-327] traces for both diastereomers. For Fmoc-
His(Trt)-OH and Fmoc-His(Boc)-OH, epimerization was quantified by integrating
analytical HPLC traces for both diastereomers (instrument and analysis method:
analytical HPLC with Zorbax C18 column, 1-41 gradient over 20 minutes). Variability of

approx. £0.5% can be attributed to the inaccuracy of integration.
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A1.9.9.1 Temperatures for activation in 10’ heating loop

First, we examined the dependence of epimerization on the temperature during
activation in the 10’ heating loop. We synthesized the two test peptides GCF and FHL
using our standard coupling protocol on 80 mg ChemMatrix Rink amide resin (0.49
mmol/g). All amino acids were coupled with different temperatures (90, 85, 80, 70, 60,
and 50 °C) in the 10’ heating loop. The D-Cys values obtained from this analysis as a
function of temperature as well as the respective EIC traces are plotted in Fig. A1.9 A
and B. Approximately 4.5-5.0% D-isomer was observed under standard coupling
conditions at 90 °C, which matches the previously reported value.(17) The D -His values
obtained from this analysis as a function of temperature as well as the respective HPLC

traces are plotted in Fig. A1.9 C and D.
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Figure A1.9. Correlation between temperature and epimerization for cysteine
(Fmoc-Cys(Trt)-OH) and histidine (Fmoc-His(Trt)-OH) coupling via a 10’ activation
loop at different temperatures. A) Temperature in the heating loop vs. formation of D-
Cys isomer in % resulting from Fmoc-Cys(Trt)-OH coupling; B) EIC [m = 325-327]
plotted for different temperatures; analysis done on LC-MS 6550 with LunaC18 column,
1-61% B gradient over 18 minutes. Reference peptides (grey) were prepared using
standard batch SPPS. C) Temperature in the heating loop vs. formation of D-His isomer
in % resulting from Fmoc-His(Trt)-OH coupling; D) analytical HPLC traces plotted for
syntheses at different temperatures; analysis was done on analytical HPLC with Zorbax
C18 column, 1-41 gradient over 20 minutes. Reference peptides (grey) were prepared

using standard batch SPPS.
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A1.9.9.2 Temperatures for activation in 5’ heating loop

Next, we optimized conditions for His and Cys coupling by investigating a shorter
heating loop, different protecting groups, different activators and different temperatures.
GCF and FHL were synthesized on the amidator using our standard coupling protocol
(10’ heating loop at 90 °C) on 80 mg ChemMatrix Rink amide resin (0.49 mmol/g),
except for His and Cys which were diverted to a 5’ heating loop for activation (under the
indicated conditions being studied).

Fmoc-Cys(Trt)-OH was coupled using either HATU or PyAOP as an activator
with different temperatures (90, 80, 70, 60, 50, 40, 33 °C) in the 5’ heating loop. For
Fmoc-Cys(Trt)-OH 20 epimerization was quantified by integrating EIC [m = 325-327]
traces for both diastereomers (instrument and analysis method: LC-MS 6550 with
LunaC18 column, 1—-61 gradient over 18 minutes). The isomer values obtained from this
analysis as a function of temperature as well as the respective EIC traces are plotted in
Fig. A1.10. We found that both activators, HATU and PyAOP, led to an equal amount of
epimerization, and epimerization was not further reduced below approx. 60 °C, where
D-isomer remained approximately 1.5%. This is in accordance with experiments in the

10’ heating loop.
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Figure A1.10. Correlation between temperature and epimerization for cysteine
coupling via a 5’ activation loop with different activators and at different
temperatures. A) Temperature in the heating loop vs. formation of Cys isomer in %, all
Fmoc-Cys(Trt)-OH couplings with HATU; B) EIC [m = 325-327] plotted for different
temperatures; analysis done on LCMS 6550-1 with LunaC18 column, 1-61 gradient over
18 minutes. Reference peptides (grey) were prepared using standard batch SPPS; C)
Temperature in the heating loop vs. formation of Cys isomer in %, all FmocCys(Trt)-OH
couplings with PyAOP; D) EIC [m = 325-327] plotted for different temperatures; analysis
done on LCMS Agilent 6550 with LunaC18 column, 1-61% B gradient over 18 minutes.
Reference peptides (grey) were prepared using standard batch SPPS.

Ideal coupling conditions for histidine-coupling on the AFPS systems were

investigated next. In the first set of experiments, Fmoc-His(Trt)-OH was coupled using
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HATU and PyAOP as an activator with different temperatures (90, 80, 70, 60, 50, 40, 30
°C) in the 5’ heating loop. The epimerization values obtained from this analysis as a
function of temperature are plotted in Fig. A1.11.

As histidine-epimerization could not be suppressed further using Fmoc-His(Trt)-
OH, we investigated Fmoc-His(Boc)-OH as an alternative building block. Fmoc-
His(Boc)-OH was coupled using HATU and PyAOP as an activator with different
temperatures (90, 70, 50, 30 °C) in the 5’ heating loop. The isomer values obtained from

this analysis as a function of temperature are plotted in Fig. A1.11.
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Figure A1.11. Correlation between temperature and epimerization coupling of
histidine via a 5’ activation loop at with different activators and at different
temperatures. A) Coupling of Fmoc-His(Trt)-OH; temperature in the heating loop vs.
formation of His isomer in %, all Fmoc-His(Trt)-OH couplings with HATU; B) Coupling of
FmocHis(Trt)-OH; temperature in the heating loop vs. formation of His isomer in %, all

Fmoc-His(Trt)-OH couplings with PyAOP; C) Coupling of Fmoc-His(Boc)-OH,;

temperature in the heating loop vs. formation of His isomer in %, all 22 Fmoc-His(Boc)-
OH couplings with HATU; D) Coupling of Fmoc-His(Boc)-OH; temperature in the
heating loop vs. formation of His isomer in %, all Fmoc-His(Boc)-OH couplings with

PyAOP.
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A1.9.9.3 Extended coupling time

Then we determined if Fmoc-protected resin-bound Cys(Trt) is prone to
epimerization under extended coupling times. GCF was synthesized on the amidator
using our standard coupling protocol (heating loop to 90 °C in 10’) on 80 mg
ChemMatrix Rink amide resin (0.49 mmol/g) with various coupling strokes. The D-Cys
values obtained from this analysis as a function of coupling cycles as well as the
respective EIC traces are plotted in Fig. S7. Correlation between epimerization and
coupling strokes for Fmoc-Cys(Trt)-OH. A) Fmoc-Cys(Trt)-OH coupling strokes vs.
formation of Cys isomer in %, the study was performed in duplicates and both data sets
are presented in the graph; B) EIC [m = 325-327] plotted for number of Fmoc-Cys(Trt)-
OH coupling strokes; only first set of experiment is plotted; analysis done on an Agilent
6550 LC-MS with LunaC18 column, 1-61% B gradient over 18 minutes. Reference
peptides (grey) were prepared using standard batch SPPS.

The experiment was carried out twice and experimental results suggest that the
unusually high value for 73 coupling strokes leading to approximately 7% epimerization
is likely an outlier, as all other values are within an error of +/- 1%. We therefore
conclude that extended coupling times do not lead to an increased amount of

epimerization.
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Figure A1.12. Correlation between epimerization and coupling strokes for Fmoc-
Cys(Trt)-OH. A) Fmoc-Cys(Trt)-OH coupling strokes vs. formation of Cys isomer in %,
the study was performed in duplicates and both data sets are presented in the graph; B)
EIC [m = 325-327] plotted for number of Fmoc-Cys(Trt)-OH coupling strokes; only first
set of experiment is plotted; analysis done on LCMS 6550-1 with LunaC18 column, 1-61
gradient over 18 minutes. Reference peptides (grey) were prepared using standard
batch SPPS.

A1.9.9.4 Multiple coupling cycles

GCF and FHL were synthesized on the amidator using our standard coupling
protocol (10’ heating loop to 90 °C) on 200 mg ChemMatrix Rink amide resin (0.49
mmol/g). The N-terminus was capped with a Boc-protecting group. To simulate the
synthesis of long sequences and the effect on cysteine- and histidine-isomerization the
resin was exposed to 100 glycine couplings carried out under standard conditions. After
every 20 amino acid couplings approximately 20 mg of resin was removed for cleavage
and analysis. The D-Cys values obtained from this analysis as 23 a function of coupling
cycles as well as the respective EIC traces are plotted in Fig. A1.138 A and B. The
initial epimerization did not change over multiple coupling cycles. Variability of £0.5%

can be attributed to the inaccuracy of integration.
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For Fmoc-His(Trt)-OH, epimerization was quantified by integrating analytical
HPLC traces for both diastereomers. The D-His values obtained from this analysis as a
function of coupling cycles as well as the respective HPLC traces are plotted in Fig.

A1.13 C and D. The initial epimerization did not change over multiple coupling cycles.
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Figure A1.13. Correlation between epimerization and number of amino acid
coupling cycles for Fmoc-Cys(Trt)-OH and Fmoc-His(Trt)-OH using coupling
conditions resulting in highest epimer formation. Fmoc-Cys(Trt)-OH and Fmoc-
His(Trt)-OH were both coupled at 90 °C with HATU through the 10’ heating loop. A)
Glycine coupling cycles vs. formation of Cys isomer in %; B) EIC [m = 325-327] plotted
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for number of Glycine coupling cycles; analysis done on LCMS 6550-1 with LunaC18
column, 1-61 gradient over 18 minutes. Reference peptides (grey) were prepared using
standard batch SPPS. C) Glycine coupling cycles vs. formation of His isomer in %; D)
analytical HPLC traces plotted for syntheses at different temperatures; analysis was
done on analytical HPLC with Zorbax C18 column, 1-41 gradient over 20 minutes.
Reference peptides (grey) were prepared using standard batch SPPS.

In the final coupling protocol, Fmoc-Cys(Trt)-OH and Fmoc-His(Boc)-OH were
both coupled with PyAOP through the 5’ heating loop at 60 °C to achieve a balance

between epimerization and coupling efficiency. The iterative coupling experiment was

repeated with the final set of synthesis conditions as demonstrated in Fig. A1.14.
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Figure A1.14. Correlation between epimerization and number of amino acid
coupling cycles for Fmoc-Cys(Trt)-OH and Fmoc-His(Boc)-OH using final
coupling conditions. Fmoc-Cys(Trt)-OH and Fmoc-His(Boc)-OH were both coupled
with PyAOP at 60 °C through a 5’ heating loop. A) Glycine coupling cycles vs. formation
of Cys isomer in %; B) analysis was done on analytical HPLC with Zorbax C18 column,
1-41 gradient over 20 minutes. Reference peptides (grey) were prepared using standard
batch SPPS. C) Glycine coupling cycles vs. formation of His isomer in %; D) analytical
HPLC traces plotted for number of glycine coupling cycles; analysis was done on
analytical HPLC with Zorbax C18 column, 1-41 gradient over 20 minutes. Reference
peptides (grey) were prepared using standard batch SPPS.
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A1.9.10 Final synthesis protocol
Moving forward all peptide sequences were synthesized using the general synthesis

protocol developed in section A1.8

Parameter Conditions

Temperature 85-90 °C in reactor, 60 °C in 5’ activation loop (for C and H), 90 °C in 10’ activation loop (for all
other amino acids)

Flow Rate 40 mL/min

Coupling step 0.40 M amino acids stocks in amine-free DMF

0.38 M activator stocks in amine-free DMF
Coupling conditions: HATU (13 pump strokes) except S&A w/ HATU (26 pump strokes) and C,
H,N, Q, V,R, T w/ PyAOP (26 pump strokes)

Deprotection step 40% pip in amine-free DMF with 2% formic acid (13 pump strokes)
Washing steps Amine-free DMF (40 pump strokes)

Table A1.11. Set of optimized synthesis conditions on the AFPS. Pump strokes
refer to volumes described in the general synthesis protocol (section A1.7.2).
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A1.9.10.1 GLP-1

A) Synthesis Data for GLP-1

Sequence:

Resin:

Synthesis time:

HAEGTFTSDV SSYLEGQAAK EFIAWLVKGR (30 AA)

100 mg of RINK amine ChemMatrix® (0.49 mmol/g), yielding the C-

terminal amide after cleavage
I.1h

Synthesis UV trace from AFPS:

150%

-
8
=

(4]
2

Change of deprotection
peak integrals [%]

0%

/_,_h/\/\/\_\’\

RGKVLWAI FEKAAQGELYSSVDSTTFTGEAH

B) Cleavage and analytical Data for crude GLP-1

Cleavage: Cleavage protocol A for peptides
Analytical HPLC: LC-MS:
2,E+07 -
__ 400 -
% £ 1,E+07
-
g 300 - 3
L § BIE+06
& 200 - s
§ 2 4,E+06
£ 100 |
.Z’ 0,E+00 -
<, A Mg 8 10 11 13 15 16 18 20 21 23 25 27
5 15 25 35 45 55 _ time (min)
time (min) method: 1-61% B over 34 min, Jupiter C4 column (6550)
method: 5-65% B over 60 min
MS data from LC-MS:
Calc.: 3295.66
Obs.: 3295.65

[wu oL €] |eubis AN
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A1.9.10.2 NN92

A) Synthesis Data for NN92
Sequence: RVVVGEHNLS QNDGTEQYVN VQKIVSHPY (29 AA)

Resin: 100 mg of RINK amine ChemMatrix® (0.49 mmol/g), yielding the C-
terminal amide after cleavage

Synthesis time: I.1h
Synthesis UV trace from AFPS:

a) UV trace from AFPS
150% -

- ____,.—-——"'\

g

Change of deprotection
peak integrals [%]
[wu o1€] jeubis AN

0%

YPHSVI KQVNVYQETGDNQSLNMHEGVV VR

B) Cleavage and analytical Data for crude NN92

Cleavage: Cleavage protocol A for peptides
Analytical HPLC: LC-MS:
=)
E. 300 - p 1,20E407
E 3
E 200 4 : 8,00E+06 1
§ 100 ; £ 4,00E+06 1
: ) -
e,
§o " . o,oors+oo-|==..“.1..“.’u.‘..‘..
5 15 25 35 45 55 5781012!315‘!7182022242527
time (min) time (min)
method: 5-65% B over 60 min method: 1-61% B over 34 min, Jupiter C4 column (6550)

MS data from LC-MS:

Calc.: 3307.67
Obs.: 3307.65

170



A1.9.10.3 Amyloid beta [1-42]

A) Synthesis Data for Abeta

Sequence: DAEFRHDSGY EVHHQKLVFF AEDVGSNKGA IIGLMVGGVV IA (42 AA)

Resin: 90 mg of HMPB ChemMatrix® (0.09 mmol/g) pre-coupled to alanine,
yielding the C-terminal carboxylic acid after cleavage

Synthesis time: 1.7h

Synthesis UV trace from AFPS:

200% -
&
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8= 150% | )
[ Q
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° £ =)
[ 3
28 50% 3
= 3
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B) Cleavage and analytical Data for crude Abeta
Cleavage: Cleavage protocol A for peptides
Analytical HPLC: LC-MS:
_150 - 2,E+07 -
24
151 .. 2,E+07 4
£ 100 - §
c
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o S
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o K]
g 25 L
£ 4,E+06 1
S o
[
< . . . . . 0,E+00 : = v . ' . -
5 15 25 35 45 55 4 5 6 7 8 9 10 11
time (min) time (min)
method: 5-65% B over 60 min Method: 1-61% B over 15 min, Zorbax C3 column (6550)

MS data from LC-MS:

Calc.: 4514.07
Obs.: 4514.71

) .[41.;4. L f
398825828308 3350808358%R5ED
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A1.10 Synthesis of longer peptides - comparison between AFPS and
traditional synthesis methods

A1.10.1 Synthesis on AFPS
All proteins were synthesized using the general synthesis protocol developed in section

A1.9 (unless otherwise noted).

A1.10.1.1 GLP-1

A) Synthesis Data for GLP-1

Sequence: HAEGTFTSDV SSYLEGQAAK EFIAWLVKGR (30 AA)

Resin: 140 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to arginine,
yielding the C-terminal carboxylic acid after cleavage.

Synthesis time: 1.1h

Synthesis UV trace from AFPS:
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B) Cleavage and analytical Data for crude GLP-1

Cleavage: Cleavage protocol A for peptides
Analytical HPLC: LC-MS:
5 260 | 4.00E+07 +
€ 220 1 @ 3.00E+07 4
E 180 - €
3 140 4 S 2.00E407 -
8 100 4 S
E 60 g 1.00E+07 -
g 20 .
g 0.00E+00 gyt pemn by
. o 2 35 s = 57 9 11131517 1021 23 25 27
time (min) time (min)
method: 5-65% B over 60 min method: 1-61%B over 34 min, Jupiter C4 column (6550)

MS data from LC-MS:

|- =g =gh=ip . -4

C) HPLC purification and analytical data for GLP-1

HPLC purification:  Purified on semipreparative Zorbax 300SB-C3 column at 60 °C and
4 mL/min (gradient: 5-31% B at 1% B/min, 32-52% B at 0.2% B/min,
53-65% B at 1% B/min).

Yield past HPLC: 8 mg (8%)

Analytical HPLC: LC-MS:

340 4 2.00E+08 -
é‘ 300 4
£ 260 1 £ 1.50E+08 1
g 220 1 3
< 180 < 1.00E+08 |
& 140 4 2
g 1001 3 5.00E407 4
g o)
3_2 " 0.00E+00 T
2 s 15 25 35 pa o5 5 7 9 1 13.1517.1921232527

time (min) time (min)
method: 5-65% B over 60 min method: 1-61%B over 34 min, Jupiter C4 column (6550)
MS data from LC-MS:
Calc.: 3296.65

l Obs.: 3296.66
2
©
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A1.10.1.2 Proinsulin

A) Synthesis Data for proinsulin

Sequence: FVNQHLCGSH LVEALYLVCG ERGFFYTPKT RREAEDLQVG QVELGGGPGA
GSLQPLALEG SLQKRGIVEQ CCTSICSLYQ LENYCN (86 AA)
Resin: 80 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to

asparagine, yielding the C-terminal carboxylic acid after cleavage
Synthesis time: 35h
Synthesis UV trace from AFPS:
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Change of deprotection
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B) Cleavage and analytical Data for crude proinsulin

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC:" LC-MS:
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10 20 30 40 50 60 4 5 6 7 8 9 10 1
time (min) time (min)
method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:

9250 9450 9650
mass (Da)
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C) HPLC purification and analytical data for proinsulin

Purified on semipreparative Zorbax 300SB-C3 column at 60 °C and

4 mL/min (gradient: 5-29% B at 1%/min, 29-49% B at 0.2% B/min, 49—

HPLC purification:
65% B at 1% B/min).
Yield past HPLC: 4.8 mg (1%)
Analytical HPLC:"
_ 120 -
2
< 100 |
E‘ 80
5 60
g 40 4
£ 20 4 A
£ o : : : :
10 20 30 40 50 60
time (min)

method: 5-65% B over 60 min

MS data from LC-MS:

LC-MS:

3.00E+08

2.00E+08 -

total ion counts

1.00E+08 -

0.00E+00 T 3 T y gl

5 6 7 8 9 10
time (min)

method: 1-91% B over 15 min, Zorbax C3 column (6520)

Deconvolution of LC-MS data:

Calc.: 9394
Obs.: 9395

*) peptide is not very soluble, the absorbance of this sample is therefore low
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A1.10.1.3 HIV protease (wild type sequence)

A) Synthesis Data

Sequence: PQVTLWQRPI VTIKIGGQLK EALLDTGADD TVLEEMSLPG KWKPKMIGGI GGFIKVRQYD
QVSIEICGHK AIGTVLIGPT PVNIIGRNLL TQLGCTLNF
(99 AA)

Resin: 100 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to

phenylalanine, yielding the C-terminal carboxylic acid after cleavage
Synthesis time: 45h
Synthesis UV trace from AFPS:

/WMW

150% A

—_

8

=
.

3
X
[wu o1€] 1eUBIS AN

Change of deprotection
peak integrals [%]

0%

NLTCGLQTLLNRGI INVPTPGILVTGIAKHGCIEISVAQDYQRVKIFGGIGGIMKPKWKGPLSMEELVTDDAGTDLLAEKLQGGIKITVIPRQWLTVQP

B) Cleavage and analytical Data for crude HIV-1 protease

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC: LC-MS:
150
45; 3,00E+07 1
E 2
E‘ c
: 100 8 2,00E+07
8 §
8 2 1,00E+07
g 50 3 1OOE+
£
2
E 0,00E+00
0 . . . . . 4 5 6 7 8 9 10 1N
10 20 30 40 50 60 time (min)
time (min) method: 1-91%B over 15 min, Zorbax C3 column (6550)

method: 5-65% B over 60 min

MS data from LC-MS: Deconvolution of LC-MS data:
10500 10700 10900
Mass (Da)
OCrANMOMITHLOMNODONIOTTFANMITWL ~ [+ - &N
m/z mass (Da)
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C) HPLC purification and analytical data for HIV-1 protease

HPLC purification: Purified on a semipreparative Zorbax 300SB-C3 column at 60 °C
(gradient: 5-29% B with 1% B/min, 29-49% B with 0.2% B/min, 49-
65% B with 1% B/min)

Yield past HPLC: 5.3 mg (1%)

Analytical HPLC: LC-MS:
__ 400 1 4,00E+08 -
=2
<
3,20E+08 1
€ 300 - 2
£ ]
£ 3 2,40E+08 1
<
~ 200 g
Y 2 1,60E+08 A
e 3
8 100 1 2 8,00E+07 -
[~]
173
g o0 r . y - 3 0,00E+00 r : : . . .
10 20 30 40 50 60 5 7 9 11 13 15 17
time (min) time (min)

method: 5-65% B over 60 min method: 1-91% B over 21 min, Jupiter C4 column (6550)

MS data from LC-MS: Deconvolution of LC-MS data:
Calc.: 10725
l Obs.: 10725
10500 10700 10900
Mass (Da) |
3333883RERET9TERRRRRARASEETAANE 50T RERENEEL AL RRRR LYY
m/z FFFFFFFFFF
Mass (Da)

A1.10.2 Synthesis on commercially available synthesizers at r.t., 70 °C and 90 °C
All proteins were synthesized at Novo Nordisk using PurePep™ amino acids
(Gyros Protein Technologies) on a commercially available peptide synthesizer at room
temperature and at elevated temperatures. A standard peptide synthesis protocol used
at Novo Nordisk was applied for all syntheses. For coupling, ethyl
cyanohydroxyiminoacetate (Oxyma) (0.3 M) and amino acid (0.3 M) were premixed,

before N,N'-diisopropylcarbodiimide (DIC, 3.0 M) was added. For the room temperature
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synthesis Collidine (3.0 M) was added as activator. 0.1 M Oxyma in 20% Piperidine in

DMF was used for deprotection.

For room temperature synthesis (including capping), the general protocol

included the following steps:

step Volume (uL) Mixing time (min) Heated?
Deprotection 6000 10 -
DCM wash 1500 0 -
DMF wash 6000 0 -
Amino acid/Oxyma 5000 0 )
DIC 1000 0 -
Collidine 1000 0 -
Mix and coupling - 120 -
Drain/Dry . 0 -
DCM wash 300 0 -
Mix - 9 -
Cap 5000 0 -
Collidine 1000 0 -
Mix - 20 -
Drain/Dry ) 0 -
DMF 6000 0 -
DCM 1500 0 -
DMF 6000 0 -

Repeat

Total time per coupling and deprotection cycle: 3 h 37 min
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For 70 and 90 °C syntheses, the general protocol included the following steps:

step Volume (uL) Mixing time (min) Heated? Repeat
Deprotection 3000 1 - 1
DMF wash 1000 0 - 1
Deprotection 3500 2 X 1
DMF wash 1000 0 - 4
DCM wash 3000 0 - 1
DMF wash 3000 0.3 - 3
Amino acid/Oxyma 3000 0 - 1
DIC 300 0 - 1
DCM wash 300 0 - 1
Mix - 9 x 1
Drain/Dry - 0 - 1
DCM wash 3000 0 - 1
DMF wash 1000 0 - 4
DMF wash 3000 0.3 - 2

Total time per coupling and deprotection cycle: 26 min
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A1.10.2.1 GLP-1

A) Synthesis Data for GLP-1

Sequence: HAEGTFTSDV SSYLEGQAAR EFIAWLVRGR GF(32 AA)

Resin: 50 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to
phenylalanine, yielding the C-terminal carboxylic acid after
cleavage

Synthesis protocol: Commerecially available peptide synthesizer at 70 °C

B) Cleavage and analytical Data for crude GLP-1

Cleavage: Cleavage protocol A for peptides
Analytical HPLC: LC-MS:
2 -
. ,50E+08
% 300
4 2,00E+08
g £
< 200 3 1,50E+08 -
I c
8 2 1,00E+08 -
8 5
£ 100 S
5 5,00E+07 -
ﬂ M ——
0 r v r e 0,00E+00
5 15 25 35 45 55 5 7 9 11 12 14 16 18 20 22 24 25 27
time (min) time (min)
method: 5-65% B over 60 min method: 1-61%B over 34 min, Jupiter C4 column (6550)

MS data from LC-MS:

Calc.: 3556.75
Obs.: 3557.05
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A1.10.2.2 Proinsulin

A) Synthesis Data for proinsulin

Sequence:

Resin:

Synthesis protocol:

FVNQHLCGSH LVEALYLVCG ERGFFYTPKT RREAEDLQVG QVELGGGPGA
GSLQPLALEG SLQKRGIVEQ CCTSICSLYQ LENYCN (86 AA)

50 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to
asparagine, yielding the C-terminal carboxylic acid after cleavage

Commercially available peptide synthesizer at room temperature

B) Cleavage and analytical Data for crude proinsulin

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC:" LC-MS:
- 150 9,00E+06
£ 120 2
3 S 6,00E+06
s 9 8
8 §
g 60 4  3,00E+06
2 ®. g
&
: 0,00E+00 ; , ’ v . - :
10 2 20 0 50 4 5 6 7 8 9 10 N
time (min) time (min)
method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:
9000 9250 9500 9750
mass (Da)
. TR N
T T N T T TR R L
mz Lol o o o o o
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A) Synthesis Data for proinsulin

Sequence: FVNQHLCGSH LVEALYLVCG ERGFFYTPKT RREAEDLQVG QVELGGGPGA
GSLQPLALEG SLQKRGIVEQ CCTSICSLYQ LENYCN (86 AA)
Resin: 50 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to

asparagine, yielding the C-terminal carboxylic acid after cleavage
Synthesis protocol: Commercially available peptide synthesizer at 70 °C

B) Cleavage and analytical Data for crude proinsulin

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC:" LC-MS:
150 - 2.00E+06 -

s

£ » 150E+06

E 100 - 3

& :_E: 1.00E+06

™ :

8 2 5.00E+05

3 0 : . . , . 0.00E+00

10 20 3 4 50 60 4 5 6 7 8 9 10 1
time (min) time (min)
method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)

MS data from LC-MS: Deconvolution of LC-MS data:

st g

9.000 9.250 9.500 9.750
Mass (Da)

P
AN

m/z Mass (Da)
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A) Synthesis Data for proinsulin

Sequence: FVNQHLCGSH LVEALYLVCG ERGFFYTPKT RREAEDLQVG QVELGGGPGA

GSLQPLALEG SLQKRGIVEQ CCTSICSLYQ LENYCN (86 AA)

Resin: 50 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to

asparagine, yielding the C-terminal carboxylic acid after cleavage

Synthesis protocol: Commercially available peptide synthesizer at 90 °C

B) Cleavage and analytical Data for crude proinsulin

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC:" LC-MS:
200
5 6,00E+06
g 160
- 2
E 5
£ 120 3 4,00E+06
& c
° 80 2
g g 2,00E+06
£ 2
8
2 0,00E+00 : . r . . ' .
10 20 30 40 50 60 4 5 6 7 8 9 10 1
time (min) time (min)
method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:

400
453

ol

9000 9250 9500 9750
mass (Da)

509
569
632
698
767
840
916
995
1078
1164
1253
1345
1441
1540
1642

3

mass (Da)
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A1.10.2.3 HIV protease (wild type sequence)

A) Synthesis Data

Sequence:

Resin:

Synthesis protocol:

PQVTLWQRPI VTIKIGGQLK EALLDTGADD TVLEEMSLPG KWKPKMIGGI
GGFIKVRQYD QVSIEICGHK AIGTVLIGPT PVNIIGRNLL TQLGCTLNF
(99 AA)

50 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to
phenylalanine, yielding the C-terminal carboxylic acid after cleavage

Commercially available peptide synthesizer at room temperature

B) Cleavage and analytical Data for crude HIV-1 protease

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC: LC-MS:
160 1
=) 9,00E+06 -
€
£ 2
c S 6,00E+06
& 80 - 8
8 §
£ 5 3,00E+06 -
£ 40 - e
:
0 0,00E+00 — . . . . :
) ) ) ) ) 4 5 6 7 8 9 10 11
10 20 30 40 50 60 time (min)

method: 5-65% B over 60 min

MS data from LC-MS:

time (min
(min) method: 1-91%B over 15 min, Zorbax C3 column (6520)

Deconvolution of LC-MS data:

10000 10250 10500 10750 11000
mass (Da)

400
451
505
562
622
686
752
821
894
969

1048
1129
1214
1302
3 1392

1486
1583
1683 F
1786
1892
2001
2114
229
2347
2468
2593
2720
2851

Ty PR - L1
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A) Synthesis Data for crude HIV-1 protease

Sequence:

PQVTLWQRPI VTIKIGGQLK EALLDTGADD TVLEEMSLPG KWKPKMIGGI

GGFIKVRQYD QVSIEICGHK AIGTVLIGPT PVNIIGRNLL TQLGCTLNF

(99 AA)

Resin:

50 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to

phenylalanine, yielding the C-terminal carboxylic acid after cleavage

Synthesis protocol:

Commercially available peptide synthesizer at 70 °C

B) Cleavage and analytical Data for crude HIV-1 protease

Cleavage:

Analytical HPLC:
60

B
o

Absorbance (214 nm, mAU)
N
(=]

o

30 40 50
time (min)
method: 5-65% B over 60 min

20

-
o

MS data from LC-MS:

Cleavage protocol B for proteins and Cys-containing peptides

LC-MS:

6,00E+06 -

4,00E+06 -

2,00E+06 -

total ion counts

0,00E+00

7 8 9 10 1
time (min)
method: 1-91%B over 15 min, Zorbax C3 column (6520)

4 5 6

Deconvolution of LC-MS data:

M——«—‘J

10000 10250 10500 10750 11000
mass (Da)

_L.Lu_...aﬁ_lu_hlm
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A1.11 AFPS Synthesis of peptides in the length range of single domain
proteins

A1.11.1 MDM2[25-109]

A) Synthesis Data for MDM2[25-10]

Sequence: ETLVRPKPLL LKLLKSVGAQ KDTYTMKEVL FYLGQYIMTK RLYDEKQQHI VYCSNDLLGD
LFGVPSFSVK EHRKIYTMIY RNLVV (85 AA)

Resin: 150 mg of RINK amine ChemMatrix® LL (0.18 mmol/g), yielding the
C-terminal amide after cleavage

Synthesis time: 35h

Synthesis UV trace from AFPS:

150% -
s I ” ’| I l"i.__..l 1 N
§ g‘ { | L /NN i s
— T L | |

B 2 100% |1 1 \ 2

a ( 2

39 =

5 E 3

8% %11 L | | it (it 3

£ I (101 “\ i 3

s [l JUALAAUELACAAAAE AR LA AIAUURRRAAL

VVLNRYIMTY IKRhEKVSFSPVGFLDGLLDNSCYVIhQQKEDYLRKTMIYQGLYFLVEKMTYTDKQAGVSKLLKLLLPKPRVLTE

B) Cleavage and analytical Data for crude MDM2[25-1%

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC: LC-MS:

_. 800 1,60E+07 -

2

£

g 600 2 1,20E+07 -

c

* 3

& 400 c 8,00E+06 A

3 S

& k

£ 200 © 4,00E+06 1

o

§ 0 . . . . 0,00E+00

10 20 30 40 50 60 a4 5 6 7 8 9 10 11
time (min) time (min)
method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:
9.750 10.000 10.250
.L mass (Da)
4828888388 05525223085228
$ISBBERREBIZCEASEIAGRE088 E FARARCECRENEINI s A RnERaE
m/z mass (Da)
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C) HPLC purification and analytical data for MDM225-10%]

HPLC purification: Purified on a semipreparative Zorbax 300SB-C3 column at 60 °C
(gradient: 5-29% B with 1% B/min, 29-49% B with 0.2% B/min, 49—
65% B with 1% B/min)

Yield past HPLC: 19.1 mg (6%)

Analytical HPLC: LC-MS:
2800 - 6,00E+07 -
13
3 | 2
< 600 g 4,00E+07 -
3
& g 2,00E+07 -
£ 200 1
o
3
< o 0,00E+00 s
10 20 30 40 50 60 4 5 6 7 8 9 10 11
time (min) time (min)
method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:
Calc.: 10029
Obs.: 10029
I 9750 1000010250
| l [ l 1 mass (Da)
R KB828S Ree3s e CO000O0000O000O0
$IHOBRRERBERACVIABRERAERE  33g3gecaggssagaaggaass

mass (Da)
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A1.11.2 Barstar

A) Synthesis Data of barstar

Sequence; KKAVINGEQI RSISDLHQTL KKELALPEYY GENLDALWDC LTGWVEYPLV
LEWRQFEQSK QLTENGAESV LQVFREAKAE GCDITIILS (89 AA)

Resin: 150 mg of RINK amine ChemMatrix® LL (0.18 mmol/g), yielding the
C-terminal amide after cleavage

Synthesis time: 35h

Synthesis UV trace from AFPS:

L
- WL

SLIITIDCGEAKAERFVQLVSEAGNETLQKSQEFQRWELVLPYEVWGTLCDWLADLNEGYYEPLALEKKLTQhLDSISRIQEGNIVAKK

B) Cleavage and analytical Data for barstar

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC: LC-MS:
500 - 6,00E+07
e
£ g 4,00E+07
8 S
8 200 T 2,00E+07
8 100 4 2
8
2 o - " - T T 0,00E+00 - v v v J
5 15 25 35 45 55 4 5 6 7 8 9 10 M1
time (min) time (min)
method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:
9900 10100 10300 10500
N R - - _ mass (Da).
pupegr 38323838 BURCRINTE
TEREHEEH FEREFFFEFTTH FEI AL EEE L L
m/z mass (Da)
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C) HPLC purification and analytical data for barstar

HPLC purification: Purified on a semipreparative Zorbax 300SB-C3 column at 60 °C
(gradient: 5-43% B with 1.5% B/min, 43-63% B with 0.2% B/min,
63—73% B with 1% B/min)

Yield: 5.5 mg (2%)
Analytical HPLC: LC-MS:
800 -
=) 1,20E+08 1
E_ 600 -
& £
£ 8,00E+07
h g °
E" 400 + o
8 s
g 200 4 g 4,00E+07 +
?
< 0 0,00E+00 ¢ - = Y r = 4
5 15 25 35 45 55 4 5 6 7 8 9 10 1
time (min) time (min)
method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:
Calc.: 10211
Obs.: 10211
9900 10100 10300 10500
‘ 1 J», mass (Da)
————— L o000 o0oo0oo0oo0co0oO0o0 o
IR EITEEE EEE EE R FRR AR L R H
s (Da)

m/z mas:

Comments: *) Desired deconvoluted mass is the primary peak in both crude and
purified samples.

189



A1.11.3 Collagen

A) Synthesis Data

Sequence: GLPGAKGLAG APGAPGPDGK AGPPGPAGQD GRPGPPGPPG ARGQAGPPGF. PGPKGAAGEP
GKAGERGVPG PPGAVGPAGK DGEAGAQGPP GPAGPAGER
Note: the three glycines (G) highlighted in blue were introduced as Fmoc-
(Dmb)Gly-OH building blocks

Resin: 100 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to arginine,
yielding the C-terminal carboxylic acid after cleavage

Synthesis time: 4.0h

Synthesis UV trace from AFPS:

E

150%

100%

F
1‘

50%

L
\
[wu o1€] eubis AN

i

EGAPGAPGPPGQAGAEXDKGAPGVAGPPGPVGREGAKGPEGAAGKPGPFGPPGAQGRAGPPGPPGPRXDQGAPGPPGAKXDPGPAGPAGALGKAGPLG

Change of deprotection
peak integrals [%]

0%

B) Cleavage and analytical Data for crude collagen

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC: LC-MS:
400
% 1.20E+08 -
g :
< £ 8.00E:07 -
5— 200 8
g §
% 100 ‘_3 4.00E+07 1
g 0 0.00E+00 , : : + ; ; A
5 65 28 35 4 6 66 4 5 6 7 8 9 10 N
time (min) time (min)
method: 1-61% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:
8400 8650 8900
L . ) L N mass (Da)
$988388 RESCIFERNECRENRE  GEEIEEBCIUCERIRTEERCRELREE
z mass (Da)
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C) HPLC purification and analytical data for collagen

HPLC purification: Purified on a semipreparative Zorbax 300SB-C3 column at 60 °C
(gradient: 1-31% B with 0.5% B/min)

Yield past HPLC:  13.5 mg (3%)

Analytical HPLC: LC-MS:
%‘ 500 | 2.00E+08 A
- |2
E E 1.50E+08
< 300 { 8
N c
b S 1.00E+08
: :
g 100 1 2 5.00E407 k
2 I,
e T T T r r T 0.00E+00 ey T ? ¥ ——l
-100 5 15 25 35 45 55 65 4 5 6 7 8 9 10 M
time (min) time (min)
method: 1-61% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:
Calc.: 8620
Obs.: 8620
8400 8650 8900
l . mass (Da)
[} - N oo -~ - ~ -~ N ©o o~ OLTNODVDOTNODOTNO
SYgURBBTRESCI-PRIBLEEREE  §OBIEEECIS88cifzzseseggsss
z mass (Da)
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A1.11.4 HIV protease (Kent sequence)

A) Synthesis Data

Sequence:

PQITLWKRPL VTIRIGGQLK EALLDTGADD TVIEE(NIe)NLPG KWKPK(NIle)IGGI GGFIKVRQYD

QIPVEI(Abu)GHK AIGTVLVGPT PVNIIGRNLL TQIGATLNF (99AA)
(Nle = norleucine, Abu = aminobutyric acid)

Resin:

130 mg of RINK amine ChemMatrix® LL (0.18 mmol/g), yielding the

C-terminal amide after cleavage

Synthesis time: 45h
Synthesis UV trace from AFPS:

150%
100%

50% {[ ‘

Change of deprotection
peak integrals [%]

|
u»lli‘.!nlzlwu.u

0%

YU LY UYL

LI IR LI L

LILIEIEIRIILILILILILEELIL LRI ILIL L I

[wu o] 1eubis AN

| |
LILILILIL LR ILIL LU LI L LR

FNLTAGIQTLLNRGI INVPTPGVLVTGIAKHhGQ!

EVPIOQDYQRVKIFGGIGGIpKPKWKGPLNpPpEEIVTDDAGTDLLAEKLQGGIRITVLPRKWLTIQP

B) Cleavage and analytical Data for crude HIV-1 protease

Cleavage:
Analytical HPLC:
__ 600 -
2
< 500 -
E 400
<
& 300 A
8 200 -
8
§ 100 +
2 o T - - r 1
5 15 25 35 45 55
time (min)
method: 5-65% B over 60 min
MS data from LC-MS:
loJ
AEAEEREEEEREERE R F I T RS
m/z

Cleavage protocol B for proteins and Cys-containing peptides

LC-MS:

total ion counts

4.00E+07 1

3.00E+07 1

2.00E+07 1

1.00E+07 1

0.00E+00

4 5 6 7 8 9 10 1
time (min)
method: 1-91%B over 15 min, Zorbax C3 column (6520)

Deconvolution of LC-MS data:
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C) HPLC purification and analytical data for HIV-1 protease

HPLC purification: Purified on a semipreparative Zorbax 300SB-C3 column at 60 °C
(gradient: 5-29% B with 1% B/min, 29-49% B with 0.2% B/min, 49—
65% B with 1% B/min)
Yield past HPLC: 9.6 mg (3%)
Analytical HPLC: LC-MS:
%400 ] \ 1.6E+08 A
£ 300 - S5 12E+08 A
s 8
8 200 § 80E+07 -
8 :
-] h + 40E+07 4
- _
ﬂ 5 15 25 35 45 55 0.0E+00 4 5 6 7 8 9 10 11
time (min) time (min)

method: 5-65% B over 60 min

MS data from LC-MS:

method: 1-91%B over 15 min, Zorbax C3 column (6520)

Deconvolution of LC-MS data:

Calc.: 10703
Obs.: 10703
10500 10700 10900
1 I l mass (Da)
BEEBYEE08EEENRTCOAIRRAEEE FEEEEREIEGEREENEERIGEE

- T
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A1.11.5 Barnase

A) Synthesis Data

Sequence:

Resin:

Synthesis time:

AQVINTFDGV ADYLQTYHKL PDNYITKSEA QALGWVASKG NLADVAPGKS
IGGDIFSNRE GKLPGKSGRT WREADINYTS GFRNSDRILY SSDWLIYKTT
DHYQTFTKIR (110 AA)

50 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to arginine,
yielding the C-terminal carboxylic acid after cleavage

4.

5h

Synthesis UV trace from AFPS:

150%

100%

Change of deprotection
peak integrals [%]
3
=2

0%

N AN

B) Cleavage and analytical Data for crude barnase

Cleavage:

Analytical HPLC:

Absorbance (214 nm, mAU)
g8 8

o

IKTFTQYhDTTKY | LWDSSYL | RDSNRFGSTYN | DAERWTRGSKGP LKGERNSF | DGG | SKGPAVDALNGKSAVWGLAQAESKT | YNDPLKhYTQLYDAVGDFTNIVQA -

Cleavage protocol B for proteins and Cys-containing peptides

15 25

o

35
time (min)
method: 1-61% B over 60 min

MS data from LC-MS:

45

LC-MS:
2.00E+08
1.60E+08

1.20E+08

ion counts

8.00E+07

total

4.00E+07

0.00E+00

[wu o1€] 1eUBIS AN
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5

6

time (min)

7

8

9 10

ih

method: 1-91%B over 15 min, Zorbax C3 column (6520)

Deconvolution of LC-MS data:

mass (Da)

12200 12350 12500
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C) HPLC purification and analytical data for barnase

HPLC purification: Zorbax SB300 C3 column, 60 °C
Purified on a semipreparative Zorbax 300SB-C3 column at 60 °C

(gradient: 5-25% B with 1% B/min, 25-45% B with 0.2% B/min, 45—65%
B with 1% B/min)

Yield past HPLC: 8.4 mg (2%)

Analytical HPLC: LC-MS:
1000 -
2
£ 800 - 6.00E+07 1
£ 2
3 £
< 600 1 S 4.00E+07 |
8 c
8 400 1 2
c ]
g § 2.00E+07 1
£ 200
g
0 0.00E+00
5 15 25 35 45 55 3 4 5 6 7 8 9 10 11

time (min)

time (min)
method: 1-61% B over 60 min

method: 1-91%B over 15 min, Zorbax C3 column (6520)

MS data from LC-MS: Deconvolution of LC-MS data:
Calc.: 12383
Obs.: 12384
*|
12200 12350 12500
l mass (Da)
I\
- ~ OO TNODODOTNODDOTNOD® @
m/z Mass (Da)

Comments: *) aspartimide by-product
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A1.11.6 Barnase (R110Fg;)

A) Synthesis Data

Sequence: AQVINTFDGV ADYLQTYHKL PDNYITKSEA QALGWVASKG NLADVAPGKS
IGGDIFSNRE GKLPGKSGRT WREADINYTS GFRNSDRILY SSDWLIYKTT
DHYQTFTKIFg, (110 AA)

(Fsr = p-bromo phenylalanine)

Resin: 80 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to 4-
bromophenylalanine, yielding the C-terminal carboxylic acid after
cleavage

Synthesis time: 45h

Synthesis UV trace from AFPS:

150% -
B S
o X @,
£ =100% A Q
[ =)
5T e
3¢ g
S £ 50% - o
o X =
o ® 3
c o =
© Q
r
o 0%
IKTFTQYhDTTKY I LWDSSYLIRDSNRFGSTYNIDAERWTRGSKGPLKGERNSF IDGGISKGPAVDALNGKSAVWGLAQAESKTIYNDPLKhYTQLYDAVGDFTNIVQA
B) Cleavage and analytical Data for crude barnase(R110Fg;)
Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC: LC-MS:
300 - 2.50E+07 1
2
T , 200E+07 |
E 200 - E
< 3 1.50E+07
& (3]
Y S 1.00E+07 -
€ 100 - =
3 S
£ B 5.00E+06 -
7]
< 0 . . . . . 0.00E+00 : ; . . . . .
5 5 25 3 45 55 4 5 6 7 8 9 10 M
time (min) time (min)
method: 1-61% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:
12200 12450 12700
LJ mass (Da)
OrNWOrONONDNONDOT LTINS~ N EY PRI B R B2 3R33835RISSI3R
R TH BT H P HETEE B EREEH Y
m/z mass (Da)
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C) HPLC purification and analytical data for barnase(R110Fg;)

HPLC purification:

Purified on a preparative Zorbax 300SB-C3 column at 25 °C at

20 mL/min. (gradient: 15-55% B with 0.33% B/min).

Yield past HPLC:

Analytical HPLC:

[}
[=]
o

400 +

200 +

15 mg (3%)

Absorbance (214 nm, mAU)

o

A

(3]

15

25

35

time (min)
method: 1-61% B over 60 min

MS data from LC-MS:

55

65

LC-MS:
4.00E+06 -
3.00E+06 -

2.00E+06 +

total ion counts

0.00E+00

1.00E+06 +

5 6 7 8 9 10 1

4

time (min)
method: 1-91%B over 15 min, Zorbax C3 column (6520)

Deconvolution of LC-MS data:

Calc.: 12453 Da I

Obs.: 12455 Da
12450

12700

mass (Da)
2.!"82""‘”5‘”&.‘23“"“8223:““’
THHHILH TR M HTEH
mass (Da)

197



A1.11.7 MDM2[-118]

A) Synthesis Data

Sequence: MHHHHHHGSM CNTNMSVPTD GAVTTSQIPA SEQETLVRPK PLLLKLLKSV GAQKDTYTMK
EVLFYLGQYI MTKRLYDEKQ QHIVYCSNDL LGDLFGVPSF SVKEHRKIYT MIYRNLVVVN
QQESSDS (127 AA)

Resin: 150 mg of RINK amine ChemMatrix® LL (0.18 mmol/g), yielding the
C-terminal amide after cleavage

Synthesis time: 5h

Synthesis UV trace from AFPS:

o, -
g 150%
15 c
0 2 <
Q »
2 5100% Q@
5% g
85 .
B £ o
o x 509 c
9% 50% S
€ 0 3
G Q 2
£
(]

0%

SDSSEQQNVVVLNRY IMTY I KRhEKVSFSPVGFLDGLLDNSCYVIhQQKEDYLRKTMIYQGLYFLVEKMTYTDKQAGVSKLLKLLLPKPRVLTEQESAPIQSTTVAGDTPVSMNTNCMSGhhhhhhM

B) Cleavage and analytical Data for crude MDM2[1-118]

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC: LC-MS:
1200 -
=) 5.00E+07 1
€ 1000
- * 4.00E+07 o
g 800 E
< 3 3.00E+07 -
o 600 ©
3 §
€ 400 - 2.00E+07 A
£ 2
§ 200 1.00E+07 -
<
0 T T T T L. 0.00E+00 T T T T T T T A T
10 20 30 40 50 3 4 5 6 7 8 9 10 11
time (min) time (min)

«1-0109, 0
method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)

MS data from LC-MS: Deconvolution of LC-MS data:
" m 14450 14550 14650
©o © ©o © © © o mass (Da)
8 88888288 ¢ 8 8
- - - - T SoRTINIIRBIIIPBITIRIEINBEER
iz 88BE5-eqaRBRISEBBEERES
mass (Da)
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C) HPLC purification and analytical data for MDM2!!-118]

HPLC purification: Purified on a semipreparative Zorbax 300SB-C3 column at 60 °C

(gradient: 5-29% B with 1% B/min, 29-49% B with 0.2% B/min, 49—
65% B with 1% B/min)

Yield past HPLC: 14 mg (3%)

Analytical HPLC:
400 7,E+07 -
=)
g 6,E+07
g 300 £ 5,E+07 -
c 3
A S 4,E+07 4
& 200 €
° S 3,E+07 A
£ k:
2,E+07
£ 100 o4&k
2 J 1,E+07 -
K]
<0 03 =2 T 8 —
10 20 30 40 50 5 6 7 8 9 10 11 12 13 14 15 16 17 18
time (min) time (min)
method: 5-65% B over 60 min method: 1-91%B over 20 min, Zorbax C3 column (6550)
MS data from LC-MS: Deconvolution of LC-MS data:
Calc.: 14557
Obs.: 14558
14450 14550 14650
mass (Da)
EEEEEEREEERE TR
y 2 8 8B F P RIRESIENINBRIYSERIEELSES
m/z mass (Da)

Comments: *) oxidation by-products detected
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A1.11.8 Lysozyme

A) Synthesis Data for lysozyme

Sequence:

Resin:

Synthesis UV trace from AFPS

200% H“
5 c
39\:.150% “H l”.” )
°g E
g 9100% 1 =
3E | S
% 50% ‘ 3
1 =
B) Cleavage and analytical Data for crude lysozyme
Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC: LC-MS:
%‘ 400 1.60E+07 1
E 300 £ 1.20E407 1
z 8
8
‘o 200 § 8.00E+06 1
g 5
§ 100 £ 4 .00E406 |
£
0 y v ¥ Y 0.00E+00 r r v v v v
5 15 55 5 6 7 8 9 10 1

KVFERCELAR TLKRLGMDGY RGISLANWMC LAKWESGYNT RATNYNAGDR

STDYGIFQIN SRYWCNDGKT PGAVNACHLS CSALLQDNIA DAVACAKRWV
RDPQGIRAWV AWRNRCQNRD VRQYVQGCGV (129 AA)

80 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to valine,

yielding the C-terminal carboxylic acid after cleavage

Synthesis time: 55h

35
time (min)

method: 5-65% B over 60 min

MS data from LC-MS:

<

1777
1876
1979
2084
2191
2302
2415

time (min)

method: 1-91%B over 15 min, Zorbax C3 column (6520)

Deconvolution of LC-MS data:

*

14500 14700 14900
mass (Da)
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C) HPLC purification and analytical data for lysozyme

HPLC purification: Purified on Zorbax 300SB-C3 semipreparative column; Gradient: 5—
28% B at 1% B/min; 29-49% B at 0.2% B/min; 50-65% B at 1%
B/min.

Yield past HPLC: 3.2 mg (1%)

Analytical HPLC: LC-MS:
1200

4.00E+07
E 1000
E 800 ‘gs.ooam
i (4]
5.; e § 2.00E407
£ 400 g
§ 200 = 1.00E407 |

o ) A
T " ' v v 0.00E+00 . , . v v
5 15 2 35 45 55 5 6 8 10 1
time (min) time (min)
method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:
Calc.: 14701
Obs.: 14701
*
14500 14700 14900
TIrY ) [ mass (Da)
- - ON T r O UNDODMONT ~OULNDONMNONT »™

§92BCERCRBB-I0RUR3RABRCRE 27308808083 8 EEREIREE

mass (Da)

Comments: *) aspartimide by-product
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A1.11.9 FGF1

A) Synthesis Data for FGF1

MFNLPPGNYK KPVLLYSSNG GHFLRILPDG TVDGTRDRSD QHIQLQLSAE
SVGEVYIKST ETGQYLAMDT DGLLYGSQTP NEESLFLERL EENHYNTYIS
KKHAEKNWFV GLKKNGSAKR GPRTHYGQKA ILFLVLPVSS D (141 AA)

Sequence:

Note: the three glycines (G) highlighted in blue were introduced as
Fmoc-(Dmb)Gly-OH building blocks

Resin: 100 mg of RINK amine ChemMatrix® LL (0.18 mmol/g), yielding the
C-terminal amide after cleavage

Synthesis time: 57h
Synthesis UV trace from AFPS:

e “\"‘WWW"HHWW\WﬁNﬂWW“\“W“W

B) Cleavage and analytical Data for crude FGF1

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC: LC-MS:

S 500 4 5.00E+07

E_ 400 1 2 4.00E+07

< 300 - 3 3.00E+07

S 8

8 200 1 = 200E+07

'§ 100 - 2 | o007

5 0 0.00E+00

5 15 25 35 45 55 4 5 6 7 8 10 1
time (min)

time (min)

method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)

MS data from LC-MS: Deconvolution of LC-MS data:
M 15700 15850 16000
| l mass(Da)
o s NS =] ~ 0000000000000 000000000000
PUUIBBRRREREBIRRCIRNRENET  ginEEnRmGREEEEARA
m/z mass (Da)
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C) HPLC purification and analytical data for FGF1

HPLC purification:

Purified ona semipreparative Zorbax 300SB-C3 column at 60 °C

(gradient: 5-29% B with 1% B/min, 29-49% B with 0.2% B/min, 49—
65%B with 1% B/min)

Yield past HPLC: 11 mg (4%)

Analytical HPLC:

5 600

8

Absorbance (214 nm, mAl

il

o

15 25 35 45 55
time (min)
method: 5-65% B over 60 min

(3]

MS data from LC-MS:

LC-MS:

3.00E+08 -

total ion count
3 &

0.00E+00 v v v i et gy

4 5 6 7 8 9 10
time (min)

method: 1-91%B over 15 min, Zorbax C3 column (6520)

Deconvolution of LC-MS data:

Calc.: 15875
Obs.: 15875
15700 15850 16000
) JJ 1 1 | . ‘ mass (Da)
m/z

Comments: *)aspartimide by-product is present
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A1.11.10 Sortase Asg-206; P94S/D160N/K196T

A) Synthesis Data
Sequence: ASMTGGQQMG RDPNSQAKPQ IPKDKSKVAG YIEIPDADIK EPVYPGPATS
EQLNRGVSFA EENESLDDQN ISIAGHTFID RPNYQFTNLK AAKKGSMVYF
KVGNETRKYK MTSIRNVKPT DVEVLDEQKG KDKQLTLITC DDYNEKTGVW
ETRKIFVATE VKLE (164 AA)
Resin: 50 mg of HMPB ChemMatrix® (0.44 mmol/g) pre-coupled to glutamic
acid, yielding the C-terminal carboxylic acid after cleavage
Synthesis time: 6.5h

Synthesis UV trace from AFPS:

I

150%

100%

50%

Change of deprotection
peak integrals [%]

0% =

-

IKRTEWVGTKENYDDCT | LTLOKOKGKQEDLVEVDTPKVNR | S TMKYKRTENGVKFYVMSGKKAAKLNTFQYNPRD | F ThGA 1 S INGDDLSENEEAF SVGRNLQESTAPGPYVPEK | DADP | E | YGAVKSKDKP | QPKAQSNPDRGMOGGGTMSA

B) Cleavage and analytical Data for crude sortase Aso 206;P94S/D160N/K196T

Cleavage: Cleavage protocol B for proteins and Cys-containing peptides
Analytical HPLC: LC-MS:
400 A

3 5.00E+06

E

g 300 4.00E+06

c

< 2

& 200 3 3.00E+06 1

o o

2 S 2.00E+06 -

H ° +06

£ 100 3

g £ 1.00E+06 -

0 y y ) ) ) -0.00E-01
5 15 % d 45 55 4 5 6 7 8 9 10 1"
time (min) time (min)

method: 5-65% B over 60 min

MS data from LC-MS:

method: 1-91%B over 15 min, Zorbax C3 column (6520)

Deconvolution of LC-MS data:

b

18247 18347 18447
mass (Da)
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IERGE5NERR3R05588 5389858005 L E388558822888
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C) HPLC purification and analytical data for sortase Aso206;P94S/D160N/K196T

HPLC purification: Purified on a semipreparative Zorbax 300SB-C3 column at 60 °C
(gradient: 5-24% B with 1% B/min, 24-44% B with 0.2% B/min, 44-65%
B with 1% B/min)

Yield past HPLC: 6.4 mg (1%)

Analytical HPLC: LC-MS:

__ 400 - 1.20E+08 -

2

E 1.00E+08 -

> 300 1 *5

£ 3 8.00E+07 A

c 8

E 200 - § 6.00E+07 A

§ 100 :g 4.00E+07

8 2.00E+07 4

) -—

§ 0 T v d v v 0.00E+00 ' v : r T " "

5 15 25 35 45 55 4 5 6 7 8 9 10 11
time (min) time (min)
method: 5-65% B over 60 min method: 1-91%B over 15 min, Zorbax C3 column (6520)
MS data from LC-MS: Deconvolution of LC-MS data:
Calc.: 18392
Obs.: 18393
18247 18347 18447
Mass (Da)
__J_ | 1, r— P S p—
235353 NrOr®Ohr T NNN TN~ °°.‘53$82‘°’§§3$332°°’288°:
BBOBRRRBBRR28 2 RR  pkEY BIRULCEEEERRUESREIEECEER
m/z Mass (Da)

A1.12 Folding, Purification and Characterization of synthetic proteins
A1.12.1 Barnase and barstar
A1.12.1.1 Expression and SEC purification of recombinant barnase

Barnase was expressed based on previous report from Okorokov et al.(66) In
short, E. coli strain XL-1 Blue was transformed with plasmid pMT1002 (Addgene
plasmid 8621). Next, 1 mL of 8-h culture of XL-1 Blue cells carrying the plasmid grown
in LB medium with carbenicillin (100 pg/mL), was diluted 1:1000 into the same medium

(1 L) and grown at 28 °C, shaking at 200 rpm. The culture had a density of ~OD600 =
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0.6 in approximately 24 h, at which point a further 500 mL of preheated LB medium (85
°C) was poured into the cell culture, and the shaker was incubated at 42 °C for 30
minutes. Next, the temperature was adjusted to 37 °C and cells were cultured for
another 18 hours. Acetic acid was added to the culture until a final pH of ~4.3 as
determined by pH paper. The cells were centrifuged for 30 minutes at 8000 rpm. The
pellet was discarded while the supernatant was divided into 4000 mL portions, flash
frozen with liquid nitrogen and kept at -80 °C until purification.

For purification, 400 mL of the supernatant was thawed on ice and buffer-
exchanged into buffer SPA (50 mM MES, pH 6.3) using Amicon 3K concentrator (15
mL, EMD Millipore). The resulting solution was loaded onto two Capto S columns
attached in series (5 mL, GE Healthcare) and the desired protein was eluted with a
gradient of SPB (50 mM MES, pH 6.3, 1 M NaCl) in SPA. The fractions containing the
desired protein were combined and concentrated using Amicon 3K concentrator (15 mL,
EMD Millipore). The protein was then filtered using a 0.22 um filter and purified via size
exclusion chromatography with buffer P (20 mM Tris, pH 7.5, 150 mM NaCl). The
fractions containing pure barnase were combined and concentrated using Amicon 3K
concentrators and the molecular weight of the final protein was determined by LC-MS
(Fig. A1.15). Overall, 3 mg of recombinant barnase was isolated from 400 mL of the

culture supernatant.
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Calc.: 12383
Obs.: 12384
12200 12350 12500
" l L | Mass (Da)
§3883555828388878883883 o000 Mass Do) e
m/z jJ S
5 15 25 35 45 55

time (min)

Figure A1.15. Expression and purification yields recombinant barnase for
comparison with synthetic enzyme. Analytical HPLC traces of purified recombinant
barnase (absorbance at 214 nm in mAU), LC-MS data (m/z in Da), and deconvoluted
mass spectra (obtained from integration over all LC-MS signals). Calc.:12383 Da, Obs.
12384 Da.

A1.12.1.2 Folding and SEC purification of synthetic wild type barnase

The folding procedure of wild type barnase was adapted from Mong et al.(18) 2.5
mg of wild type barnase was dissolved in 150 pyL of 6 M Gn-HCI solution in 50 mM
NaH2P0O4 RNase free' buffer, pH = 7.8. The mixture was serially diluted in four steps to
0.3 M Gn-HCI using a buffered RNase free solution (150 mM Tris buffer pH 7.5, 150
mM NaCl). The final solution was then filtered and subjected to size exclusion
chromatography (SuperdexTM 75 Increase 10/300 GL, 0.25 mL/min), using isocratic
eluent 150 mM Tris buffer pH 7.5, 150 mM NaCl, RNase free. The elution profile is
depicted in Fig. A1.16. Fractions containing the protein were concentrated using a 3K
molecular weight cut off spin filter, flash frozen using liquid nitrogen, and stored at —80
°C. A total of 0.8 mg of wild type barnase was isolated, corresponding to a 33% isolated

yield. The purity of the final product was assessed by LCMS and HPLC.
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A) SEC purification of synthetic barnase (wild type sequence)

mAU

1432
180 \ — UV 1_280
[\

160

[ \C 21'&8
? g 2 Pt ROt
20 10

CIJoon e
30 40

B) Analytical data for purified synthetic barnase past SEC (wild type sequence)

Calc.: 12383

Obs.: 12384
J ll 1 l 12200 12350 12500
28288883828

Mass (Da)

T T
FFFFFFFF 8000 J:f:?m) 18000
m/z J L

a5 55
time (min)

Figure A1.16. Folding and SEC purification of synthetic barnase yields folded

protein indistinguishable from recombinant barnase. A) HPLC-purified barnase was

subjected to folding conditions followed by size exclusion chromatography. The elution

profile from the size exclusion chromatography is displayed in this figure. B) analytical

HPLC traces of purified synthetic barnase (absorbance at 214 nm in mAU), LC-MS data

(m/z in Da), and deconvoluted mass spectra (obtained from integration over all LC-MS
signals). Calc.:12383 Da, Obs.: 12384 Da.

A1.12.1.3 Comparison of timelines for production of synthetic wild type barnase versus

expression of wild type barnase

Timeline for recombinant expression of barnase: Transformation of XL-1 Blue
cells with barnase plasmid (1 h), growth of starter culture (8 h), growth of bacterial
cultures (24 h), heat shock and initiation of protein expression (19 h), acidification and

centrifugation (1-3 h based on the scale), buffer exchange (3—6 h based on the scale),
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ion exchange chromatography (4 h), fraction analysis and concentration (6 h), size
exclusion chromatography (5 h), fraction analysis and concentration (6 h). Total 77—-82h.
Timeline for production of synthetic barnase: Fast flow synthesis (5 h), cleavage
from resin, global deprotection and ether precipitation (5 h), lyophilization (10-16 h),
HPLC purification (3 h), lyophilization and fraction analysis (done in parallel 10-16 h),
folding and size exclusion chromatography (5 h), fraction analysis and concentration (6

h). Total 44-56 h.

A1.12.1.4 Folding and SEC puirification of synthetic barnase R110Fg,

The folding procedure of barnase R110FBr protein was adapted from Mong et
al.(18) 5.9 mg of barnase R110FBr variant was dissolved in 150 yL of 6 M Gn-HCI
solution in 50 mM NaH2PO4 RNase free4 buffer, pH = 7.8. The mixture was then
serially diluted in four steps to 0.3 M Gn-HCI using a buffered RNase free solution (150
mM Tris buffer pH 7.5, 150 mM NaCl). The final solution was then filtered and subjected
to size exclusion chromatography (SuperdexTM 75 Increase 10/300 GL, 0.25 mL/min),
using isocratic eluent 150 mM Tris buffer pH 7.5, 150 mM NaCl, RNase free. The
elution profile is depicted in Fig. A1.17. Fractions containing the protein were
concentrated using a 3K molecular weight cut off spin filter, flash frozen using liquid
nitrogen, and stored at —80 °C. A total of 1.3 mg of barnase R110FBr was isolated,
corresponding to 22% vyield. The purity of the final product was assessed by LC-MS and

HPLC.
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A) SEC purification of synthetic barnase (R110Fg, sequence)
mAU

14.08
w— UV 1_280
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Sampte ATt
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B) Analytical data for purified synthetic barnase past SEC (R110Fg, sequence)

Calc.: 12453
Obs.: 12452
12200 12450 12700
N Mass (Da)
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iz mass (Da) B
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Figure A1.17. Folding and SEC purification of synthetic barnase R110Fg; yields
clean protein sample. A) HPLCpurified barnase was subjected to folding conditions
followed by size exclusion chromatography. The elution profile from the size exclusion
chromatography is displayed in this figure. B) analytical HPLC traces of purified
synthetic barnase R110FBr (absorbance at 214 nm in mAU), LC-MS data (m/z in Da),
and deconvoluted mass spectra (obtained from integration over all LC-MS signals).
Calc.:12453 Da, Obs.: 12452 Da.

A1.12.1.5 Folding and IEC purification of synthetic wild type Barstar

The folding procedure of wild type Barstar was adapted from Shastry et al.(67)
3.0 mg of HPLC-purified wild type barstar was dissolved in 1050 yL of a 6 M Gn-HCI
solution in 5 mM NaH2P0O4, 250uM EDTA, 250 uM DTT RNase free buffer, pH 8. The

mixture was serially diluted in ten steps to 0.6 M Gn-HCI using a buffered RNase free

solution (5 mM NaH2P0O4, 250uM EDTA, 250 uM DTT, pH 8). The resulting solution

210



then desalted using a 7 K Zeba™ Spin Desalting Column and filtered, and subjected to
anion exchange chromatography (GE Healthcare HiTrap™ Q Sepharose Fast Flow IEX
Column), using gradient elution with RNase free mobile phases 20 mM Tris buffer pH
7.4 and 20 mM Tris, 1 M NaCl pH 7.4 (gradient: 0-45% at 0.5% B/min). The elution
profile is depicted in Fig. A1.18.

Fractions containing the protein were concentrated using a 3K molecular weight
cut off spin filter, flash frozen using liquid nitrogen, and stored at =80 °C. A total of 0.14
mg of wild type barstar was isolated corresponding to 5% isolated yield. The purity of

the final product was assessed by LC-MS and HPLC.

A) SEC purification of synthetic barstar
mAU

26—

48.15 |

mi

B) Analytical data for purified synthetic barstar

Calc.: 10211
Obs.: 10211
| 10000 10200 10400
]| a ll 1 I_ 1 . ' MaSS(Da')
T TR
5 15 2 35 a5 55
time (min)

Figure A1.18. Folding and IEC purification of synthetic barstar. A) HPLC-purified
barstar was subjected to folding conditions followed by anion exchange
chromatography. The elution profile from the anion exchange chromatography is
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displayed in this figure. B) analytical HPLC traces of purified synthetic barstar
(absorbance at 214 nm in mAU), LC-MS data (m/z in Da), and deconvoluted mass
spectra (obtained from integration over all LC-MS signals). Calc.:10211 Da, Obs.:
10211 Da.

A1.12.1.6 RNA hydrolysis assay

Hydrolysis of RNA by the synthesized barnase proteins was used to assess the
activity of these proteins. Substrate RNA* was purchased from Millipore-Sigma as
PAGE-purified dry solid. The RNA was dissolved in a solution of 10 mM Tris, 1 mM
EDTA, pH 7.7 according to the manufacturer’'s recommendation and stored in 0.5 ug/pL
aliquots at —80 °C.

RNA hydrolysis was initiated by addition of the RNA to a solution of barnase
variants (recombinant wild type, synthetic wild type, synthetic R110FBr) in 10 mM Tris,
1 mM EDTA, pH 7.7 buffer, and left at room temperature for 20 minutes. The total
reaction volume was 10 pL, with 7 yM final concentration of RNA and 3 nM
concentration of barnase. The reactions were quenched at the time points by addition of
10 ul of TBE-Urea gel loading dye (LC6876, Thermofisher Scientific) and rapidly frozen
on liquid nitrogen.

Barnase activity was inhibited by its known inhibitor barstar to ensure any RNase
activity observed in the assay was barnase-specific. Prior to the introduction of RNA
substrate, the barnase variants (recombinant wild type, synthetic whild type, synthetic
R110FBr) were incubated with either recombinant barstar (Fig. A1.19), or synthetic
barstar (Fig. A1.20), for 10 minutes on ice. The final concentration of RNA in the
reaction was 7 yM and the concentration of barnase was 3 nM. The concentration of

recombinant barstar incubated in each reaction was either 0 uM, 4 yM, 9 yM or 18 uM.
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The concentration of synthetic barstar incubated in each reaction was either 0 nM, 3.5
nM, 35 nM or 350 nM.

Immediately prior to gel analysis, the quenched reaction mixtures were heated at
95 °C for 5 minutes. Analysis was done on 15% denaturing polyacrylamide gel
(Novex™ TBE-Urea Gels, EC68855BOX, Thermofisher Scientific) using 180 V for 60
minutes. The gel was stained with ethidium bromide at 1 pg/mL for 30 minutes and then
washed with water three times. The gel was visualized on the ChemiDoc gel imager
(Bio-Rad).

(*) sequence of substrate RNA — bolded are the potential sites of cleavage by

barnase. CAACAUCUUGCUAUACAAUGCCAAUCCAUGCUACACUACGUUACA

Barnase Barnase Barnase
No Barnase  Recombinant WT Synthetic WT Synthetic R110Fg,
[ | || | | .
- + - + - - - - + + - + + + Recombinant barstar

o

17 0 4 g9 18 0 £ 9 18 0 4 9 18 (uM)

ps)
z
>
I

1

RNA hydrolysis products
1

—

Figure A1.19. RNA hydrolysis assay shows comparable RNase activity for
recombinant whild type barnase, synthetic wild type barnase, and synthetic
R110Fgr barnase. The synthetic barnase proteins are able to digest native RNA within
20 minutes. The dose-dependent inhibition of barnase activity upon pre-incubation with
recombinant barstar protein points to association of these proteins.
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Barnase Barnase Barnase
No Barnase  Recombinant WT Synthetic WT Synthetic R110Fg,

[ + | '_ + + + H + + + ! ’_ + + +‘Synthetic barstar

0 32 0 35 3 350 0 35 35 30 0 35 35 350(nM)

RNA —
-
R A - - -— -
S — ——

0

é’ e — -— -

g

w

2. - - - -

6 — -

el

Z

<

g

Figure A1.20. Synthetic barstar inhibits the RNase activity of recombinant and
synthetic barnase variants. Preincubation of barnase variants with synthetic barstar
protein leads to dose-dependent inhibition of RNase activity of barnases.

A1.12.1.7 Fluorogenic RNase activity assay

Hydrolysis of a fluorogenic substrate (6-FAM-dADrGDdADdAD-6-TAMRA) by the
recombinant and synthesized barnases can be used to calculate the kcat/KM of the

proteins based on the first order rate equation (1).

Kcat
- [E](t—to)
I'=1Ip = —Ie *m ’ )

In this equation, | is the fluorescence at time t, lo is fluorescence of the intact
substrate, If is the fluorescence of the hydrolyzed substrate, [E] is the total enzyme
concentration, keat, Ku are steady state enzyme kinetic parameters.#?4” The fluorogenic
substrate for the assay was purchased from ChemGenes as HPLC-purified solid. The
substrate was dissolved in assay buffer solution (100 mM MES, 100 mM NacCl, pH 6.0)

and kept in 200 uM aliquots at —80 °C until use.
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In each assay, the substrate was diluted in the assay buffer and the fluorescence
of the substrate solution was monitored at 515 nm upon excitation at 495 nm using
Tecan plate reader M1000 (Fig. A1.21, Table A1.12). The fluorescence was monitored
every 10 seconds, after 3 second shake, for at least 500 seconds to measure the
starting fluorescence, lo, and to ensure no background cleavage took place prior to the
addition of enzymes. To start the cleavage reaction, an aliquot of enzyme was added to
the substrate and the solution was rapidly mixed. The increase in fluorescence was then
monitored for at least 1000 seconds. The concentration of the substrate in the reaction
mixture at the time of addition of barnase was 200 nM and barnase was approximately
at 2 nM. Total reaction volume was 250 pL.

The experiment was performed in triplicates. Blank runs were performed in
parallel with the experimental runs. For the blank runs, assay buffer was added to wells
instead of barnase. Blank runs were otherwise set up identical to the experimental runs.

The fluorescence readings from experimental runs were first subtracted from the
fluorescence readings of their blank. The data was normalized and then analyzed using
the nonlinear regression, exponential, plateau followed by one phase association
analysis using Prism 8 software from Graphpad. The K generated from this analysis
corresponds to keat [E]/Km based on equation 1 above. The exact concentration of
protein in each case was determined via absorbance at 280 nm using reported molar
extinction coefficient values for barnase, 27411 M-' cm-.68

Accordingly, kcat/Km (mean £ SE) of the synthetic and recombinant wild-type
barnase were determined to be (7.6 + 0.2) x 106 M" s”" and (9.0 £ 0.3) x 106 M"' s,

respectively. The values match the literature reported kcat/KM of wild-type recombinant
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barnase (1.3 £ 0.4) x 107.56 Furthermore, the kcat/Km £ SE of the R110Fs, synthetic

variant barnase was calculated to be (2.3 £ 0.8) x 106 M- s .

1 -
© 0,8 o

3]

& S

§ 0,6 1 "

g B

T % ’

g 0,4 . : °

N ¢}

© [ X ]

€ 0,2 - ‘ * recombinant wild-type barnase
2 ® synthetic wild-type barnase

® synthetic R110F(Br) barnase
0 M v v

0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)
Figure A1.21. Fluorogenic RNase activity determines the kcat/Km value of the
barnase variants. A sample of the data produced from cleavage of substrate 6-FAM-
dADrGDdJADdAD-6-TAMRA with synthetic and recombinant barnase. At 500 s, barnase
was added to the substrate. The increase in fluorescence indicates cleavage of
substrate by the barnase protein.
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recombinant wild-type barnase

synthetic wild-type barnase

synthetic R110F(Br) barnase

Normalized Fluoresence Normalized Fluoresence Normalized Fluoresence
time mean SD N mean SD N mean SD N
0 0.020037 0.017308 3 0.034435 0.007823 3 0.028378 0.023046 3
10 0.02132 0.015889 3 0.046331 0.016813 3 0.022022 0.007184 3
20 0.015086 0.015035 3 0.030857 0.019189 3 0.06372 0.012992 3
30 0.021942 0.017726 3 0.027624 0.02024 3 0.012052 0.008125 3
40 0.026442 0.018517 3 0.032546 0.004795 3 0.04555 0.002984 3
50 0.016073 0.00999 3 0.025117 0.008412 3 0.044298 0.018378 3
60 0.036291 0.016581 3 0.031619 0.006571 3 0.045795 0.004736 3
70 0.023665 0.007032 3 0.035765 0.003841 3 0.049083 0.009578 3
80 0.036835 0.003653 3 0.03402 0.005061 3 0.034325 0.001505 3
90 0.020951 0.004466 3 0.027982 0.006634 3 0.01559 0.013845 3
100 0.030705 0.009477 3 0.027342 0.01022 3 0.017765 0.005798 3
110 0.030156 0.009942 3 0.024142 0.012263 3 0.031525 0.002104 3
120 0.024709 0.008243 3 0.032683 0.003773 3 0.028929 0.012342 3
130 0.024256 0.005014 3 0.02834 0.015835 3 0.023533 0.005085 3
140 0.017455 0.017315 3 0.018469 0.004924 3 0.015224 0.014591 3
150 0.029419 0.004726 3 0.026854 0.008953 3 0.033465 0.004178 3
160 0.017336 0.006205 3 0.0151 0.0181 3 0.018083 0.003085 3
170 0.029225 0.008823 3 0.032867 0.0199 3 0.018952 0.010341 3
180 0.033916 0.011287 3 0.03369 0.0175 3 0.052823 0.011273 3
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0.953577
0.975616

0.050733
0.049841
0.02429
0.041736
0.037133
0.036506
0.038336
0.032867
0.039302
0.033827
0.043961
0.03432
0.029411
0.038442
0.02908
0.053523
0.039321
0.025513
0.042052
0.036139
0.033238
0.025505
0.028674
0.036537
0.044255
0.05122
0.047841

0.048029
0.013982
0.053125
0.040823
0.056191
0.030378
0.044304
0.020433
0.0436
0.0386
0.039501
0.024781
0.042234

W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W w w w w w

w

0.895135
0.907352
0.900141
0.890612
0.949479
0.928299
0.891125
0.903895
0.904905
0.92241

0.924075
0.920086
0.923504
0.91726

0.894994
0.921357
0.922655
0.907572
0.933259
0.913833
0.899055
0.913698
0.921568
0.926841
0.912354
0.94784

0.906015

0.922572
0.920943
0.924948
0.911972
0.91409

0.935238
0.946181
0.928095
0.932606
0.900708

0.9268

0.934471
0.94489

0.022068
0.015465
0.015125
0.009286
0.0082
0.004685
0.013185
0.006207
0.017096
0.003846
0.016872
0.008909
0.024047
0.036838
0.028412
0.02071
0.015768
0.010849
0.02133
0.013341
0.022951
0.015741
0.005354
0.014384
0.011957
0.025639
0.019192

0.011168
0.020585
0.010928
0.006214
0.014675
0.009781
0.010277
0.018649
0.019155
0.017476
0.013184
0.007455
0.024365

W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W W w w W w w w

Table A1.12. Averaged data from fluorogenic RNase activity assay was used for
the determination of kcat/Km values.
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A1.12.1.8 Chemical denaturation assay

The chemical denaturation profile of barnase was obtained by fluorescence
spectroscopy. In this assay, a solution of each barnase variant (recombinant wild type,
synthetic wild type, synthetic R110Fg;) was prepared at 1 uM in either buffer A (50 mM
MES, pH 6.3) or buffer B (8 M urea, 50 mM MES, pH 6.3). In a 384-well plate, using the
two stock solutions, mixtures of each barnase variant was prepared at 25 urea
concentrations ranging 0 — 8 M (at 0.33 M steps). The final concentration of barnase in
each case was 1 uM while the buffer was 50 mM MES at pH 6.3. The mixtures were
prepared in triplicates. The solutions were equilibrated at room temperature for two
hours. Then the emission at 315 nm upon excitation at 290 nm was recorded (Fig.
A1.22, Table A1.13). The transition midpoint ([D]so% - the concentration of urea at which
half of the sample is unfolded) and m-values (the slope of the unfolding transition) were
determined by fitting of the normalized fluorescence readings as described,3%%8 using

the Prism 8 software from Graphpad. The values for these parameters were:

min [kcal mol'! M'] £ SE [D]so%in [M] + SE
Literature 2.06 4.57
recombinant wild-type barnase 1.88 £0.21 4.63 £0.04
synthetic wild-type barnase 1.82£0.25 4.68 +0.06
synthetic R110F(Br) barnase 1.62+0.21 446 +0.06

Table A1.13. [D]so% and m values for recombinant wild-type, synthetic wild-type
and synthetic R110F gr) barnase determined from a chemical denaturation assay
shows comparable melting behavior for recombinant and synthetic samples.
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Figure A1.22. Urea denaturation of the barnase variants demonstrates the
structural similarity of the synthetic and recombinant samples. The fitted data was
used to calculate the m-values as well as [D]so% of recombinant wild type barnase,
synthetic wild type barnase, and synthetic R110Fg, of barnase. Error bars indicate SD.
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recombinant wild-type barnase | synthetic wild-type barnase | synthetic R110F(Br) barnase
Normalized Fluoresence Normalized Fluoresence Normalized Fluoresence
Urea conc. [M] Mean SD N Mean SD N Mean SD N
8.00 0.112 0.023 3 0.127 0.071 3 0.155 0.023 3
7.67 0.093 0.013 3 0.113 0.038 3 0.142 0.033 3
7.33 0.085 0.019 3 0.090 0.035 3 0.129 0.035 3
7.00 0.056 0.050 3 0.076 0.046 3 0.082 0.013 3
6.67 0.082 0.029 3 0.043 0.028 3 0.055 0.023 3
6.33 0.040 0.014 3 0.026 0.023 3 0.027 0.025 3
6.00 0.052 0.024 3 0.003 0.006 3 0.069 0.036 3
5.67 0.000 0.000 3 0.040 0.009 3 0.016 0.020 3
5.33 0.097 0.017 3 0.049 0.020 3 0.018 0.031 3
5.00 0.150 0.028 3 0.114 0.021 3 0.034 0.020 3
4.67 0.330 0.042 3 0.284 0.049 3 0.121 0.025 3
4.33 0.593 0.051 3 0.476 0.040 3 0.330 0.063 3
4.00 0.676 0.048 3 0.597 0.036 3 0.448 0.055 3
3.67 0.730 0.056 3 0.617 0.028 3 0.542 0.050 3
3.33 0.801 0.027 3 0.711 0.037 3 0.595 0.056 3
3.00 0.828 0.018 3 0.705 0.047 3 0.645 0.045 3
2.67 0.853 0.055 3 0.774 0.023 3 0.754 0.016 3
2.33 0.889 0.067 3 0.821 0.057 3 0.800 0.059 3
2.00 0.907 0.047 3 0.831 0.047 3 0.827 0.046 3
1.67 0.911 0.068 3 0.767 0.064 3 0.817 0.051 3
1.33 0.900 0.055 3 0.863 0.066 3 0.888 0.067 3
1.00 0.926 0.066 3 0.844 0.057 3 0.907 0.057 3
0.67 0.869 0.047 3 0.813 0.045 3 0.916 0.028 3
0.33 0.934 0.069 3 0.860 0.034 3 0.945 0.047 3
0.00 0.982 0.031 3 1.000 0.000 3 1.000 0.000 3

Table A1.14. Normalized fluorescence and standard deviation from chemical
denaturation assay with urea.
A1.12.2 HIV-1 protease
A1.12.2.1 Folding of synthetic HIV-1 protease (Kent sequence)

The procedure for folding HIV Protease was taken from Johnson et al.(30)
Lyophilized HIV-1 protease (2.5 mg) was dissolved in 2 mL of denaturing buffer (6 M

guanidine hydrochloride, 200mM NaPi, pH 7.4). A dialysis cassette (Slide-A-Lyzer™
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3.5MWCO, Sigma Aldrich), was pretreated for 2 min. with dialysis buffer A (50 mM
NaOAc pH 5.6), before the denaturated HIV1 protease sample was injected. The
dialysis cassette was placed in a vessel containing 350 mL dialysis buffer A and left to
stir at room temperature for 3 h. The cassette was then transferred to dialysis buffer B
(8350 mL of 10 mM NaOAc pH 5.6 prechilled to 4 °C) and left at 4 °C for 14 h. The
protein containing buffer was removed from the cassette, filtered by a Pall™ 0.22 ym
PTFE syringe filter, and stored in 100 uL aliquots at =80 °C. For all further assays,
frozen fractions were used within 1 hour after defrosting and excess from the aliquot
was discarded after use. Concentration of the resulting sample was determined using a
Pierce™ Rapid Gold BCA Protein Assay Kit (supplier) of the undiluted stock HIV-1
Protease in triplicate compared to the BSA standard. Stock was found to contain 0.41
mg/mL protein which corresponds to a refolding yield of 50%. The concentration of
active enzyme within the stock was determined by active site titration in the method of

Windsor et al.”® using darunavir and was found to be 76%.

A1.12.2.2 Fluorogenic protease activity assay

Assay conditions were taken from Johnson et al with slight adaptions taken from
the original report for the assay from Toth et al.3%43 The fluorogenic substrate Abz-Thr-
lle-Nle-p-nitro-Phe-GInArg-NH, (Abz = 2, aminobenzoic acid, Nle= norleucine, p-nitro-
Phe = p-nitro phenylalanine) was purchased from Bachem (product no. 4030748.0005)
and was used as a 4 mM stock in DMSO (concentration determined gravimetrically).
Fluorescence time-courses were measured at 37 °C on a Tecan™ M1000 Pro plate

reader (ex: 355 nm, em: 430 nm, bandwidths 5 nm) with a gain setting of 124 in a
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Costar™ black chimney-well 96-well plate. Assays were conducted in a final volume of
200 pL of 50 mM NaOAc pH 5.6 maximum 4.5% DMSO, substrate (5-200 uM), and
protease (10 nM active dimer) with 3 replicates. Calibration of fluorophore was
performed as described in Toth et al.,*3 and quantitation of the initial rates were made
within the linear range of the detector (40 uM cleaved substrate at a gain setting of 124)
(3 replicates). Initial velocity data was used with less than 20% of total substrate
cleavage (Fig. A1.23). Kinetic constants were derived from fitting the initial velocities to
the Michaelis-Menten equation using Graphpad™ Prism’s nonlinear least-squares

regression (Fig. A1.24).
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Figure A1.23. Raw time course measurement data for fluorogenic HIV-1 protease
activity assay. Traces shown represent increases in fluorescence of each sample due
to cleavage of the peptide substrate by the protease. All data represent averages over 3
replicates, with error bars plotted as standard deviations.
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Figure A1.24. kcat and Ky values of HIV-1 protease determined by fluorogenic
assay. Error bars plotted as standard error.
A1.12.2.3 Substrate specificity assay

The qualitative assay with model substrate p12nt was previously reported by
Schneider et al.?° The 20-mer substrate was synthesized on the Amidator using
standard optimized peptide synthesis conditions. 21 mg of the peptide was purified on a
C3 Zorbax semi-prep column (9.4 x 250 mm) with a gradient from 15% to 75% ACN
over 62 minutes with a flow-rate of 4 mL/min (Fig. A1.26). The cleanest fraction
affording 1 mg was used for all further assays, and analytical LC-MS data is shown in
Fig. A1.25. p12NT (10 ug) was incubated with HIV-1 Protease (300 nM) in a total
volume of 30 pL of 50 mM NaOAc pH 5.6 with 0.5 mg/mL BSA. Reactions were left at
37 °C for 14 h and quenched with snap-freezing in liquid N2 followed by storage at —80

°C. The crude reaction mixture was analyzed by LC-MS. Fragments of the substrate
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peptide corresponding to cleavage at the conserved site were observed with loss of full-
length peptide. No peptides corresponding to non-specific cleavage of the substrate

peptide nor the native BSA in solution were observed even after prolonged incubation of

16 h.
DRQGTVSFNF*PQVTLWQRPL

BSA

o 6 7 8 9 10 11 12
time (min)
PQVTLWQRPL
DRQGTVSFNF

DRQGTVSFNF*PQVTLWQRPL BSA

5 6 7 8 9 10 11 12

time (min)

Figure A1.25. Synthetic HIV-1 protease shows substrate specific activity.
Incubation of the synthetic protease with a peptide containing a conserved HIV-1
protease consensus cleavage site leads to specific hydrolysis. No observation of off-
target hydrolysis at separate sites, nor of native BSA in solution was observed. Traces
shown represent separation of the reaction mixture onto LC-MS using standard method
1-61% B over 15 min, Zorbax C3 column (6550).
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Figure A1.26. Characterization of purified qualitative substrate p12nt. LC-MS trace
recorded with standard method 1-91% B over 9 min, Zorbax C3 column (6520). Left
figure shows the TIC trace, and the m/z extraction is shown for the major peak on the
right. Calculated mass and observed mass are in good agreement.

A1.12.3 Sortase Al®%-206]; P94S/D160N/K196T

A1.12.3.1 Expression and purification of recombinant sortase A[59-206];
P94S/D160N/K196T

Recombinant sortase A[59-206] was recombinantly expressed following a protocol

described in the literature.44
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A) Recombinant Sortase A>°-20;P94S/D160N/K196T

ASMTGGQQMG  RDPNSQAKPQ  IPKDKSKVAG  YIEIPDADIK  EPVYPGPATS
EQLNRGVSFA EENESLDDQN ISIAGHTFID RPNYQFTNLK AAKKGSMVYF KVGNETRKYK
MTSIRNVKPT DVEVLDEQKG KDKQLTLITC DDYNEKTGVW ETRKIFVATE VKLEHHHHHH

(170 AA)

Sequence:

B) Analytical data for recombinant Sortase A5%2%61;P94S/D160N/K196T

Analytical HPLC: LC-MS:
700 2.S0E+07
5° 2 1ooes07
2
° - Time (min) 2 P ° " time (min)
method: 5-65% B over 30 min method: 1-61%B over 15 min, Zorbax C3 column (6520)
MS Data from LC-MS: Deconvolution of LC-MS data:

Calc.: 19214 l
Obs.: 19213 \

T O MO QNN ON NONT RO NNONDOTATOD AN MON 3N O

__________________

A1.12.3.2 Folding and SEC purification of synthetic sortase A[569-206];
P94S/D160N/K196T

Synthetic sortase A[59-206];P94S/D160N/K196T (1.8 mg) was dissolved in 150
ML of 6 M Gn-HCI denaturing solution in 50 mM Tris, 20 mM DTT, pH 7.5. Concentration
was determined by Axgo reading on plate reader and adjusted by the addition of Gn-HCI
solution to a concentration of 8 mg/mL sortase A. (extinction coefficient of sortase A is
14440 M" cm™ ). The mixture was then serially diluted twenty-fold in nine steps utilizing

50 mM Tris, 150 mM NaCl, 20 mM DTT, pH 7.5 resulting in 0.3 M Gn-HCl and 0.4
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mg/mL sortase A. The solution was left overnight (18 h) at room temperature. The
solution was then concentrated and filtered and subjected to size exclusion
chromatography (Superdex™ 75 Increase 10/300 GL, 0.4 mL/min), using isocratic
eluent 20 mM Tris, 150 mM NaCl, pH 7.5. The elution profile is depicted in Fig. A1.27A.
Fractions were analyzed by LCMS and the cleanest fractions were pooled and
concentrated utilizing a 3K molecular weight cut off spin filter and stored at —80 °C. A
total of 0.11 mg of sortase A was isolated corresponding to a 6% isolated yield. The

purity of the final product was assessed by LCMS and HPLC (Fig. A1.27B).

A) SEC purification of synthetic sortase A

mAU

1.00

5 et ——

T———gotOTT 3T N D L S S S— =

mi

B) Analytical Data for purified synthetic sortase A post SEC

Calc.: 18392
Obs.: 18393

11]“ \ Ly g . 18000 18500 19000
388RTES85883a088083aY Mass o)
m/z 13000 18500 24000

Mass (Da)

5 15 25 35 45 55
time (min)
Figure A1.27. Folding and SEC purification of synthetic sortase A yields clean
protein sample. A) HPLC-purified sortase was subjected to folding conditions followed
by size exclusion chromatography. The elution profile from the size exclusion
chromatography is displayed in this figure. B) Analytical HPLC trace of purified synthetic
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sortase A post size exclusion chromatography (absorbance at 214 nm), LC-MS data
(m/z in Da), and deconvoluted mass spectra (obtained from integration over all LC-MS
signals).
A1.12.3.3 Semiquantitative activity assay

Sortase A performs a transpeptidation reaction where the active enzyme cleaves
the threonine-glycine bond in the LPXTG motif and ligates to a polyglycine. Therefore,
an active sample of sortase A in the presence of peptides AQALPETGEE and
GGGGGLY should generate the ligation product AQALPETGGGGGLY. Samples of
folded recombinant sortase A, folded synthetic sortase A, and folded synthetic sortase A
post-SEC were diluted to a concentration of 0.02 mg/mL in 50 mM Tris, 150 mM NaCl,
20 mM DTT, pH 7.5 as determined by A280 reading on a plate reader. The sortase A
samples (15 pl) were then added to a reaction mixture containing 6 uL
AQALPETGEE_(am) (1 mg/mL), 6 yl GGGGGLY_(am) (1 mg/mL) and 3 pL calcium
chloride (50 mM). Mixtures were left at room temperature for 20 hours and quenched
with 30 yL of a 2% trifluoroacetic acid solution with 50:50 (v/v) water: acetonitrile.

Samples were analyzed by LCMS (Fig. A1.28).

A) B)
Rec. SrtA*

Protein sample GGGGGLY AQALPETGEE AQALPETGGGGGLY
Synth. SrtA*
(past SEC)

Recombinant SrtA* 37% 13% 50%
Synth. SrtA*
(past HPLC) .

Synthetic SrtA*

K 38% 15% 47%

AQALPETGGGGGLY (past SEC) ° ° o

Synthetic SrtA*
AQALPETGEE S e

(past HPLG) 43% 30% 27%

GGGGGLY

3 4 5 6
total ion count vs. time (min)

Figure A1.28. Synthetic sortase A shows enzymatic activity in semiquantitative
assay. A) LCMS traces (TIC) of the three assay reactions and the three peptide
standards. Ligation product AQALPETGGGGGLY was formed for all three assay
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conditions indicating active sortase A in each reaction. B) Area under each peak in the
TIC, manually integrated in MassHunter software. The SEC purified synthetic sortase A
has similar values to the recombinant sample, with improved activity over synthetic
folded sample which was not purified by SEC.

A) Synthesis data for substrate 1 (Sortase A semiquantitative assay)
Sequence: GGGGGLY (7 AA)

Resin: 200 mg of RINK amine ChemMatrix® (0.49 mmol/g), yielding the
C-terminal amide after cleavage

B) Cleavage and analytical data for crude substrate 1 (Sortase A semiquantitative assay)

Cleavage: Cleavage protocol A for peptides, no ether wash, evaporated under
N2
Analytical HPLC: LC-MS:
700 5.00E+07
. 600
2 4.00E+07
E soo E
E 3
< 400 & 3.00€+07
= :
g 300 = 2.00E+07
£ 200 E
5 LOOE+07 -
100
o » 0.00E+00
5 7 8 0 12 14 15 7 15 5 & 7 g 9 10
Time (min) Time (min)
method: 1-31% B over 20 min method: 1-61%B over 15 min, Zorbax C18 column (6520)

MS Data from LC-MS:

calc.: 578.27
obs.: 578.22

o o o o o
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A) Synthesis data for substrate 2 (Sortase A semiquantitative assay)
Sequence: AQALPETGEE (10 AA)

Resin: 150 mg of RINK amine ChemMatrix® (0.49 mmol/g), yielding the
C-terminal amide after cleavage

B) Cleavage and analytical data for crude substrate 2 (Sortase A semiquantitative assay)

Cleavage: Cleavage protocol A for peptides
Analytical HPLC: LC-MS:
800 5.00€+07
5 700
E 4.00E+07 -
g 2
é 500 g 3.00E+07 -
g w :
§ — 5 2.006+07 |
@ =]
ﬁ 200 =
LOOE+07 |
100
o 0.00E+00
5 7 L] 10 12 " 15 7 L] 2 2 5 6 7 8 10
Time (min) Time (min)
method: 1-31% B over 20 min method: 1-61%B over 15 min, Zorbax C18 column (6520)

MS Data from LC-MS:

calc.: 1042.48
obs.: 1042.53
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A) Synthesis Data for ligation standard (SrtA semiquantitative assay)
Sequence: AQALPETGGG GGLY (14 AA)

Resin: 150 mg of RINK amine ChemMatrix® (0.49 mmol/g), yielding the
C-terminal amide after cleavage

B) Cleavage and analytical data for crude ligation standard (SrtA semiquantitative assay)

Cleavage: Cleavage protocol A for peptides
Analytical HPLC: LC-MS:
S0 8.00E+06
— 400
2
E~ 350 6.00E+06
E 300 §
= 250 3
% 200 g 4.00E+06 |
E 150 g
E 100 2.00e+06
<
50
~t
0 5 7 8 0 12 “ 15 7” 19 2 2 00000 5 6 7 8 10
Time (min) Time (min)
method: 1-31% B over 20 min method: 1-61%B over 15 min, Zorbax C18 column (6520)

MS Data from LC-MS:

calc.: 1288.63
obs.: 1288.86

n~

A1.12.4 MDM2U"-118]

A1.12.4.1 Folding of synthetic MDM2[-"78]

Synthetic MDM2['-18 was refolded according to the procedure from Zhan et al.”®
Lyophilized MDM2U'-1"8 (0.6 mg; 35 nmol) was dissolved in phosphate buffered saline
(PBS) containing 6 M Guanidine hydrochloride (70 yL) and 20 mM DTT at pH 7.11.
MDM2!'-118] concentration was determined by UV280 and adjusted to 150 uM (extinction
coefficient of MDM2: 10430 m-1 cm-1 ). 50 uL of the resulting solution was serial diluted

into 250 uL of folding buffer containing PBS and 20 mM DTT at pH 7.31, to give final
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conditions of 25 yM MDM2 in PBS containing 1 M guanidine hydrochloride and 20 mM.
DTT. The resulting solution was kept at room temperature for 1 h before performing

biolayer interferometry.

A1.12.4.2 Preparation of biotinylated p53(15-29)

15-29P53-like peptide (SQETFSDLWKLLPEN) was synthesized by Fmoc-based
SPPS, with HRink Amide-ChemMatrix resin (130 mg/synthesis; 0.06 mmol). After the
Fmoc deprotection, peptide labeling with N-terminal D-biotin was performed on the resin
bound protected peptides by treating the resin with a solution of Biotin-PEG4-propionic
acid (ChemPep Inc., 0.75 mmol), HATU (0.38M in DMF; 1.87 mL; 0.71 mmol) and DIEA
(1.5 mmol) for 1.5 h at room temperature. Upon completion, the resin was washed with
DMF (5x) and DCM (5x) and dried under reduced pressure. The peptide was cleaved
and processed using the standard protocol for peptide cleavage described in section

A1.8.3 (method A).

A1.12.4.3 Assay of MDM_?2 binding activity, by biolayer interferometry

Synthetic MDM2 in refolding buffer (see section A1.12.4.1) and commercial
MDM2 (Abcam 167941) were brought to 1 mg/mL bovine serum albumin (BSA), 0.02%
Tween 20 by addition of 10 mg/mL BSA, 0.2% Tween 20 in PBS. The resulting
solutions were diluted serially into 1 mg/mL BSA, 0.02% Tween 20 in PBS for BLI
assay.

Biolayer interferometry was performed using an Octet Red96 system (ForteBio;

Menlo Park, CA) and black, polypropylene, chimney well, flat-bottom 96 well plates
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(Greiner Bio-One, Kremsmunster, Austria). Wells were filled with 200 uL of the
appropriate solution. Streptavidin biosensors (ForteBio) were equilibrated in 1 mg/mL
BSA, 0.02% Tween 20 PBS buffer for at least 10 min prior to use. Sample plates were
equilibrated at 30 °C for 5 minutes before the start of an experiment, and kept at 30 °C
throughout. Sample plates were agitated at either 1000 or 1500 rpm throughout the
assay.

The assay protocol was as follows: 1) 60 sec ‘baseline’ in 1 mg/mL BSA, 0.02%
Tween 20, PBS buffer; 2) 120 sec ‘p53 immobilization’ in 1 mg/mL BSA, 0.02% Tween
20 PBS buffer containing ~400 nM biotin-p53(15-29); 3) 120 sec ‘baseline’ in 1 mg/mL
BSA, 0.02% Tween 20 PBS buffer; 4) 300 sec ‘association’ in MDM2 (Fig. A1.29,
indicated concentrations). BLI assay was run in triplicates. Equilibrium response (nm)
was plotted against MDM2 concentration to determine Kd of synthetic and recombinant

MDM2 (Fig. A1.30).

0.6 12.5uM
05
04 4.20 uM

Response to immobilized
p53'5-21 ligand (nm)

0 60 120 180 240 300 360 420 480 540

time (sec)
Figure A1.29. Sensogram of MDM2['-1181 | Experiment was conducted in triplicates, for
clarity only a single data set is displayed here.
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Figure A1.30. Determination of Kq from concentration-dependent equilibrium
binding responses. All experiments were carried out in triplicates and K4 values were
determined from equilibrium binding responses of immobilized p53 to MDM2 at various
concentrations.”"
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Appendix Il Rapid de novo discovery of peptidomimetic
affinity reagents for human angiotensin
converting enzyme 2

The work presented in this appendix has been reproduced from the following publication
with permission through a license signed by MIT with the Nature:

Zhang, G.*; Brown, J.S.*; Quartararo, A.J.; Li, C.; Tan, X.; Hanna, S.; Antilla, S.;
Cowfer, A.E.; Loas, A.; Pentelute, B.L., Rapid de novo discovery of peptidomimetic
affinity reagents for human angiotensin converting enzyme 2. Communications
Chemistry, 2022, 5, 8.

*These authors contributed equally to this work.

The work presented in this appendix was a team effort and is intended to supplement
and contextualize Chapter 1.4.



A2.1 Introduction

The discovery of high affinity reagents is a critical initial step in drug discovery,
diagnostic development, and proteome profiling.'-* High affinity ligands are under
constant development for the modulation of activity or function of target proteins,
including challenging protein—protein interactions (PPIs) and intracellular targets.*°
Diagnostics inform clinical decision making and require sensitive and selective detection
within highly complex media often containing a broad range of other protein
concentrations (e.g., plasma).® Lastly, affinity reagents have been crucial for
understanding the proteome, facilitating the compilation of a knowledge base for protein
expression profiles and localization across normal and disease tissue (e.g., Human
Protein Atlas).?78 Yet, the vast majority of known proteins have no corresponding
affinity reagent.®® Overall, each of these fields relies on the rapid discovery and
development of selective, high affinity binders to specific protein targets.

Current methods to discover high affinity reagents against protein targets vary in
production speed and chemical diversity, ranging from antibody production to panning
fully synthetic libraries. While they are the ‘gold standard,” antibodies require a long
production timeline, demonstrate low tissue penetration, and can exhibit batch
variability.'%"" Thus, several non-antibody systems including DNA-encoded libraries, >3
aptamers,’*"> and peptide discovery platforms,'® have been developed to discover
specific, high affinity binders. Most ‘hit’ discovery techniques rapidly isolate and enrich
binders from libraries based on their high affinity to the target protein, though high-
throughput screening of individual compounds has also been used.'”'® The design and

diversity of these libraries greatly affect the rate of discovery against a novel target.
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Larger molecular scaffolds can bind broader portions of protein surfaces, enabling the
efficient targeting of PPIs.351519.20 The chemical and structural diversity of the curated
library can improve discovery success.'”1821.22 Thys, an ideal discovery platform should
combine high chemical diversity and rapid responsiveness to new clinically relevant
targets.

Much research has been devoted to the discovery and engineering of
peptidomimetic binders because of their broad access to diverse chemical spaces,
amenability to rapid synthesis or modification, and availability of multiple rapid discovery
platforms.?"?2 The use of noncanonical amino acids, macrocyclization, and chemical
stapling, in particular, have been proven to be useful in promoting cell uptake,
proteolytic stability, and improved pharmacokinetics.'®2124-27 Discovery via affinity
selection using genetically-encoded techniques including phage display?®2° and mRNA
display®® samples vast libraries up to 10'® members, being amenable for de
novo discovery of high affinity reagents. However, these techniques are not well suited
to the incorporation of highly noncanonical library members, even in cell-free systems.3'
34 Thus, following the initial identification of high affinity peptides, further development is
required via iterative synthetic cycles of derivatization and screening.

High affinity peptidomimetic binders can also be identified by affinity selection-
mass spectrometry (AS-MS), enabling the straightforward use of entirely noncanonical
synthetic libraries without expending rapid discovery.3>-37 AS-MS generally functions
through the enrichment and identification of peptidomimetic binders to the target protein
through a single enrichment step since it cannot be genetically amplified. Thus,

discovery efforts with AS-MS have generally been limited to small combinatorial libraries

247



(103-108 members), which were biased toward the target protein in a ‘focused’ or
structure-based manner.38:3% AS-MS of these focused libraries remains a reliable way to
rapidly identify key binding ‘hot-spot’ residues and combinatorically introduce
noncanonical amino acids.*®4%4! Recent advancements made by our group in the
MS/MS sequencing of complex peptidomimetic mixtures*? and optimized AS-MS
selection conditions*® have enabled de novo discovery of high affinity binders from fully
randomized peptidomimetic libraries up to 108 members.*3 Thus, AS-MS can enable
rapid discovery across highly diverse libraries.*44> With these methods, we set out to
perform de novo discovery with synthetic highly noncanonical peptidomimetic libraries
against recently identified clinically relevant targets.

Angiotensin converting enzyme 2 (ACEZ2) has been identified as an important
plasma biomarker for cardiovascular disease-induced events and death in a global,
population-based study.*¢4” Also, ACE2 is ubiquitously known as the receptor utilized
for cell entry by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
beta-coronavirus.*34° Thus, high affinity reagents for the specific serum detection of
ACE2 are increasingly important. Here we demonstrate rapid discovery of high affinity
peptidomimetic binders to ACE2 through a single-pass AS-MS experiment utilizing fully
randomized canonical and noncanonical libraries. By comparing selection results from
the noncanonical library over a ‘standard’ canonical library quantitatively and
qualitatively, we highlight that the noncanonical binders exhibit improved proteolytic
serum stability. In further tests, our noncanonical peptidomimetic ACE2 binder, ABP N1,

demonstrated ACE2 binding specificity in a serum pulldown experiment and as low as
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picomolar detection in an enzyme-linked immunosorbent assay (ELISA), highlighting the

development as promising diagnostic tools.

A2.2 Results

A2.2.1 AS-MS identifies low-nanomolar affinity canonical and noncanonical
peptide binders to ACE2

We recently optimized in-solution affinity selection combined with nano-liquid
chromatography-tandem mass spectrometry (nLC-MS/MS) sequencing to enable the
identification of high affinity binders from fully randomized synthetic libraries with a
diversity of up to 108 members, a 100-fold increase over the standard practice.*3
Noncanonical amino acids can be extensively used in the preparation of the synthetic
libraries utilized in AS-MS, provided there is no isobaric monomer mass overlap and
sufficient tandem sequencing fidelity. Thus, we sought to compare the results of our
selections against human ACE2 protein using a standard, canonical-L library, and a
noncanonical-L library, each containing 200 million members (Fig. A2.1a).

The two libraries share the same design, 12 variable positions followed by an
amidated C-terminal lysine to facilitate sequence identification and filtering.#? The
monomer set utilized in the canonical library (Library 1) is fully proteogenic, except Cys
because it could form intra- or intermolecular disulfides and lle because it is isobaric in
mass with Leu, to give 18 amino acids total (Fig. A2.1b). For side-by-side comparison
and exploration of noncanonical chemical space, another library (Library 2), composing
17 non-proteogenic monomers out of 21 amino acids total (81% noncanonical,
significantly more than the available genetically encoded techniques) was synthesized

(Fig. A2.1 b, ¢).3-34 Library 2 was designed to sample an entirely new chemical space,
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while still capturing similar chemical properties of the natural amino acid set. While
nearly all the canonical monomers were replaced with non-proteogenic analogs, the
number of positively and negatively charged residues at physiological pH was kept
constant at 2 each, respectively. Nonstandard backbones including -amino acids and
achiral linkers were included to diversify structural availability and improve proteolytic
stability. The final monomers were selected based on considerations of balanced
chemical diversity, mass uniqueness, library solubility, stereochemical purity, and
compatibility with Fmoc solid-phase peptide synthesis (SPPS).

Following the workflow depicted in Fig. A2.1a, we performed the affinity selection
using both the canonical and noncanonical library against human ACE2 in parallel with
12cab5 as an unrelated control protein, and the enriched peptides were eluted and
analyzed by nLC-MS/MS. The sequences were decoded using the PEAKS software®®
and filtered*? to isolate peptidomimetic sequences that matched the original library
design. The peptidomimetics were sorted to reveal those that were unique to ACE2 in
comparison to the off-target control protein and are reported in Supplementary
Tables A2.2 and A2.3. From both the canonical and noncanonical selections, we
observed a preferred N-terminal motif, indicating a potential new class of ACE2 binders
(see Figures A2.6 and A2.7). For the canonical L-peptides, leucine (L) and valine (V)
were preferred at the N-terminus position followed by glutamine (Q) and asparagine (N)
with some cationic or ionizable residues nearby (H, K, and R, see Fig. A2.6). Similarly,
the noncanonical L-peptidomimetics discovered preferred cyclopropylalanine (Cpa, C)

and isoleucine (lle, 1) at the N-terminal position followed by 3-(4-thiazolyl)-alanine (Tha,
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T, see Fig. A2.7). The observation of a preferred motif added confidence in the
discovery of a class of peptidomimetic binders to ACE2.

An additional refinement step was taken to analyze the extracted ion
chromatogram (EIC) of the observed ion from each MS-identified peptide. This EIC-
based refinement provides an additional level of confirmation that each peptide was
uniquely selected against ACE2 or if it binds nonspecifically to the selection matrix (e.g.,
magnetic beads or streptavidin). A comparable number of sequences was identified as
ElIC-selective between the two libraries (48 noncanonical sequences and 60
canonical sequences), indicating that sequencing and identification of noncanonical
binders can robustly be achieved with a similar throughput to canonical peptides on our
AS-MS platform using Orbitrap nLC-MS/MS. However, the noncanonical selection
showed a higher primary MS baseline that obscured more peptidomimetics from being
discovered (Table A2.3; Fig. A2.22). This ambiguity could be explained by a higher level
of baseline binding from the noncanonical peptidomimetics library or poorer ionization of
the eluted library members. Lastly, both selections showed a low rate of nonspecific
binder recovery (Fig. A2.23).

With the discovered sequences in hand, nine canonical and five noncanonical
binders were chosen for synthesis and validation efforts based on their high average
local confidence (ALC) scores. Each binder was re-synthesized and purified individually
and their binding affinities (dissociation constant, Kp) to ACE2 were measured using
bio-layer interferometry (BLI). As a result, low-nanomolar ACE2-binding affinities were
determined for the noncanonical binders ABP N1 (Kb = 19 nM, Fig. A2.2a), ABP N4

(Kp =123 nM, Fig. A2.2b), and ABP N6 (Kb =33 nM, Fig. A2.2c), and for the canonical

251



binders ABP C3 (Ko =35 nM, Fig. A2.2d), ABP C7 (Kb =26 nM, Fig. A2.2e), and ABP
C8 (Kp =36 nM, Fig. A2.2f). All other peptides either presented lower affinity or no
binding to ACE2 (Fig. A2.2g), indicating that approximately half of the ACE2-selective
sequenced binders following AS-MS were non-binders by BLI.

To determine whether the observed binding is sequence-specific, two scrambled
variants of ABP N1 (Scrm N1.1 and Scrm N1.2) were synthesized and their binding to
ACE2 was tested by BLI. Under these conditions, no binding to ACE2 was observed
(Fig. A2.2g; Fig. A2.26). We also observed minimal binding to an unrelated protein
(12cab) for ABP N1, ABP N4, and ABP N6 (Fig. A2.27). However, the binding of 500 nM
of ACE2 to ABP N1 results in ~1.3 nm BLI response signal, compared to 0.25 nm signal
from 500 nM of the off-target protein (12ca5), translating to ~ 5-fold higher signal and
indicating selectivity toward ACE2.

Additionally, we investigated whether known binders to ACEZ2 inhibited the
binding of the ABPs, including the native ACE2 substrate angiotensin 2 (Angll),>" an
ACE2 inhibitor MLN-4760,%2°3 and the receptor binding domain (RBD) of SARS-CoV-
2.4849 First, we performed competitive binding experiments on all binders discovered
(ABP N1, N4, N6, C1, C2, C3, C4, C7, and C8) versus Angll and MLN-4760 (Figs.
A2.32-40). We observed that the native ACE2 substrate Angll did not inhibit the binding
of any of our ABPs, indicating that the binding sites of ABPs and Angll likely do not
overlap. However, MLN-4760 was able to partially block the binding of ABP N1 and C8
at the 10-fold excess of MLN-4760 mixed with ACE2, indicating that the binding sites
likely overlap with the active site of the ACE2 enzyme. Secondly, we performed a

competitive BLI experiment to determine if any of the discovered binders could disrupt
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the interaction between ACE2 and SARS-CoV-2 spike protein receptor binding domain
(RBD). We did not observe any competition by our peptides on the binding of ACE2 to

RBD (Figs. A2.28-31) at 5- or 50-fold excess, indicating these ABPs do not bind at the

RBD site of interaction.
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Figure A2.1. Magnetic bead-based affinity selection-mass spectrometry (AS-MS)
enables rapid discovery of both canonical and noncanonical binders in a single
experiment. A) Schematic representation of the AS-MS workflow used in this study. In
brief, the biotinylated protein (ACE2 represented in orange from PDB: 6M17 or control)
was immobilized onto streptavidin (SA)-coated magnetic beads and then sampled in
synthetic peptide libraries to enrich peptide binders. Subsequently, unbound peptides
were washed away, and bound material was eluted and then sequenced by nLC-
MS/MS. Individual hits were synthesized and validated at the final step. B) The design

for synthetic canonical and noncanonical libraries. C) The monomer set used for the
synthesis of the noncanonical library (Library 2).
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ABP C6 Leu GIn Lys Phe Leu Gly Glu Arg Phe Pro Gly Trp Lys 96 2.0 NB
ABP C7 Leu GIn Arg Gly Val Phe Gly Phe Pro Tyr Arg Val Lys 95 -1.4 2604
ABP C8 Leu GIn Trp His Pro Ala Tyr Trp Phe Met GIn Val Lys 99 -1.3 36+0.8
ABP C9 Leu GIn Trp Met Asn Lys Tyr Thr Asn Tyr Gly Leu Lys 98 -2.8 316 + 11
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ABP N6 Cpa Orn Dff Msn Hyp Tha DProGIn Dff Cha Cha B-Alalys 99 -0.8 33+0.6
ABP N8 Cpa Tha hAr DProGly B-AlaPhp Asp Cha Msn Dff Msn Lys 98 11 NB
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Figure A2.2. Nanomolar affinity binders were identified from both canonical and
noncanonical libraries. A—C) ACE2-binding traces, measured by bio-layer
interferometry, for noncanonical binders ABP N1, ABP N4, and ABP N6,
respectively. D-F) ACE2-binding traces, measured by bio-layer interferometry, for
canonical binders ABP C3, ABP C7, and ABP C8, respectively. G) A summary of all
individually synthesized peptides. Column headers: ‘ID’, the peptide identifiers;
‘Sequence, X12K’, the peptide sequences with a lysine at the C-terminus; ‘ALC’, the
exported average local confidence score from sequence decoding; ‘Error, ppm’, the
mass error (in ppm) between the precursor and assigned sequence; ‘Kp, obs, NM’, the
apparent dissociation constant, in nM, measured by bio-layer interferometry. Cyan
highlights the canonical (ABP C7) and noncanonical (ABP N1) peptides with the highest
binding affinity.
A2.2.2 The noncanonical binder ABP N1 demonstrates enhanced serum stability
A significant limitation to the development of canonical L-peptides is their
susceptibility to enzymatic degradation within physiological environments. Thus, the use
of noncanonical amino acids, macrocyclization, and chemical stapling have each grown
as approaches to improve their stability and pharmacokinetics.'®2124-2" To determine
whether our noncanonical binders present improved stability over the canonical binders,
we performed a serum stability assay on the two most potent variants: noncanonical
ABP N1 and canonical ABP C7. After incubating both peptides in 5% normal human
serum at 37 °C over time, serum proteins were precipitated by addition of trichloroacetic
acid, and the binders retained in the supernatant were subjected to LC-MS analysis. As
shown from the LC-MS traces, we observed significant degradation of ABP C7 over
12 hours when compared with the no-serum control (Fig. A2.3a), with an approximate
half-life of 2 h (Fig. A2.3c). However, little-to-no degradation of ABP N1 was observed
(Fig. A2.3b,c), even after 12 h of incubation. ABP N1 presented enhanced stability in

human serum, and the side-by-side comparison with a canonical binder from a similar

library selection demonstrated the immediate benefit of employing noncanonical
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libraries. Thus, we could rapidly proceed to determine the binding capability of ABP N1

in biological milieu.
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Figure A2.3. ABP N1 demonstrates enhanced serum stability relative to the
canonical binder ABP C7. LC-MS chromatograms (total ion current) of ABP N1 (a)
and ABP C7 (b) incubated at 37 °C in 1 x PBS (t=0 h) or 5% normal human serum.
Spectra were normalized to the intensity of the peptide at t=0 h to observe degradation
of the original amount of peptide. ¢ Comparison of the serum stability of ABP N1 and
ABP C7 by the integral of the extracted ion count (EIC) of the monoisotopic
[M + 2H]?* ion of the starting peptide. ABP C7 is quickly degraded and the starting
peptide mass disappears over 12 h, with a calculated half-life of approximately 2 h
(single phase decay model).
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A2.2.3 ABP N1 pulls down ACE2 from human serum selectively

To further investigate the ACE2-binding capability of the identified high affinity
reagents within a biological matrix and demonstrate binding selectivity, we performed a
human serum pull-down experiment using the most potent noncanonical binder ABP
N1. As depicted in Fig. A2.4a, the biotinylated ABP N1 was immobilized onto
streptavidin-coated magnetic beads followed by incubation with a mixture of normal
human serum and ACE2 protein. After removing the supernatant and washing off the
unbound fraction, the bound material was eluted with a high concentration of urea and
analyzed using the sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-

PAGE). We observed a selective enrichment of ACE2 protein from the human serum
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complex, and no other proteins were pulled down by ABP N1 (Fig. AA2.4b). The ability
of selective binding and isolation of ACE2 from a complex biological matrix indicates a

promising diagnostic application of ABP N1.

ACE2 in human serum

figg 'G kD4l
98 < ACE?

Immobilized ABP N1 1. Capture 62

2. Wash 49 \

Figure A2.4. ABP N1 pulls down ACE2 from human serum selectively.
A) Schematic representation of the serum pull-down experiment. ABP N1 was
immobilized onto streptavidin-coated magnetic beads and then incubated with ACE2
(represented in orange from PDB: 6M17) in human serum. Bound ACE2 was eluted for
subsequent analysis. B) The SDS-PAGE image with samples showing from left to right
lanes: (1) molecular weight standard; (2) purified ACE2 protein (1.5 ug) as a loading
control; (3) normal human serum as a control; (4) normal human serum mixed with
ACE2 (1.5 ug); (5) elution of the bound fraction from the magnetic beads. NHS, Normal
Human Serum (5%).

A2.2.4 Picomolar ACE2 can be detected with ABP N1 via ELISA
Human ACE2 was recently identified as the top biomarker for cardiovascular
disease and an elevated level of plasma ACEZ2 significantly associates with death, heart

failure, stroke, and myocardial infarction.*” To demonstrate the utility of our

noncanonical ACE2 binders as detection probes of the plasma ACE2 level, we
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developed an ELISA-based detection assay (Fig. A2.5a). After immobilization on an
ELISA plate, the picomolar concentration of ACE2 was detected by biotinylated ABP N1
in a dose-dependent manner (Fig. A2.5b). As a negative control, no binding was
observed from biotinylated ABP N8 at the tested ACE2 concentrations (10 pM—100 nM
in Fig. A2.5b), which is consistent with the non-binding observation as demonstrated in
Fig. A2.2g. Interestingly, when a similar ELISA experiment was performed with the plate
being coated with a mixture of normal human serum and exogenous ACEZ2, the dose-
dependent ACE2 detection using ABP N1 was retained (Fig. A2.5c). However, we
observed a decreased detection sensitivity presumably due to the decreased amount of
ACE2 being immobilized on the plate with many other serum proteins present. As a
summary, with an ELISA-based approach, we demonstrated that ABP N1 could
selectively detect soluble ACE2 from the human serum at concentrations ranging from

picomolar to low nanomolar levels.
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Figure A2.5. Picomolar ACE2 concentration was detected by ABP N1 by ELISA.
A) Schematic representation of the ELISA workflow. B) ACE2 in 1 x PBS at different
concentrations (100 nM—10 pM) was immobilized on an ELISA plate. C) ACE2 in human
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serum at different concentrations (100 nM—10 pM) was immobilized on an ELISA plate.
The plate was incubated with ABP N1 or control peptide, followed by streptavidin-HRP
and TMB substrate. Absorbance was measured at 450 nm. The experiment was
performed in technical triplicates (n =3). Each data point, the mean signal as a bar, and
error bars from experimental standard deviation, and statistical significance calculated
with the unpaired Student’s t-test are shown.

A2.3 Discussion

In this study, we report rapid discovery of high affinity peptidomimetic binders to
ACE2 via AS-MS. After screening two ultra-large synthetic libraries, a series of ACE2-
binding peptides with low-nanomolar affinities (Ko from 19 to 123 nM) were identified.
We showed that the most potent noncanonical peptide binder, ABP N1, demonstrated
enhanced serum stability in comparison with the most potent canonical binder, ABP C7.
Furthermore, ABP N1 demonstrated a high selectivity to ACE2 over human serum
proteins, indicated by a serum pull-down experiment. Lastly, in an ELISA-based format,
picomolar to low nanomolar ACE2 concentrations in human serum could be detected
using ABP N1. The de novo discovered high affinity reagents offer specific serum
detection of ACE2 and represent a promising diagnostic tool of related diseases.

We chemically synthesized both canonical and noncanonical peptide libraries
(each containing 200 million peptides) and subjected them to a single-pass affinity
selection experiment as a side-by-side comparison. Of note, a comparable number of
putative binders was observed from both canonical and noncanonical library selections,
with a similar portion of binders measured by BLI to show no apparent binding to ACE2.
Therefore, even though the binders were identified as ACE2-selective with high
sequencing confidence, individual synthesis and validation of the putative hits are

necessary to confirm ACE2-specific interaction. We observed an N-terminal motif from
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both the canonical and noncanonical selections, indicating a potentially preferred binder
class to ACE2 (Fig. A2.6 and A2.7). However, after individual validation, binders
containing such a motif do not warrant ACE2-binding capability (Fig. A2.2g), indicating
that the other amino acids within the sequence also play an important role in binding.
Notably, all of the discovered binders are linear, whereas previous phage display efforts
to discover linear ACE2 binding peptides were unsuccessful and only discovered
macrocyclic binders.%

Even though the canonical or noncanonical binders discovered here are linear,
they do not have a clear similarity to other known binders of ACE2, including the
substrate angiotensin 2 (Angll, Sequence: DRVYIHPF) or the ACEZ2 inhibitor MLN-
4760. The design of both libraries is similar in size to Angll. Yet, the lack of
peptidomimetics discovered that are similar to Angll could be due to the libraries’
carboxamide C-terminus interfering with the substrate binding site or because of ACE2
enzymatic activity cleaving peptides closely bound to the Angll active site. Cleaved
peptides would be filtered out during analysis.*? Moreover, ACE2 receptor blockers
(ARBSs) also do not appear similar to the discovered binders here, though
peptidomimetic ARBs have been a source of inspiration for their small-molecule
design.>® With the use of the ARB MLN-4760, competitive BLI binding experiments were
able to identify that ABP N1 and C8 are partially inhibited by MLN-4760, suggesting N1
and C8 bind near the active site and could be further developed.

Natively, ACE2 is a counter-regulator of the renin-angiotensin hormonal cascade.
However, elevated levels of ACE2 in plasma have been found to be the highest-ranked

predictor of death, heart failure, stroke, and myocardial infarction compared to several
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established risk factors.#7-%5-5% While this relationship is poorly understood, ACE2
plasma concentrations are a measurable indicator of renin-angiotensin system
dysregulation.*” As the target of our work here, we sought to design serum-stable, high
affinity peptidomimetic ACE2 binders as the response to such a demand.

This work highlights that optimized AS-MS methods*3 can be used for the
discovery of high affinity peptidomimetics with enhanced stability from a single rapid
experiment. It is challenging to use existing approaches including phage-display, one-
bead-one-compound (OBOC), or mRNA-display, to achieve selections at high chemical
diversity and speed simultaneously. Multiple putative ACE2 binders were discovered
from a single affinity selection experiment and several of the top hits were validated to
bind to ACE2 with low-nanomolar affinities. Moreover, the immediate discovery of
serum-stable noncanonical peptidomimetics like ABP N1 demonstrates the potential
toward acceleration of the development timeline that our AS-MS platform can provide.
We envision that the reported ACE2 binders in this study may be further developed as
reliable and sensitive diagnostics to detect plasma ACE2 concentrations, as well as

peptide conjugates for tissue-targeting or directed delivery of therapeutics.

A2.4 Materials and Methods
A2.4.1 Materials

H-Rink Amide-ChemMatrix resin was obtained from PCAS BioMatrix. Tentagel M
NH: resin was obtained from Rapp Polymere. 4-[(R,S)-a-[1-(9H-Fluoren-9-yl)-
methoxyformamido]-2,4-dimethoxybenzyl]-phenoxyacetic acid (Fmoc-Rink amide linker)

was obtained from Chem-Impex International. Biotin-PEG4-propionic acid and Biotin-
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PEG4-NHS were both purchased from ChemPep Inc. N,N-Diisopropylethylamine
(DIEA) was obtained from a Seca Solvent Purification System by Pure Process
Technology. Peptide synthesis-grade N,N-dimethylformamide (DMF), dichloromethane
(DCM), diethyl ether, and HPLC-grade acetonitrile were obtained from VWR
International. 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-
oxid-hexafluorophosphate (HATU) was purchased from P3 BioSystems. Trifluoroacetic
acid (TFA; for HPLC, 299%), piperidine (ReagentPlus; 99%), triisopropylsilane (98%),
1,2-ethanedithiol (= 98%), phenylsilane (97%) and
tetrakis(triphenylphosphine)palladium(0) (99%), were purchased from MilliporeSigma.
Biotechnology grade bovine serum albumin (BSA) was obtained from VWR
International. Ultrapure water was obtained by filtering deionized water with a Milli-Q
water purification system (Millipore). Canonical amino acid monomers Fmoc-Ala-OH,
Fmoc-Arg(Pbf)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Asp(tBu)-OH, Fmoc-GIn(Trt)-OH, Fmoc-
Glu(tBu)-OH, Fmoc-Gly-OH, Fmoc-His(Trt)-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH,
Fmoc-Met-OH, Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Ser(tBu)-OH, Fmoc-Thr(tBu)-OH,
Fmoc-Trp(Boc)-OH, Fmoc-Tyr(tBu)-OH, and Fmoc-Val-OH were purchased from
Advanced ChemTech (Louisville, KY). Noncanonical monomers Fmoc-3,4-difluoro-L-
phenylalanine, Fmoc-B-cyclopropyl-L-alanine, Fmoc-D-4-thiazolyl-alanine, Fmoc-(4-
aminomethyl) benzoic acid, Fmoc-B-cyclohexyl-L-alanine, Fmoc-L-a-aminoadipic acid
o-tert-butyl ester, Fmoc-D-proline, Fmoc-L-methionine sulfone, Fmoc-f-alanine-OH,
Fmoc-4-phenylpiperidine-4-carboxylic acid, Fmoc-L-ornithine(Boc), Fmoc-4-(Boc-

amino)-L-phenylalanine, Fmoc-3-(4'-pyridyl)-L-alanine, Fmoc-L-homoarginine(Pbf)-OH,
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Fmoc-hydroxyproline(tBu)-OH, Fmoc-3,4-dimethoxy-L-phenylalanine, and Fmoc- 3-

Serine(tBu)-OH were purchased from Chem-Impex International.

A2.4.2 Automated fast-flow synthesis of canonical peptides

Canonical peptide binders were synthesized on an automated fast-flow
synthesizer®%¢! on a scale of 0.075 mmol using H-Rink Amide-ChemMatrix resin
(loading capacity 0.49 mmol/g). The reactor temperature was set at 90 °C and the
monomer activation was achieved by HATU. Amide bond formation was effected in 8 s,
and removal of the Fmoc groups was performed in 8 s with 40% (v/v) piperidine and 2%
(v/v) formic acid in DMF. Overall cycle times were about 90 s. After completion of
synthesis, resins were retrieved from the synthesizer and washed with DCM

(5x10mL), and dried in a desiccator under reduced pressure.

A2.4.3 Manual solid-phase synthesis of noncanonical peptides

Noncanonical amino-acid-containing peptides were synthesized manually in
batch by standard solid-phase protocols. The synthesis was carried out at a 0.05 mmol
scale on H-Rink Amide-ChemMatrix resin within Torviq syringes (size 6 mL). In brief,
resins were swelled with DMF for 10—15 min before the peptide sequence assembly.
Coupling steps were performed at room temperature for 30 min with Fmoc-protected
amino acids (0.5 mmol, 10 equivalents) dissolved in 1.25 mL of HATU (0.38 M solution
in DMF, 9.5 equivalents) and 250 pL of DIEA for activation (3 equivalents). The resin
was stirred multiple times during coupling and then washed (5 x 10 mL) with DMF before

deprotection with 20% (v/v) piperidine in DMF (2 x 10 mL with 5 min each time). As a
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final step, the resin was washed again (5 x 10 mL) with DMF to remove piperidine
residuals and finish the cycle. After completing all monomer couplings, the resin was
washed sequentially with DMF (5 x 10 mL) and DCM (5 x 10 mL) and then dried under

reduced pressure before peptide cleavage.

A2.4.4 Peptide cleavage

Peptide cleavages from the resin and all side-chain deprotections were
performed simultaneously with 2.5% (v/v) 1,2-ethanedithiol (EDT), 2.5% (v/v) water, and
1% (v/v) triisopropylsilane in neat TFA for 2.0 h at room temperature. Five mL of
cleavage cocktail was used for 0.1 mmol peptides. The resulting cleaved solution was
washed with dry ice-cold diethyl ether and followed by centrifugation at 4000 rpm for
3 min to precipitate the crude peptides. The obtained solids were briefly dried and

dissolved in water/acetonitrile (50:50, v/v) before freezing and lyophilization.

A2.4.5 Peptide purification

Peptides with crude purity >85% were purified using a Biotage Selekt® flash
purification system and peptides with crude purity <85% were purified using reverse-
phase high-performance liquid chromatography (HPLC). 1) Reverse-Phase HPLC.
Crude peptides with purity below 85% were dissolved in water with 0.1% TFA and then
purified by semipreparative reverse-phase HPLC using an Agilent 1260 HPLC system
(Agilent Zorbax SB-C3 column: 9.4 x 250 mm, 5 um; or Agilent Zorbax SB-C18 column:
9.4 x 250 mm, 5 um). The gradient used was 10 to 61% acetonitrile over 60 min with a

4.0 mL/min flow rate. HPLC fractions were analyzed by LC-MS and pure fractions were
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combined and lyophilized. 2) Flash chromatography purification. Synthetic peptides with
the estimated LC-MS crude purity above 85% were purified with a Biotage

Selekt® instrument using Biotage Sfar C18 D column (Duo 100 A 30 ym, 12 g) under a
5-60% acetonitrile gradient over 12 column volumes, and the flow rate was set to

12 mL/min. Fractions were collected based on absorbance at 214 nm and then

subjected to LC-MS analysis before combining the pure fractions and lyophilization.

A2.4.6 Analytical high-performance liquid chromatography (HPLC)

Analytical HPLC was performed on an Agilent 1200 series system with UV
detection at 280 nm. The column used was Phenomenex Kinetex (100 x 2.1 mm,
2.6 ym, 100 A silica) with a flow rate of 0.375 mL/min. Solvents used are acetonitrile
with 0.08% TFA additive (solvent B) and water with 0.1% TFA additive (solvent A). A
linear gradient: 2 min hold 2% B, 2-32% B gradient from 2 to 17 min, 32—-65% B
gradient from 17 to 17.5 min, hold 65% B from 17.5 to 19 min. A final 6 min hold was
performed with 2% B. The total method time was 25 min. HPLC purities were

determined by manual integration of all signals in the area of 2—13 min.

A2.4.7 LC-MS analysis

Crude synthetic peptides or peptide fractions from the purification steps were
analyzed by LC-MS (Agilent 6545 or 6550 ESI Q-TOF) using an Agilent Zorbax 300SB-
C3 or Phenomenex Luna C18 column. Total ion chromatograms and integrated MS
over the main peak are provided in the supplementary information.

Condition 1
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Analysis was performed on an Agilent 1290 Infinity HPLC coupled to an Agilent
6545 ESI Q-TOF mass spectrometer. MS was run in positive ionization mode, extended
dynamic range (2 GHz), and standard mass range (m/z in the range of 300-3000
a.m.u.). The solvent mixtures used for LC-MS chromatography were: A =water + 0.1%
formic acid (LC-MS grade), B = acetonitrile + 0.1% formic acid (LC-MS grade). The
following conditions were used for peptide analysis. Column: Zorbax 300-SB C3 (5 um,
150 x 2.1 mm, 300 A silica); Flow Rate: 0.8 mL/min; Gradient: 1% B 0—2 min, linearly
ramp from 1% B t0 61% B 2 to 11 min, 61% B to 95% B 11 to 12 min. Post time is 1% B
for 3 min. MS data were acquired from 4 to 11 min.
Condition 2

Analysis was performed on an Agilent 1290 Infinity HPLC coupled to an Agilent
6550 Q-TOF with Dual Jet Stream ESI ionization and iFunnel. MS was run in positive
ionization mode, extended dynamic range (2 GHz), and low mass range (m/z in the
range of 100-1700 a.m.u.). The solvent mixtures used were as above. Column:
Phenomenex Luna C18 (3 ym, 150 x 1 mm, 100 A silica); Flow Rate: 0.5 mL/min;
Gradient: 1% B 0-2 min, linearly ramp from 1% B to 61% B 2 to 14 min, 61% B. Post

time is 1% B for 3 min. MS data were acquired from 4 to 14 min.

A2.4.8 Split-and-pool synthesis of peptide libraries

Split-and-pool synthesis was carried out on a 30 um TentaGel resin
(0.26 mmol/g) for a 108-member library. Each coupling step was carried out as follows:
solutions of Fmoc-protected amino acids, HATU (0.38 M in DMF; 0.9 eq. relative to an

amino acid), and DIEA (1.1 eq. for histidine; 3 eq. for all other amino acids) were each
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added to individual portions of resin. Couplings were allowed to proceed for 20 min, and
resin portions were recombined and washed with DMF for deprotection. Fmoc removal
step was carried out by treatment of the resin with 20% piperidine in DMF (1 x flow
wash; 2 x 5 min batch treatments). The resin was washed again with DMF before
splitting. For the canonical library preparation, splitting was performed by suspending
the resin in DMF and evenly dividing among 18 plastic fritted syringes on a manifold (18
canonical amino acids except for isoleucine and cysteine). For the noncanonical library
preparation, 21 plastic fritted syringes were used (4 canonical amino acids and 17 non-
proteogenic amino acids). The cycle was then continued with the next coupling until the

completion of all random positions.

A2.4.9 Affinity selection from both canonical and noncanonical libraries

HEK293 cell-expressed biotinylated ACE2 was obtained from AcroBiosystems
(Catalog: AC2-H82E6). ACE2 protein was immobilized onto streptavidin-coated
magnetic beads (Thermo Fisher, Catalog number 65001) in the presence of 10% FBS
in 1 x PBS on a rotating mixer for 30 min at 4 °C. Subsequently, functionalized beads
were washed with 1 x PBS (3 x 1 mL) and then incubated with peptide library (typically,
the concentration was at 10—20 pM/member and the reaction volume was 1.0 mL
1 x PBS containing 10% FBS) on a rotating mixer for 1.0 h at 4 °C. The beads were then
washed with PBS (3 x 1 mL) on a magnetic separation rack. Bound peptides were
eluted with 200 pL of 6 M guanidine hydrochloride, 200 mM phosphate, pH 6.8. Elution
volume was concentrated using C18 ZipTip® pipette tips. After lyophilization, powders

were resuspended in water (0.1% formic acid) and submitted for nLC-MS/MS analysis.
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A2.4.10 Nano LC-MS/MS (nLC-MS/MS) sequencing

Peptide sequence analysis was performed on an EASY-nLC 1200 (Thermo
Fisher Scientific) nano-liquid chromatography handling system with an Orbitrap Fusion
Lumos Tribrid Mass Spectrometer (Thermo Fisher Scientific) as previously described43.
Samples prepared from the library selection steps were run on a PepMap RSLC C18
column (2 uym particle size, 15 cm x 50 um ID; Thermo Fisher Scientific, P/N ES801). A
nanoViper Trap Column (C18, 3 um particle size, 100 A pore size, 20 mm x 75 ym ID;
Thermo Fisher Scientific, P/N 164946) was used for desalting. The standard nano-LC
method was run at 40 °C and a flow rate of 300 nL/min with the following gradient: 1%
solvent B in solvent A ramping linearly to 61% B in A over 60 or 90 min, where solvent
A =water (0.1% FA), and solvent B = 80% acetonitrile, 20% water (0.1% FA). Positive
ion spray voltage was set to 2200 V. Orbitrap detection 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 108, maximum injection time = 100 ms; 1
microscan. Secondary MS spectra acquisition was done in a data-dependent manner:
dynamic exclusion was employed such that a precursor was excluded for 30 s if it was
detected four or more times within 30 s (mass tolerance: 10.00 ppm); monoisotopic
precursor selection used to select for peptides; intensity threshold was set to 5 x 104
charge states 2—10 were selected; and precursor selection range was set to 200—
1400 m/z. The top 15 most intense precursors that met the preceding criteria were
subjected to subsequent fragmentation. Three fragmentation modes collision-induced

dissociation (CID), higher-energy collisional dissociation (HCD), and electron-
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transfer/higher-energy collisional dissociation (EThcD) were used for the acquisition of
secondary MS spectra. Only precursors with charge states 3 and above were subjected
to all three fragmentation modes; precursors with charge states of 2 were subjected to
CID and HCD only. For all three modes, the detection 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). For CID and HCD, a
collision energy of 30 and 25% was used, respectively. For EthcD, a supplemental

activation collision energy of 25% was used.

A2.4.11 Bio-layer interferometry

Peptide binding validation was carried out using the ForteBio Octet RED96
system. The chamber temperature was kept constant at 30 °C with a plate agitation
speed at 1000 rpm. Briefly, streptavidin (SA)-coated biosensor tips were dipped into
200 pL of 1.0-2.0 uM biotinylated peptide solution (in a kinetic buffer (K.B.): 1 x PBS
with 0.1% BSA and 0.02% Tween-20) for peptides immobilization. Once loaded with
peptides, the tips were then moved into solutions containing various concentrations
(1000, 500, 250, 125, and 62.5 nM) of recombinant ACE2 protein (purchased from Sino
Biological, Catalog number 10108-HO08H) in the K.B. to obtain the association curve.
After the 180 s association step, the tips were moved back into the K.B. to obtain the
dissociation curve. Buffer-only and protein-only conditions (concentration at 1000 nM)
were used as references for background subtraction. The association and dissociation

curves were fitted with the ForteBio Biosystems Data Analysis Software under 5
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experimental conditions (n =5, global fitting algorithm, binding model 1:1) to calculate

the apparent dissociation constant (Kp).

A2.4.12 Serum stability study

Following our previous protocol,®? the normal human serum (NHS) (Sigma
Catalog number H4522) was thawed, centrifuged at 14,000 rpm for 10 min and the
supernatant was pre-warmed in a 37 °C water bath. 500 uL of tested peptides were
placed in a 1.7 mL Eppendorf tube. Five hundred pL of either 10% NHS (diluted in
1 x PBS) or 1 x PBS for the control, was added into the tube (5% NHS after dilution),
and immediately the tubes were vortexed. Assay tubes were placed at 37 °C water bath
for 3.0 h, and 200 uL were transferred to a fresh microfuge tube with 40 pL of 15%
trichloroacetic acid (TCA). Tubes were then placed on ice for 15 min and centrifuged at
14,000 rpm for 10 min. Supernatant from each tube was collected and subjected to LC-

MS analysis.

A2.4.13 ACE2 pulldown from human serum

Following a previous protocol,** streptavidin-coated magnetic beads (100 yL, at
10 mg/mL) were pre-washed with blocking buffer (1 x PBS with 0.05% Tween-20, pH
7.4) and captured on a magnetic separation rack. The beads were then re-suspended in
1.0 mL of the same blocking buffer. Biotinylated ABP N1 peptide (25 pL, 0.1 mM) was
then added to the beads. After 30 min of incubation at 4 °C, the supernatant was
removed and the beads were washed with 1 x PBS (3 x 1.0 mL) before incubation with

the protein mixture. Soluble ACE2 (5 pL, 0.62 mg/mL) was mixed with 50 yL normal
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human serum in 1 x PBS (pH 7.4) to a final volume of 1.0 mL. The magnetic beads
displaying immobilized ABP N1 were then added into the protein complex. After 1.0 h
incubation at 4 °C with gentle rotation, the supernatant was removed and the beads
were washed with 1 x PBS (3 x 1.0 mL) and captured on a magnetic separation rack.
The captured protein was eluted with 20 uL of 6 M urea solution, followed by SDS-
PAGE gel analysis. A precast polyacrylamide gel, Bolt™ Bis-Tris Plus gel (Invitrogen,
Catalog number NW04120BOX), was used for an optimal separation under denaturing
conditions with a running voltage of 165 V for 36 min. The SeeBlue™ Plus2 pre-stained
protein standard (Thermo Fisher, Catalog number LC5925) was used as the molecular
weight reference, and Bolt™ LDS Sample Buffer (Thermo Fisher, Catalog number

B0007) was used to prepare and load the protein samples.

A2.4.14 Enzyme-linked immunosorbent assay (ELISA)

A serial dilution of soluble ACE2 was coated onto an ELISA plate (96-well format)
overnight at 4 °C. The next day, the plate was blocked with 5% BSA in 1 x PBS
supplement with 0.05% Tween-20 (PBST, pH 7.4) for 2—3 h at room temperature. After
a brief wash, 100 uL solution of biotinylated peptide ABP N1 (100 nM in PBST) was
added to the wells and incubated for 1.0 h at room temperature. Control groups are
biotinylated peptide ABP N8 and PBST alone. The supernatant was then removed, and
the wells were washed with PBST (3x 200 uL). Streptavidin-HRP conjugate in PBST
(0.25 pg/mL, 100 yL) was added to each well and incubated for 30 min at room
temperature. The plate was PBST-washed again (3 x 200 uL) before color development

with 100 yL 1-Step™ Ultra TMB-ELISA Substrate Solution (Thermo Fisher, Catalog
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number 34028). After 10 min, the reaction was quenched with 2.0 M sulfuric acid

(100 pL). Finally, the absorbance at 450 nm was measured on a microplate reader
(BioTek) for all treated wells. The same procedure was repeated when the ELISA plate
was coated with a mixture of ACE2 and normal human serum. Three replicates were

used throughout.
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A2.5 Appendix I: Library selection using AS-MS

A2.5.1 Summary of the discovered hits

From BLI: 3 of 5 binders synthetized were true

binders
Noncanonical L-library (Library 2) -
2 x 108, X12K From AS-MS: 48 EIC selective binders,

6 obscured by MS baseline,
2 nonspecific binders

From BLI: 7 of 9 binders synthetized were true
Canonical L-library (Library 1) ~ binders

2 x 108, X12K From AS-MS: 60 EIC selective binders,
2 nonspecific binders

Table A2.1. The summary of identified canonical and noncanonical library
selection hits.
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Name Sequence ALC m/z z RT, min Calc Mass, Da  Error, ppm EIC Specific?
ABPC1 LFRGYFAAMNNLK 99 515.2775 3 55.7 1542.8130 -1.6 Yes
ABPC8 LOWHPAYWFMQVK 99 578.2968 3 68.9 1731.8708 -1.3 Yes
LVKGDQYGWVWGK 99 512.2767 3 49.7 1533.8093 -0.7 Yes
LVKSLNSYFFVEFK 99 530.9725 3 67.4 1589.8970 -0.9 Yes
VPKNFSWNLWRPK 99 418.4868 4 49.6 1669.9204 -1.3 Yes
WTYDLFSMNFGRK 99 555.2733 3 68.2 1662.7976 0.2 Yes
YNKGPFKNGHLFK 99 387.9659 4 24.6 1547.8362 -1.2 Yes
ABPC9 LOWMNKYTNYGLK 98 553.2873 3 50.4 1656.8447 -2.8 Yes
LWTVHWFQTYTPK 98 569.2995 3 63.0 1704.8777 -0.6 Yes
NPWWPLPYHGMYK 98 563.2769 3 64.1 1686.8130 -2.4 Yes
YNVGLYTSMEKYK 98 532.2693 3 46.5 1593.7861 -0.1 Yes
ABPC4 LKVKYMWDYLFGK 98 563.9764 3 67.6 1688.9111 -2.2 Yes
LNTTRSVLWYWPK 96 554.9756 3 70.3 1661.9043 0.4 Yes
ABPC6 LOKFLGERFPGWK 96 535.6412 3 72.5 1603.8987 2.0 Yes
LHFSRQWQWNVRK 95 446.7453 4 33.4 1782.9543 -1.3 Yes
ABPC7 LORGVFGFPYRVK 95 392.2314 4 42.8 1564.8989 -1.4 Yes
LTFANHTTQVRPK 95 378.7159 4 25.0 1510.8369 -1.2 Yes
THVVAHARDAYRK 95 381.4610 4 27.3 1521.8276 -8.5 Yes
VORQPPNYWNGFK 95 544.9509 3 40.8 1631.8320 -0.8 Yes
VTYYGSGPQWFWK 95 809.3956 2 68.0 1616.7776 -0.6 Yes
ABPC2 LHFAKWNHVWSWK 94 435.2328 4 49.0 1736.9053 -1.7 Yes
NKFKNWNTWVGGK 94 526.6152 3 56.6 1576.8262 -1.5 Yes
ABPC3 LHKQFGWHWFGFK 94 429.9771 4 49.8 1715.8838 -2.7 Yes
LPFHSAYWYHMEK 93 427.7078 4 45.5 1706.8027 -0.5 Yes
ABPC5 LOAKPVPQFWPFK 93 528.9722 3 59.7 1583.8977 -1.8 Yes
LOQRASLYFPWKVK 93 409.4927 4 48.4 1633.9456 -2.3 Yes
LAFHNKPEWYWPK 92 429.4764 4 48.3 1713.8779 -0.9 Yes
LRFQQVSFYPWRK 92 439.2460 4 51.8 1752.9575 -1.5 Yes
LELSTNWVWNPYK 91 550.2910 3 47.8 1647.8408 6.3 Yes
TRALSNFDFFRPK 91 400.2198 4 46.8 1596.8525 -1.5 Yes
VOWNMLGFYNPWK 91 561.2819 3 62.9 1680.8235 0.3 Yes
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KALTVRLMFYVWK
LOFWNGPVHEEHK
LOQYKPAQMLNWPK
LVKWTYTLNMDQK
LVYAWGSRDYPWK
YAYQDDLWGVFPK
DNRGPDVSYYKWK
LORTMLLWTRPFK
VOWHSYPNYLQYK
QLFSWWTTQYAYK
VKKYLLLNANYPK
KANNRFKNFYERK
TTRHTARVHWVFK
LAFQHGSTAPSWK
LHFMNWAMNRGGK
WFRLNWATNFSRK
WHLSTAPSFNPWK
LANFGEQNEWFWK
KWAQDYYQNMAWK
VSNRPPYFWTRFK
WNVDPYYFMQAWK
GRFRWHANDHHTK
LHQYNHKRPWGWK
LOQFEKKMQQHHDK
LVEFEYRWRMFVK
LDFKQMSGWLHSK
WHRAVVSDLLFEK
WLNNYPWWWSTPK
KNELVGYGWVWGK
WNVGVYHKWFRVK
FWWSNPYLRQGDK

Table A2.2. All AS-MS discovered canonical L-peptides from Library 1.

90
90
90
90
90
90
89
89
89
88
88
86
86
84
84
84
84
84
83
83
83
82
82
82
82
81
81
80
74
96
87

418.2440
540.6081
539.2975
546.9651
820.4226
800.8931
407.4561
422.9993
575.6227
860.9265
521.6507
571.9835
410.2341
476.9171
520.9266
431.9831
523.9368
556.6021
582.9432
424.9823
582.9409
554.2863
437.9839
571.2938
451.2451
394.7071
533.6312
592.9593
512.2767
430.2407
565.9498

AW W WHE PWPEWWPERWWWREWWPERWWNWBEPRENNWWWH

w

49.9
56.6
51.6
64.4
77.1
76.4
37.7
49.0
51.1
77.9
38.0
61.1
40.9
39.2
42.1
56.5
57.1
71.3
65.3
43.9
65.5
46.5
60.1
55.7
55.9
46.2
53.3
62.9
49.8
43.2
65.1

1668.9539
1618.8005
1614.8704
1637.8599
1638.8306
1599.7722
1625.7949
1687.9707
1723.8472
1719.8408
1561.9343
1712.9224
1636.9062
1427.7310
1559.7603
1723.9060
1568.7888
1666.7893
1745.7983
1695.8997
1745.8025
1659.8242
1747.9172
1710.8623
1800.9497
1574.8027
1597.8728
1775.8572
1533.8093
1716.9365
1694.8318

-4.2
1.2
0.3
8.4
0.1

-0.4
0.1

-1.6

-0.4

-1.4

-2.6
3.7
0.6

-0.9

-1.4

-1.7

-0.2

-2.9
5.4
0.3

-1.0
7.8

-6.1

-1.6
1.0

-2.3

-0.7

-0.6

-0.7

-1.7

-2.4

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
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Figure A2.6. Graphical representation of sequence alignment from AS-MS with
Library 1. Weblogo plot of the binders discovered via AS-MS against ACE2 from the
canonical L-library (2 x 108 members, X12K) demonstrating the presence of a modest
N-terminal motif of ‘(L/V)(Q/N)'.
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Name Peptide sequence, 3 letter code ALC (%) m/z z RT, min Calc Mass, Da Error, ppm EIC Selectivity
Cpa Tha 4Py Aad Cha Cpa Gly bAla hArg lle Cpa bAla Lys 87 520.6335 3 40.9 1558.8801 -0.8 Yes
Cpa Tha 4Py Cpa lle O Msn D-Pro Cpa bAla lle Tha Lys 99 536.2723 3 39.7 1605.7976 -15 Yes
Cpa GIn Dff Orn bAla Aad Cha D-Pro GIn Dff Gly Cpa Lys 96 542.6180 3 58.0 1624.8384 -3.7 Yes
Aad Tha lle Amb Amb Cpa Tha Gly 4Af Cha bSer bAla Lys 98 544.5994 3 62.2 1630.7786 -1.4 Yes
ABPN4 Cpa Tha Cpa Gly D-Pro D-Pro Hyp Dff Dmf Tha bAla Amb Lys 99 545.5731 3 60.1 1633.7017 -2.6 Yes
Ile Tha lle bAla Dmf Gly Tha bSer hArg lle Dff  bAla Lys 84 551.9450 3 54.2 1652.8130 0.1 Yes
Cpa GIn Gly 4Py Cpa Tha D-Pro Cha Asp hArg Cpa Cha Lys 95 552.3120 3 59.3 1653.9172 -1.9 Yes
Cha Tha Gly Php D-Pro bSer lle bAla hArg Gly 4Af Php Lys 84 552.6462 3 73.0 1654.9170 -0.1 Yes
Cpa GIn Dff bSer Gly Tha Orn |lle Dmf GIn  Gly 4Af Lys 99 554.6065 3 38.6 1660.7993 -1.0 Yes
Cpa Cpa Tha 4Py Asp D-Pro Msn Gly Hyp lle Dff  Php Lys 87 555.5832 3 53.7 1663.7334 -3.4 Yes
Cpa Tha Dff Aad Gly Tha bAla Gly Amb Dff hArg 4Py Lys 85 559.5663 3 51.7 1675.6797 -1.6 Yes
Cpa Tha Dff Hyp Cpa Orn Dff Dff bAla Cpa bAla Amb Lys 97 562.2561 3 65.3 1683.7488 -1.4 Yes
Hyp 4Af  Msn lle D-Pro Amb Amb Amb Amb Php bSer bAla Lys 97 562.6097 3 59.7 1684.8110 -2.3 Yes
ABPN5 Cpa Tha Dff Gly GIn D-Pro Msn Cha GIn Tha bAla Tha Lys 99 567.2306 3 63.7 1698.6736 -2.1 Yes
Php Omn Gly Cpa Tha D-Pro lle Omn Tha Asp Php Tha Lys 80 568.6047 3 56.5 1702.7930 -0.5 Yes
Cpa Tha Dff Aad Cpa Hyp Gly bAla Hyp Dff hArg Tha Lys 90 570.5817 3 52.1 1708.7258 -1.6 Yes
Cpa GIn 4Py Msn Cha bSer Php bSer lle bSer 4Af  D-Pro Lys 84 5713110 3 44.4 1710.9165 -3.2 Yes
Cpa Tha Dmf bSer bSer Ile lle bSer Asp Cha Orn Dff Lys 99 571.6335 3 70.5 1711.8816 -1.7 Yes
Ile Dff D-Pro Asp Aad Amb Dff Gly Gly Amb hArg Php Lys 98 573.2747 3 64.3 1716.8074 -3.0 Yes
ABPN1 Cpa Tha Dff Orn GIn  Orn bSer Tha Cha Msn Gly 4Af Lys 99 435.9548 4 28.7 1739.7905 -0.3 Yes
Cpa Gln Dff bAla Gly 1lle 4Py Dmf Dmf Cpa Dff Cpa Lys 82 581.6208 3 58.3  1741.8486 -4.5 Yes
Cha Dff bAla lle Aad Asp 4Py Gly Php Cha |lle Msn  Lys 92 582.6428 3 80.2 1744.9070 -0.2 Yes
Asp D-Pro Msn 4Af Amb Amb Amb Dff lle Gly GIn  Php Lys 98 584.2676 3 66.0 1749.7825 -0.9 Yes
Php 4Py Amb Msn bSer Cha Aad Asp Aad Msn Gly Amb Lys 83 584.5899 3 58.3 1750.7581 -5.8 Yes
Php Gly D-Pro 4Af Tha GIn Dff Cha GIn lle Gly Php Lys 80 584.9670 3 76.6 1751.8818 -1.6 Yes
Cpa Tha lle Amb Tha lle Gly Dff bAla Dmf GIn Dff Lys 98 585.2582 3 83.6 1752.7563 -2.1 Yes
Cpa Tha 4Py Orn hArg Asp Php Gly Asp Amb Cha Cha Lys 84 586.3202 3 47.9 1755.9280 6.1 Yes
Cpa Tha Dff GIn Cpa Orn lle bSer Amb 4Af Orn Php Lys 86 440.2345 4 46.3 1756.9084 0.3 Yes
lle Tha lle lle D-Pro Amb D-Pro Dff  bSer Dmf Orn Php Lys 90 586.9777 3 76.8 1757.9177 -3.7 Yes
ABPN6 Cpa Orn Dff M™Msn Hyp Tha D-Pro GIn Dff Cha Cha bAla Lys 99 590.6218 3 73.1 1768.8450 -0.8 Yes
ABPN8 Cpa Tha hArg Dpro Gly bAla Php Asp Cha Msn Dff Msn Lys 98 590.9379 3 60.7 1769.7900 1.1 Yes
Cpa Aad Dff Dff Amb Gly Dff Hyp GIn hArg Gly Dff Lys 95 597.5940 3 65.2 1789.7646 -2.5 Yes
Asp  Msn Gly Msn Amb Dmf bSer D-Pro 4Af Amb Php Amb Lys 94 599.9252 3 55.5 1796.7578 -2.2 Yes
4Af Tha Cpa Amb Dff Amb Cpa D-Pro Dmf Amb 4Py D-Pro Lys 82 605.9469 3 62.4 1814.8240 -2.8 Yes
Tha Dff hArg Amb D-Pro Tha Asp Msn Php bAla Php Gly Lys 99 606.5896 3 57.1 1816.7485 -0.9 Yes
Amb 4Py Asp Tha Aad Amb Dff Msn D-Pro bAla Php 4Py Lys 86 456.1885 4 44.6 1820.7288 -2.0 Yes
Ile Tha Dff Gly bAla Amb 4Af Tha Dff bSer Dmf Msn Lys 99 609.9074 3 63.2 1826.7026 -1.2 Yes
Php Aad Aad Tha 4Af lle Gly GIn  Php Msn Asp Amb Lys 92 916.4117 2 68.2 1830.8108 -1.0 Yes
lle Tha bhArg bAla Amb Cha hArg Gly Dff Dmf Amb Tha Lys 99 461.9810 4 58.5 1843.8977 -1.6 Yes
Cpa Tha Tha Msn lle Gly bAla Dmf GIn hArg Dmf Php Lys 81 623.6255 3 54.6 1867.8569 -1.2 Yes
Cpa Tha Tha Msn lle GIn  Dmf bAla Gly hArg Dmf Php Lys 81 623.6255 3 54.7 1867.8569 -1.2 Yes
Cha Tha Amb D-Pro Hyp Tha Tha Php Asp 4Py Dff Php Lys 97 630.9304 3 74.6 1889.7688 0.2 Yes
Dmf Tha hArg Php Aad hArg bAla lle 4Af  4Af  Msn  Gly  Lys 99 381.9974 5 28.7 1904.9541 -1.9 Yes
Cha Tha Dff bAla Msn Hyp Tha 4Af Dff Msn bSer hArg Lys 97 479.9479 4 51.6 1915.7649 -1.2 Yes
Tha Tha hArg bAla Dmf Php Hyp Php Dff Ille Gly Php Lys 99 643.9741 3 72.3 1928.9067 -3.2 Yes
Cha Tha Amb hArg Dff Gly Tha hArg Php Amb Amb hArg Lys 99 389.5978 5 50.4 1942.9563 -1.9 Yes
Cpa Tha Dff M™Msn Tha Ormn Dff GIn  hArg Amb Amb Php Lys 99 490.7114 4 58.2 1958.8191 -1.3 Yes
Php bAla Dff Amb Msn Tha Aad Amb Dmf Asp Dmf Amb Lys 83 659.2672 3 69.7 1974.7805 -0.4 Yes
4Py Tha Cpa Gly D-Pro bAla Php Orn Cpa Amb D-Pro Tha Lys 88 516.2507 3 52.4 1545.7371 -4.4 Obscured in baseline
Php Gly bAla Hyp Dff bAla Amb Amb 4Py Orn Amb Php Lys 88 419.9605 4 47.6 1675.8149 -1.1 Obscured in baseline
Cpa 4Py hArg 4Af Aad 4Py Cpa Cpa 4Af 4Af Asp Amb Lys 86 439.4809 4 48.7 1753.9048 -5.9 Obscured in baseline
lle 4Af  Aad Aad Amb Dff Amb Amb Php Gly bSer Amb Lys 99 589.9507 3 63.6 1766.8306 -0.1 Obscured in baseline
Tha Tha Cpa Cha bAla 4Py Cha Dmf Gly Dff Php D-Pro Lys 97 607.9648 3 88.3 1820.8740 -0.7 Obscured in baseline
Aad Tha Dff bAla Dmf Cpa Asp Php D-Pro 4Af lle Tha Lys 89 615.2768 3 70.5 1842.8069 0.9 Obscured in baseline
Cpa GIin Dff Om lle Amb Gly Amb Gly Cha lle hArg Lys 96 403.7390 4 56.6 1610.9258 0.7 No
Cpa Tha 4Py Hyp Orn 4Af Dmf Dmf Cha Cpa bAla lle Lys 80 604.3242 3 47.2 1809.9634 -7.0 No

Table A2.3. All AS-MS discovered noncanonical-L peptides from Library 2.
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Figure A2.7. Graphical representation of sequence alignment from AS-MS with
Library 2. Weblogo plot of the binders discovered via AS-MS against ACE2 from the
noncanonical library (2 x 108 members, X12K) demonstrating the presence of a modest
N-terminal motif of ‘(C/I)(T/Q)U’. The amino acid single letter code correspondence: Gly-
G; bAla-A; Amb-B; lle-I; CpaC; Cha-E; D-Pro-P; Hyp-H; GIn-Q; bSer-S; Msn-M; Tha-T;
4Py-Y; 4AF-F; Asp-D; Aad-J; Orn-O; hAr-R; Dff-U; Dmf-L; Php-N; Lys-K.
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A2.5.2 Extracted ion counts of representative peptides

ACE2-1 ACE2-2 ACE2-3
600000 600000
500000 500000 500000
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0 0 0
26 28 30 32 34 36 26 28 30 32 34 36 28 30 32 34 36
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00
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Figure A2.8. Extracted ion count (EIC) of ABP N1. ABP N1 was sequenced with an
ALC of 99 from the observed 435.955 m/z, z = 4 ion, and retention time of 29 minutes
for a calculated parent mass of 1739.791, meaning the observed error was -0.3 ppm.

An EIC was performed from 435.95 - 435.96 m/z and demonstrates that ABP N1
showed ACE2 specificity in the library selection.

ACE2-1 ACE2-2 ACE2-3

RBD-1 RBD-2 RBD-3

200000

100000 100000 100000

1 3 : 7 59 61 3 65 € 7 59 61

Figure A2.9. EIC of ABP N4. ABP N4 was sequenced with an ALC of 99 from the
observed 545.574 m/z, z = 3 ion, and retention time of 60 minutes for a calculated
parent mass of 1633.7017, meaning the observed error was -1.9 ppm. An EIC was
performed from 545.57 - 545.58 m/z and demonstrates that ABP N4 showed ACE2
specificity in the library selection.
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ACE2-1 ACE2-2 ACE2-3
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Figure A2.10. EIC of ABP N5. ABP N5 was sequenced with an ALC of 99 from the
observed 567.231 m/z, z = 3 ion, and retention time of 64 minutes for a calculated
parent mass of 1698.6740, meaning the observed error was -2.1 ppm. An EIC was
performed from 567.23 — 567.24 m/z and demonstrates that ABP N5 showed ACE2
specificity in the library selection.

ACE2-1 ACE2-2 ACE2-3
1000000 1000000 1000000
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Figure A2.11. EIC of ABP N6. ABP N6 was sequenced with an ALC of 99 from the
observed 590.622 m/z, z = 3 ion, and retention time of 73 minutes for a calculated
parent mass of 1768.845, meaning the observed error was -0.8 ppm. An EIC was
performed from 590.62 - 590.63 m/z and demonstrates that ABP N6 showed ACE?2
specificity in the library selection.
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Figure A2.12. EIC of ABP N8. ABP N8 was sequenced with an ALC of 98 from the
observed 590.9379 m/z, z = 3 ion, and retention time of 61 minutes for a calculated
parent mass of 1769.7900, meaning the observed error was 1.1 ppm. An EIC was

performed from 590.93 - 590.94 m/z and demonstrates that ABP N8 showed ACE?2
specificity in the library selection.
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Figure A2.13. EIC of ABP C1. ABP C1 was sequenced with an ALC of 99 from the
observed 515.2775 m/z, z = 3 ion, and retention time of 56 minutes for a calculated
parent mass of 1542.8130, meaning the observed error was -1.6 ppm. An EIC was
performed from 515.27 - 515.28 m/z and demonstrates that ABP C1 showed ACE2
specificity in the library selection.
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Figure A2.14. EIC of ABP C2. ABP C2 was sequenced with an ALC of 94 from the
observed 435.2328 m/z, z = 4 ion, and retention time of 49 minutes for a calculated
parent mass of 1736.9053, meaning the observed error was -1.7 ppm. An EIC was
performed from 435.23 - 435.24 m/z and demonstrates that ABP C2 showed ACE2
specificity in the library selection.
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Figure A2.15. EIC of ABP C3. ABP C3 was sequenced with an ALC of 94 from th

observed 429.9771 m/z, z = 4 ion, and retention time of 50 minutes for a calculated
parent mass of 1715.8838, meaning the observed error was -2.7 ppm. An EIC was
performed from 429.97 - 429.98 m/z and demonstrates that ABP C3 showed ACE2
specificity in the library selection.
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Figure A2.16. EIC of ABP C4. ABP C4 was sequenced with an ALC of 94 from th

observed 563.9764 m/z, z = 3 ion, and retention time of 68 minutes for a calculated
parent mass of 1688.9111, meaning the observed error was -2.2 ppm. An EIC was
performed from 563.97 - 563.98 m/z and demonstrates that ABP C4 showed ACE2
specificity in the library selection.
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Figure A2.17. EIC of ABP C5. ABP C5 was sequenced with an ALC of 93 from the
observed 528.9722 m/z, z = 3 ion, and retention time of 60 minutes for a calculated
parent mass of 1583.8977, meaning the observed error was -1.8 ppm. An EIC was
performed from 528.97 - 528.98 m/z and demonstrates that ABP C5 showed ACE2
specificity in the library selection.
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Figure A2.18. EIC of ABP C6. ABP C6 was sequenced with an ALC of 96 from the
observed 535.6412 m/z, z = 3 ion, and retention time of 73 minutes for a calculated
parent mass of 1603.8987, meaning the observed error was 2.0 ppm. An EIC was
performed from 535.64 - 535.65 m/z and demonstrates that ABP C6 showed ACE2
specificity in the library selection.
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Figure A2.19. EIC of ABP C7. ABP C7 was sequenced with an ALC of 95 from th

observed 392.2314 m/z, z = 4 ion, and retention time of 43 minutes for a calculated
parent mass of 1564.8989, meaning the observed error was -1.4 ppm. An EIC was
performed from 392.23 - 392.24 m/z and demonstrates that ABP C7 showed ACE2
specificity in the library selection.
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Figure A2.20. EIC of ABP C8. ABP C8 was sequenced with an ALC of 99 from the
observed 578.2968 m/z, z = 3 ion, and retention time of 69 minutes for a calculated
parent mass of 1731.8708, meaning the observed error was -1.3 ppm. An EIC was
performed from 578.29 - 578.30 m/z and demonstrates that ABP C8 showed ACE?2
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Figure A2.21. EIC of ABP C9. ABP C9 was sequenced with an ALC of 98 from the
observed 553.2873 m/z, z = 3 ion, and retention time of 50 minutes for a calculated
parent mass of 1656.8447, meaning the observed error was -1.3 ppm. An EIC was
performed from 553.28 - 553.29 m/z and demonstrates that ABP C9 showed ACE2
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Figure A2.22. EIC

chromatogram.
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of ‘4Py, Tha, Cpa, Gly, D-Pro, bAla,
Tha, Lys’ that was sequenced, identified by PEAKS, and filtered through the standard
library selection protocol. However, the EIC of this noncanonical peptide does not reveal
convincing or distinct peaks that match its observed retention time of 52 minutes for an
observed 516.2507 m/z and z = 3 ion. Thus, this noncanonical peptide serves as a
representative example considered to be ‘obscured’ in the baseline of the mass
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Figure A2.23. EIC of FWWSNPYLRQGDK that was sequenced, assigned in PEAKS,
and filtered through the standard library selection protocol. This peptide was sequenced
with an ALC of 87, observed as 565.9498 m/z, z = 3 at a retention time of 65 for a
calculated mass of 1694.8318 Da, meaning the observed error was -2.4 ppm. However,
the EIC of this peptide revealed that it nonspecifically binds to the anti-hemagglutinin
monoclonal antibody clone 12ca5 in similar abundance as it does to ACE2. Therefore,
this peptide is considered to be ‘nonspecific’.
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A2.6 Appendix Il: Raw LC-MS data

Note: After synthesis and purification, peptide purity was assessed under either

condition 1 or condition 2 specified in the Methods section. The total ion chromatograph

(T1C) was analyzed using software Agilent MassHunter Qualitative Analysis v10.0 and

the MS spectrum was extracted over the main product peaks.

A2.6.1 LC-MS traces of purified noncanonical peptides

A2.6.1.1 Biotin-ABP-N1

Observed: 2237.95 Da; Calculated: 2238.02 Da
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A2.6.1.2 Biotin-ABP-N4

Observed: 2131.88 Da; Calculated: 2131.93 Da
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A2.6.1.3 Biotin-ABP-N5

Observed: 2196.86 Da; Calculated: 2196.90 Da
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A2.6.1.4 Biotin-ABP-N6

Observed: 2267.03 Da; Calculated: 2267.07 Da
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A2.6.1.5 Biotin-ABP-N8

Observed: 2267.97 Da; Calculated: 2268.02 Da
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A2.6.

1.6 ABP-N4

Observed: 1633.68 Da; Calculated: 1633.70 Da
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A2.6.1.7 ABP-N6

Observed: 1768.97 Da; Calculated: 1768.80 Da
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A2.6.2 LC-MS traces of purified canonical peptides

A2.6.2.1 Biotin-ABP-C1

Observed: 2041.06 Da; Calculated: 2041.11 Da
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A2.6.2.2 Biotin-ABP-C2

Observed: 2235.15 Da; Calculated: 2235.19 Da
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A2.6.2.3 Biotin-ABP-C3

Observed: 2214.14 Da; Calculated: 2214.15 Da
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A2.6.2.4 Biotin-ABP-C4

Observed: 2187.15 Da; Calculated: 2187.17 Da
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A2.6.2.5 Biotin-ABP-C5

Observed: 2082.16 Da; Calculated: 2082.18 Da
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A2.6.2.6 Biotin-ABP-C6

Observed: 2102.14 Da; Calculated: 2102.16 Da
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A2.6.2.78 Biotin-ABP-C7

Observed: 2063.14 Da; Calculated: 2063.16 Da
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A2.6.2.8 Biotin-ABP-C8

Observed: 2230.11 Da; Calculated: 2230.13 Da
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A2.6.2.9 Biotin-ABP-C9

Observed: 2155.09 Da; Calculated: 2155.12 Da
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A2.6.2.10 ABP-C1

Observed: 1543.80 Calculated [M+H]: 1543.82
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A2.6.2.11 ABP-C2

Observed: 1737.89 Calculated [M+H]: 1737.91
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A2.6.2.12 ABP-C3

Observed: 1716.87 Calculated [M+H]: 1716.89

x108
5.5

54
451
44
3.54
34
2.54

+ESI TIC Scan Frag=175.0V C3-1t61-8min-ABP-C3.d
1 12

x106
4.25

3.75
35
3.25

2.75
25
225

1.75

15
1.25
0.75

05
0.25

02 04 06 08 1

12 14 16 18 2 22 24 26 28 _3 32 34 36 38
Counts vs. Acquisition Time (min)

4 42 44 46 48 5 52 54 56 58 6 62 64 6.6 68

+ESI Scan (3.875-4.007 min, 9 Scans) Frag=175.0V C3-1t61-8min-ABP-C3.d

430.2265
859.4415

573.2975

130.1584

1145;5817

1717.8700

200

400 600 800 1000

1200 1400

Counts

Y 1600 1800 2000
vs. Mass-to-Charge (m/z)

2200

2400

2600

2800

3000

305



A2.6.2.13 ABP-C4

Observed: 1689.92 Calculated [M+H]: 1689.92
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A2.6.2.14 ABP-C7

Observed: 1565.90 Calculated [M+H]: 1565.91
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A2.6.2.15 ABP-C8

Observed: 1732.87 Calculated [M+H]: 1732.88
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A2.6.2.16 Angll

Observed: 1044.57 Da; Calculated: 1044.54 Da
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A2.7 Analytical HPLC data

A2.7.1 HPLC trace of noncanonical peptides (biotinylated)
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A2.7.2 HPLC trace of noncanonical peptides (nonbiotinylated)
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A2.7.3 HPLC trace of canonical peptides (biotinylated)
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ABP C6, 90%
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A2.7.4 HPLC trace of canonical peptides (non-biotinylated)
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A2.8 Binding affinity measurements

A2.8.1 BLI raw binding data of noncanonical peptides
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Figure A2.24. The BLI binding curve fitting (red lines) of ABP N1, ABP N4 and
ABP N6 from Library 2 AS-MS against ACE2. The apparent binding affinity was
reported using the kinetic fitting results (KD is calculated by divide the off rate by on
rate). ABP N5 and ABP N8 showed no binding to ACE2. The ACE2 concentration
titration (n = 5) is: 1000, 500, 250, 125, and 62.5 nM from top to bottom lines.
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A2.8.2 BLI raw binding data of canonical peptides
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Figure A2.25. The BLI binding curve fitting (red lines) of ABP C1-C4 and ABP C7-
C9 from Library 1 AS-MS against ACE2. The apparent binding affinity was reported
using the kinetic fitting results (KD is calculated by divide the off rate by on rate). ABP
C5 and ABP C6 showed no binding to ACE2. The ACE2 concentration titration (n = 6)
is: 1000, 500, 250, 125, 62.5, and 31.3 nM from top to bottom lines.
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A2.8.3 The binding of scrambled ABP N1 peptides to ACE2
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Figure A2.26. A binding curve comparison of ABP N1 and its scrambled
sequences, Scrm N1.1 and Scrm N1.2, measured by BLI. The tested ACE2
concentration was 250 nM. No apparent binding was observed from neither scrambled

peptides.
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A2.8.4 The binding of ABP noncanonical peptides to an unrelated protein
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Figure A2.27. BLI of ABPs to control protein 12ca5. No apparent binding was
observed for ABP N1, N4, N5, N6, and N8 to an unrelated protein, 12ca5, measured by
BLI at concentration 500 nM.
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A2.9 Binding competition of SARS-CoV-2 RBD-ACE2 interaction
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Figure A2.28. ABP N1 does not interfere the binding of ACE2 and SARS-CoV-2
RBD. A binding competition assay was performed using BLI. RBD protein was
immobilized and dipped into either ACE2 or ACE2 mixed with RBD (the positive
control), or ACE2 mixed with ABP N1 peptide. As shown from above binding curves,
robust inhibition was observed by 5-fold (over ACE2) soluble RBD, but not by ABP N1
peptides at either 5-fold or 50-fold excess, indicating no direct inhibition from ABP N1 on
the ACE2 and SARS-CoV-2 RBD interaction.
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Figure A2.29. ABP N4 and N6 do not interfere the binding of ACE2 and SARS-
CoV-2 RBD. A binding competition assay was performed using BLI. RBD protein was
immobilized and dipped into either ACE2 (100 nM) or ACE2 mixed with RBD (the
positive control, at either 0 or 500 nM), or ACE2 mixed with ABP N4 or N6 peptide (500
or 5000 nM). As shown from above binding curves, robust inhibition was observed by 5-
fold (over ACE2) soluble RBD, but not by ABP N4 or N6 peptides at either 5-fold or 50-
fold excess, indicating no direct inhibition from ABP N4 or N6 on the ACE2 and SARS-
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CoV-2 RBD interaction. A1: 0 nM RBD; B1: 500 nM RBD; C1: 500 nM ABP N4; D1:
5000 nM ABP N4; E1: 500 nM ABP N6; F1: 5000 nM ABP NG6.
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Figure A2.30. ABP C1, C2, C3, and C4 do not interfere the binding of ACE2 and
SARS-CoV-2 RBD. A binding competition assay was performed using BLI. RBD protein
was immobilized and dipped into either ACE2 (100 nM) or ACE2 mixed with ABP C1,
C2, C3, or C4 peptides (at 500 or 5000 nM). As shown from above binding curves, no
obvious inhibition was observed by ABP C1, C2, C3, or C4 peptides at either 5-fold or
50-fold excess, indicating no direct inhibition on the ACE2 and SARS-CoV-2 RBD
interaction. A1: 500 nM ABP C1; B1: 5000 nM ABP C1; C1: 500 nM ABP C2; D1: 5000
nM ABP C2; E1: 500 nM ABP C3; F1: 5000 nM ABP C3; G1: 500 nM ABP C4; H1: 5000
nM ABP C4.
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Figure A2.31. ABP C7 and C8 do not interfere the binding of ACE2 and SARS-
CoV-2 RBD. A binding competition assay was performed using BLI. RBD protein was
immobilized and dipped into either ACE2 (100 nM) or ACE2 mixed with ABP C7 or C8
peptides (at 500 or 5000 nM). As shown from above binding curves, no obvious
inhibition was observed by ABP C7 or C8 peptides at either 5-fold or 50-fold excess,
indicating no direct inhibition on the ACE2 and SARS-CoV-2 RBD interaction. A1: 500
nM ABP C7; B1: 5000 nM ABP C7; C1: 500 nM ABP C8; D1: 5000 nM ABP C8.

A2.10 Binding competition of known ACE2 inhibitors to ABPs-ACE2
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Figure A2.32. The binding of ABP N1 is partially inhibited by ACE2 inhibitor MLN-
4760 and not inhibited by Angll. A binding competition assay was performed using
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BLI. Biotinylated peptide was immobilized dipped into either ACE2 (500 nM, “A” above
in blue) or ACE2 mixed with Angll in 10-fold excess (5 uM, “B” in red) or ACE2 mixed
with MLN-4760 in 10-fold excess (5 uM, “C” in cyan). A no protein control (0 nM ACE) is
shown in “D” in green to observed any nonspecific BSA binding to the immobilized
peptide. As shown from above binding curves, no obvious inhibition was observed by
the Angll peptide at 10- fold excess. However, MLN-4760 decreased the binding of
ACE2 by more than half, indicating that ABP N1 binding is inhibited. Immobilized: ABP
N1; A: 500 nM ACEZ2; B: 500 nM ACE2 + 5 uM Angll; C: 500 nM ACE2 + 5 uM MLN-
4760; D: 0 nM ACEZ2.
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Figure A2.33. The binding of ABP N4 is completely inhibited by ACE2 inhibitor
MLN-4760 and not inhibited by Angll. A binding competition assay was performed
using BLI. Biotinylated peptide was immobilized dipped into either ACE2 (500 nM, “E”
above in gold) or ACE2 mixed with Angll in 10-fold excess (5 uM, “F” in lavender) or
ACE2 mixed with MLN-4760 in 10-fold excess (5 uM, “G” in teal). A no protein control (0
nM ACE) is shown in “H” in orange to observed any nonspecific BSA binding to the
immobilized peptide. As shown from above binding curves, no obvious inhibition was
observed by the Angll peptide at 10- fold excess. However, MLN-4760 decreased the
binding of ACE2 completely, indicating that ABP N4 binding is inhibited. Immobilized:
ABP N4; E: 500 nM ACE2; F: 500 nM ACE2 + 5 uM Angll; G: 500 nM ACE2 + 5 uM
MLN-4760; H: 0 nM ACEZ2.
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Figure A2.34. The binding of ABP N6 is not inhibited by ACE2 inhibitor MLN-4760
or Angll. A binding competition assay was performed using BLI. Biotinylated peptide
was immobilized dipped into either ACE2 (500 nM, “I” above in aqua) or ACE2 mixed
with Angll in 10-fold excess (5 uM, “J” in dark green) or ACE2 mixed with MLN-4760 in
10-fold excess (5 uM, “K” in royal blue). A no protein control (0 nM ACE) is shown in “L”
in light green to observed any nonspecific BSA binding to the immobilized peptide. As
shown from above binding curves, no obvious inhibition was observed by the Angll
peptide or MLN4760 at 10-fold excess. Immobilized: ABP N6; I: 500 nM ACEZ2; J: 500
nM ACE2 + 5 uM Angll; K: 500 nM ACE2 + 5 uM MLN-4760; L: 0 nM ACE2.
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Figure A2.35. The binding of ABP C1 is not inhibited by ACE2 inhibitor MLN-4760
or Angll. A binding competition assay was performed using BLI. Biotinylated peptide
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was immobilized dipped into either ACE2 (500 nM, “M” above in purple) or ACE2 mixed
with Angll in 10-fold excess (5 uM, “N” in aqua) or ACE2 mixed with MLN-4760 in 10-
fold excess (5 uM, “O” in light yellow). A no protein control (0 nM ACE) is shown in “P”
in magenta to observed any nonspecific BSA binding to the immobilized peptide. As
shown from above binding curves, no obvious inhibition was observed by the Angll
peptide or MLN4760 at 10-fold excess. Immobilized: ABP C1; M: 500 nM ACE2; N: 500
nM ACE2 + 5 uM Angll; O: 500 nM ACE2 + 5 uM MLN-4760; P: 0 nM ACEZ2.
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Figure A2.36. The binding of ABP C2 is not inhibited by ACE2 inhibitor MLN-4760
or Angll. A binding competition assay was performed using BLI. Biotinylated peptide
was immobilized dipped into either ACE2 (500 nM, “Q” above in blue) or ACE2 mixed
with Angll in 10-fold excess (5 uM, “R” in brown) or ACE2 mixed with MLN-4760 in 10-
fold excess (5 uM, “S” in aqua). A no protein control (0 nM ACE) is shown in “T” in
green to observed any nonspecific BSA binding to the immobilized peptide. As shown
from above binding curves, no obvious inhibition was observed by the Angll peptide or
MLN-4760 at 10-fold excess. Immobilized: ABP C2; Q: 500 nM ACE2; R: 500 nM ACE2
+ 5 uM Angll; S: 500 nM ACE2 + 5 uM MLN-4760; T: 0 nM ACE2.
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Figure A2.37. The binding of ABP C3 is not inhibited by ACE2 inhibitor MLN-4760
or Angll. A binding competition assay was performed using BLI. Biotinylated peptide
was immobilized dipped into either ACE2 (500 nM, “U” above in green) or ACE2 mixed
with Angll in 10-fold excess (5 uM, “V” in light blue) or ACE2 mixed with MLN-4760 in
10-fold excess (5 uM, “W” in teal). A no protein control (0 nM ACE) is shown in “X” in
brown to observed any nonspecific BSA binding to the immobilized peptide. As shown
from above binding curves, no obvious inhibition was observed by the Angll peptide or
MLN-4760 at 10-fold excess. Immobilized: ABP C3; U: 500 nM ACEZ2; V: 500 nM ACE2
+ 5 uM Angll; W: 500 nM ACE2 + 5 uM MLN-4760; X: 0 nM ACE2.
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Figure A2.38. The binding of ABP C4 is not inhibited by ACE2 inhibitor MLN-4760
or Angll. A binding competition assay was performed using BLI. Biotinylated peptide
was immobilized dipped into either ACE2 (500 nM, “A2” above in cyan) or ACE2 mixed
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with Angll in 10-fold excess (5 uM, “B2” in gray) or ACE2 mixed with MLN-4760 in 10-
fold excess (5 uM, “C2” in blue). A no protein control (0 nM ACE) is shown in “D2” in
lime green to observed any nonspecific BSA binding to the immobilized peptide. As
shown from above binding curves, no obvious inhibition was observed by the Angll
peptide or MLN4760 at 10-fold excess. Immobilized: ABP C4; A2: 500 nM ACE2; B2:
500 nM ACE2 + 5 uM Angll; C2: 500 nM ACE2 + 5 uM MLN-4760; D2: 0 nM ACEZ2.
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Figure A2.39. The binding of ABP C7 is not inhibited by ACE2 inhibitor MLN-4760
or Angll. A binding competition assay was performed using BLI. Biotinylated peptide
was immobilized dipped into either ACE2 (500 nM, “E2” above in dark purple) or ACE2
mixed with Angll in 10-fold excess (5 uM, “F2” in cyan) or ACE2 mixed with MLN-4760
in 10-fold excess (5 uM, “G2” in lime green). A no protein control (0 nM ACE) is shown
in “H2” in purple to observed any nonspecific BSA binding to the immobilized peptide.
As shown from above binding curves, no obvious inhibition was observed by the Angll
peptide or MLN4760 at 10-fold excess. Immobilized: ABP C7; E2: 500 nM ACE2; F2:
500 nM ACE2 + 5 uM Angll; G2: 500 nM ACE2 + 5 uM MLN-4760; H2: 0 nM ACE2.
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Figure A2.40. The binding of ABP C8 is partially inhibited by ACE2 inhibitor MLN-
4760 and not inhibited by Angll. A binding competition assay was performed using
BLI. Biotinylated peptide was immobilized dipped into either ACE2 (500 nM, “E2” above
in dark blue) or ACE2 mixed with Angll in 10-fold excess (5 uM, “F2” in red) or ACE2
mixed with MLN-4760 in 10-fold excess (5 uM, “G2” in green). A no protein control (0
nM ACE) is shown in “H2” in purple to observed any nonspecific BSA binding to the
immobilized peptide. As shown from above binding curves, no obvious inhibition was
observed by the Angll peptide at 10-fold excess. However, MLN-4760 decreased the
binding of ACE2 by less than half, indicating that ABP C8 binding is inhibited.
Immobilized: ABP C8; E2: 500 nM ACEZ2; F2: 500 nM ACE2 + 5 uM Angll; G2: 500 nM
ACE2 + 5 uM MLN-4760; H2: 0 nM ACE2.
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