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Abstract

Chemical protein synthesis provides access to entire D-protein enantiomers, with unique utility
in applied research. Firstly, proteins may be crystallized from a racemic mixture of L- and D-
enantiomers, known as racemic protein crystallography, providing facile access to high
resolution X-ray structures. In this thesis, to understand how membrane-active bacteriocins
have acquired their antibacterial properties, an analysis based on racemic protein
crystallography (0.9-1.2 A) of two key representatives, aureocin a53 (AucA) and lacticin Q
(LngQ) was conducted. Through structural analysis and systematic residue substitutions,
conserved surface tryptophans appeared to play important roles in coordination of lipid
phosphate and were critical for antibacterial activity. Additional tryptophans in AucA were also
involved in forming an oligomeric assembly for stability enhancement. Collectively, racemic
protein crystallography shed light on the molecular interactions of tryptophans, demonstrating
how a bacteriocin delivers its antibacterial properties.

Secondly, D-enantiomers of protein drug targets can be used in mirror-image phage display
(MIPD), allowing discovery of non-proteolytic D-peptide ligands as lead candidates.
Development of a D-peptide capable of targeting tumor necrosis factor receptor | (TNFR1)
activation could be a beneficial solution in controlling inflammation caused by cytokine storm.
However, containing 144 residues and 12 disulfide bonds, synthesis of the D-enantiomer for
MIPD would be a significant challenge. Here, isolation of the mid-chain, cytokine binding domain
(TNRCD?2) is reported, and its enantiomer enabled MIPD to discover a cyclic peptide binder with
low micromolar affinity. Additionally, the use of computational methods to develop D-protein

ligands based only on the target structure was explored.
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CHAPTER 1

1.1 Research surrounding D-protein enantiomers

Proteins, like other biomolecules, are composed of chiral building blocks." 2 Ribosomes recruit
L- (Levorotatory) amino-acids for catalysis, and hence recombinant proteins are largely
refrained in the L-framework unless engineered ribosomes are used.® In contrast, incorporation
of D- (Dextrorotatory) amino acids into L-polypeptides requires the use of engineered
ribosomes,* 5 post-translational modification systems (PLP-dependent enzyme)® or non-
ribosomal peptide synthetases (NPRS).” At the time of writing, proteins entirely comprised of D-
amino acids have yet to be found in nature and must be synthesized via chemical routes.
Though being more difficult to prepare, D-amino acid proteins that fold into reciprocal chirality
possess extraordinary potentials in scientific research, spanning from the creation of mirror-

image life, mechanistic investigations of natural proteins to the isolation of ultra-stable binders.®

L-Alanine \,, & D-Alanine

L-Protein D-Protein

D-Protein

Lo

L-Protein

A

Figure 1.1 Proteins comprised entirely of D-amino acids fold into the mirror image of the corresponding
L-protein.
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1.1.1 Towards ‘mirror-image life’

Mirror-image life which was first proposed by Louis Pasteur in 1860° refers to the creation of an
artificial biosystem with all macromolecules presented in their opposite enantiomeric forms. In
these self-replicating systems, L-nucleic acids serve to store genetic information creating D-
protein workforce for biological function following the mirror-image central dogma.'® Indeed, the
de novo design of living entities has gained significant attention because of our fundamental
interest in understanding the origin of life."-'> While preparation of an entirely self-replicating
living entity in mirror image form is a major challenge, D-enantiomers of key enzymes involved
in the central dogma of molecular biology have been prepared (Figure 1.2).2 These enantiomeric
enzymes hold potentials in research. For example, mirror-image polymerases can be used to
generate L-nucleotide aptamer libraries' or L-genomes for bioorthogonal information storage.'
Also, an enantiomeric ribosome could facilitate access to D-proteins through mirror-image
translation. Furthermore, creation of a self-replicating mirror-image entity can offer access to D-
proteins, L-sugars and/or other enantiopure pharmaceutical compounds. Recent examples of

preparing D-enzymes towards mirror-image life are summarized below:



CHAPTER 1

Central dogma Mirror-image central dogma
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Figure 1.2 Recent advances in realizing mirror-image synthetic biology using D-protein enantiomers.
Representative structures for illustrative purposes as D-ASFV pol X (PDB: 1JQE), D-Dpo4 (PDB: 3PR4),
D-Pfu (PDB: 2JGU), D-LigA (PDB:2Q2T), L5, L18 and L25 (PDB: 4YBB) constructed in PYMOL.'®

Creation of artificial L-polynucleotides by use of mirror-image nucleic acid polymerases

Template-directed polymerizations of the enantiomeric L-DNA and -RNA were first carried out
using the D-protein enantiomer of African swine fever virus polymerase X (D-ASFV pol X)."”
Composed of only 174 residues, ASFV pol X is the smallest DNA polymerase known, hence an
ideal candidate for total chemical synthesis. The longest polynucleotide successfully replicated
by D-ASFV pol X was 44 nucleotides in length but required fresh enzymes at each cycle due to
its weak thermal stability.' A significant advancement was achieved by preparing the 358-

residue enantiomeric P2 DNA polymerase |V (Dpo4) from S. solfataricus, which is sufficiently
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stable to temperature flux and could perform mirror-image polymerase chain reaction
(miPCR)."™ '8 The D-Dpo4 could successfully create a 120-bp L-DNA sequence encoding the
E. coli 5S ribosomal RNA gene rrfB." Its thermostable variant D-Dpo4-3C could assemble a full
L-DNA gene encoding protein Ssoo7d.'® Interestingly, a further-engineered variant D-Dpo4-5m-
Y12S was reported that is capable of both transcription and reverse transcription, laying a strong

foundation for enabling mirror-image life.'®

In order to create a lengthy enantiomeric gene with high fidelity, access to polymerase enzymes
with a low error rate is essential, thus an enantiomeric derivative of Pyrococcus furiosus (Pfu)
DNA polymerase has been deduced.?° Pfu is composed of 775 amino acids reaching 90 kDa in
molecular weight, rendering its chemical synthesis challenging. To circumvent this issue, a split
version of Pfu was prepared consisting of N- (467-residue) and C- (308-residue) fragments. Due
to the significant cost of D-isoleucine and its association with the aggregation of peptide
fragments, most of them were replaced by other bulky residues including valine and leucine.'®
The split polymerase D-Pfu could synthesize a 1.5-kb mirror-image gene from short, synthetic
oligonucleotides. Interestingly, because of the inherent stability towards enzymatic cleavage, a
trace amount of artificial L-DNA preserved in water from a local pond remained amplifiable by
D-Pfu after one year, whereas D-DNA could not be amplified by L-Pfu after one day. This work
is a clear leap forward in the pursuit of mirror-image biology. In addition, the miPCR platform is
potentially useful in molecular discovery programs generating nuclease-resistant L-nucleotide
aptamers for critical drug targets.™

Other life-essential, mirror-image proteins

Enantiomeric ligase is another critical enzyme that can be used to create long stretches of L-
DNA.2! Preparation of a mirror-image ribosome is exceptionally challenging as it composes of
multiple protein and nucleotide subunits.?? Currently, three out of the ~50 enantiomeric E. coli
ribosomal proteins have been reported, including L5, L18 and L25.22 The D-ribosomal proteins
were prepared with native post-translational modifications and interacted specifically with L-5S
RNA to form a mirror-image ribonucleoprotein complex. On the other hand, eukaryotic
ribosomes consist of 79-80 proteins and four rRNAs,?? requiring approximately 200 non-
ribosomal factors for assembly.?* Both the ribosomal proteins and rRNA itself also bear post-

translational modifications,?® adding further challenges to their preparation.
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Remarks

The genome of the laboratory strain E. coli K12 encodes for approximately 4300 proteins,?® but
only a small fraction of their enantiomeric counterparts have been reported.?” Many of these
proteins bear intrinsic synthetic challenges, because of their size, post-translational
modifications and folding (see Section 1.2). Construction of the necessary mirror-image
oligonucleotides is also a major challenge. Whilst the synthesis of relatively short
oligonucleotides is possible from L-xylose or L-arabinose,? the resulting oligonucleotides suffer
from lower purity.' 7. 18 With the advent of the high fidelity D-Pfu capable of assembling
complex genes,’® one might argue that this challenge is within reach. Given the significant
efforts, it is also expected that a mirror-image ribosome from bacteria will soon be reported. In
addition, mirror-image tRNAs, tRNA synthetases, and translation factors will need to be
prepared to enable the translation of L-mRNA to D-polypeptides. When made available, the
mirror-image translation system will be game-changing in the landscape of enantiomeric protein
synthesis. Finally, pursuit of a truly self-replicating system will require an approach of devising

a minimal cell and assembly of each essential component in mirror-image form.

1.1.2 Racemic protein crystallography

Racemic protein crystallography utilizes synthetic protein enantiomers for crystallization and is
a technology particularly useful at yielding atomistic structural insights.?® Unlike native L-
proteins, racemic proteins can crystallize into achiral space groups possessing higher symmetry
and order (Figure 1.3).3° Solving structure based on racemic proteins can be advantageous. As
illustrated in the first example, the phase issue in solving the structure of rubredoxin was vastly
simplified, because the space group was found to be centrosymmetric with the crystal unit cell
containing a center of inversion (Figure 1.3 B).3' The off-diagonal phases of the X-ray diffraction
data obtained from a centrosymmetric crystal cancel out, restricting the phases to 0° or 180°,
as opposed to the possible 0° to 360° arising from a homochiral crystal.?® Additionally, the
centrosymmetric crystal has high dimensionality. This generally results in rapid protein
crystallization and structure solving with high-resolution detail, in addition to unveiling solute and

ligand interactions.? 32 33
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Considering the higher order of crystal symmetry and favorable crystal growth, racemic protein
crystallography has been used to resolve X-ray structures of numerous proteins up to ultra-high
(sub-angstrom) resolution (Table 1). Indeed, 13 (20% so far) of the reported racemic crystal
structures were resolved in the centrosymmetric space group P-1. Many quasi-racemic crystal
structures, in which the enantiomers differ slightly, are reported to adopt the space group P1
due to a lack of true symmetry.3* However, it is more appropriate to classify these crystals as
pseudo-centrosymmetric or “pseudo-P-1.” 30 35 36 While almost half of the racemic structures
were resolved in centrosymmetric/pseudo-centrosymmetric space groups, the other half were
also resolved in chiral space groups (Table 1.1). Notably, there are no reported instances of a
single enantiomer crystallizing into a chiral space group from a racemate. Thus, crystallization
of proteins from racemates may have advantages beyond that explained by the achiral space

group theory (for review - see ref 2°).

o
€

L-protein

D-protein 1

Figure 1.3 lllustrative comparison of (A) a homochiral crystal unit cell and (B) a racemic crystal unit cell

containing an inversion center (e.g. P-1).

Racemic protein crystallography has been most frequently applied to study mini proteins
containing fewer than 100 residues. These proteins are known to be difficult to crystallize
because of their globular morphology which disfavors crystal packing. Meanwhile, their small
sizes render the chemical synthesis of these proteins feasible (see Section 1.2 below for
synthetic approaches).3” Some of the unique insights generated by racemic crystallography are

discussed in this section.
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Table 1.1 A decade of racemic protein crystallography (at the time of writing).

Space

: a H ingi Ref
Protein Function Length Res. (A) group PDB accession Structural insights
Lacticin Q Bacteriocin 53 0.96 P1 7P5R First reported crystal structure 38
Cy02 1.17 P1211 7TRMQ
CyO2 (I11L) 1.04 P1211 7RMR
Cy02 (111G) 1.10 P1211 7RMS :
Bracelet cyclotide 30 First re%?;tsslgtnéstg;tdr:gtures of 3
Hyen D 1.35 P1211 7RIH yclotl
Hyen D (111L) 1.22 P-1 7RI
Hyen D (111G) 1.30 P1 7RIJ
. . Kunitz-type serine protease Confirmation of novel disulfide 40
Calcicludine inhibitor homolog 60 252 141 6KZF surrogate bridge strategy (DADA)
rC5a-desArg 76 180 P1 g New insights on (;-termmal 41
conformation
Chimeric-rC5a Rat anaphylatoxin 1.31 P212421 9 Chimeric protein probes
77 conjugated to small-molecule 42
rCha 1.58 P-1 9 antagonist
M2-TM b 2.00 P2:/c 4RWB "
M2-TM ¢ 1.05 P-1 4RWC
M2-TM (I39A)c lon channel TM helix 24 155 P-1 6MPL Investigations of a heterochiral
coiled coil
M2-TM (142A)° 1.40 P-1 6MPM 32
M2-TM (l142E)° 1.40 P-1 6MPN
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Retention of native quaternary

Melittin Honeybee venom 27 1.27 c2 604M 43
structure
Ribifolin 8 0.99 P124/n1 6DKZ
Pohlianin C Orbitides from Jatropha 8 1.20 Pcab 6LDO Unveil structures of Jatropha 44
orbitides
Jatrophidin 8 1.03 P124/n1 6DL1
GsMTx4 Spider venom 34 1.75 P-3 g First reported crystal structure 45
) ) , . Novel oligomeric state resembles 46
BTD-2 Baboon 6-defensin 18 1.45 P-1 5INZ mechanistically relevant assembly
1.50 P1 5E5Y
Novel use of radiation damage
Snakin-1 Potato snakin 63 1.60 P21/c 5E5Q induced phasing of quasi-racemic 47
crystals
1.57 P21/c 5E5T
Ubiquitin 76 195 d g Confirm foldmglof synthetic 48
protein
M1-linked tri-Ubs 1.80 P1 5G0O7
M1-linked tetra-Ub 2.18 P24 5G08
K6-linked di-Ub 1.15 P1 5GOB
K11-linked di-Ub Ubiquitin 1.73 P1 5GOC | )
K27-linked di-Ub 76° 1.5 P1 5GOD D-monomeric Ub can facilitate Ub a4
oligomer crystallisation
K29-linked di-Ub 1.98 P2 5GOG
K33-linked di-Ub 1.95 P1 5GOH
K48-linked di-Ub 1.59 P1 5GOI
K63-linked di-Ub 1.55 P2:212 5G0OJ
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K11/K63-linked tri-Ub 1.84 P22124 5GOK
K27-linked di-Ub 152 1.55 Cc2 5J8P Largest true synthetic racemic 40
K27-linked tri-Ub 228 2.10 H3 5JBV proteins to be crystallized
VHP 2.10 P-1 3TRW
VHP 2.30 -4c2 3TRY Investigation of pentafluoro
phenylalanine (FsPhe) amino 50
VHP (FsPhe10) 1.46 F222 3TJW acids on protein structure
VHP (FsPhe17) 1.00 P1 3TRV
Vinillin headpiece domain 35
VHP (33-hGIn26) 1.30 P1 511N
VHP (ACPC26) 1.35 P o110 Investigation of beta amino acids 51
VHP (83-hLys30) 1.40 P1 g on protein structure
VHP (APC30) 1.12 P1 5118
Ts3 Scorpion venom 64 1.93 P-1 5CY0 First reported structure of Ts3 52
Magainin 2 (L-1) 1.75 1-42d 4MGP 53
Beta amino acid variants
Magainin 2 (L-2) Amphibian HDP 23 2.20 P21212 5CGN investigating phenylalanine zipper
motif 54
Magainin 2 (L-3) 1.50 P1 5CGO
ShK 0.97 P12/ 4LFS Structure variation to NMR and 55
enantiospecific activity
ShK analogue 1.20 H-3 4zZ7pP Structure activity relationships 56
ShK (allo-Thr13) Sea anemone venom 35 0.90 P1 5158
ShK (allo-Thr31) 130 P1241 515C Investigation of _3|de chain chirality 57
on protein structure
ShK (allo-lle7) 1.20 C2 515A

10
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First reported structure, unknown

Rv1738 M. tuberculosis protein 94 1.50 C12/c1 4WPY . 58
function
STFI-1 Sunflower trypsin inhibitor 14 1.25 P-3 4TTK
cVelA Cone snail venom 22 1.70 Pbca 4TTL
KB1 1.90 P-1 4TTM Disulfide-rich scgffolds for drug 59
design
kB1 (G6A) Plant cyclotide 29 1.25 P-1 4TTN
kB1(V25A) 2.30 P-1 4TTO
Ser-CCL1 73 2.15 P1 401J Crystal structure of a
Chemokine homogenous, glycosylated 60
Ggec:i'éug&ﬁd 73f 2.10 P1 401K chemokine
DKP Ester Insulin 1.60 P-1 41UZ Confirm folding of synthetic 61
derivative
Synthetic hormone + 51
Ester insulin derivatives 1.50 1243 5EN9 Confirmation of correctly folded
synthetic protein for isotope 62
Human insulin 1.35 1243 5ENA experiments
. . First reported structure of a
VEGF-A/antagonist Vascular endothelial growth . ; 63
complex factor A + D-protein binder 102 + 56 1.60 P21/n 4GLN heterochwgl protein complex by
racemic crystallography
Crambin analogue Thionin protein 46 1.08 P1211 3UE7 Novel linear-loop peptide chain %
topology
. . . Basis for structure activity 64
Kaliotoxin Scorpion venom 38 0.95 P-1 30DV relationships
Omwaprin Snake venom 50 1.30 P24/c 3NGG First reported structure 37

@ Total amino acid length of synthetic protein enantiomer, °crystallized from monoolein lipidic cubic phase, °crystallized from racemic lipids ¢ data

unavailable, © residues in D-protein enantiomer, f 73 residues + oligosaccharide, 9 Not reported/deposited

11
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Quaternary states of protein

Oligomeric assemblies are thought to play a common role in the activity of a variety of
antimicrobial peptides, particularly those acting on the bacterial membrane.®® In an aim to
elucidate its mechanism of action, the B-sheet antimicrobial peptide originated from Baboons
(BTD-2) was chemically synthesized in both L- and D-forms. Interestingly, racemic protein
crystallography of BTD-2 revealed a novel anti-parallel trimeric form (Figure 1.4 B). This
supramolecular discovery is fibril-like and is postulated to have critical roles in membrane
disruption.*® In another example, melittin is an a-helical antimicrobial peptide isolated from

honeybee venom which is known to exert its activity by disrupting the bacterial cell membrane.

DL-0G LCP DL-0G (139A) DL-OG (142A) pL-0G (142E)

Figure 1.4 Quaternary structures by racemic protein crystallography; (A) Melittin tetramer (PDB: 604M);
(B) BTD-2 extended fibril-like structure (PDB: 5INZ); (C) Magainin 2 phenylalanine zipper motif
unaffected by B-amino acid substitutions. D-magainin 2 is shown in red and mutants L-1 (Ala) shown in
blue (PDB: 4MPG), L-2 (APC) in green (PDB: 4CGN) and L-3 (ACPC)(PDB: 5CGO) in magenta. 3-amino
acids highlighted in orange; (D) M2-TM helix forms heterochiral coiled coils, with a hendecad repeat
identified in lipidic cubic phase (LCP, PDB: 4RWB) but absent in racemic 3-octylglucoside (DL-OG, PDB:
4RWC). Mutation of sterically disruptive isoleucine residues to alanine (DL-OG(I39A), PDB: 6MPL), (DL-
OG(l42A), PDB: 6MPM) or glutamate (DL-OG(I42E), PDB: 6MPN) favored hendecad repeat motifs in
chiral lipids; (E) Quaternary structure of VEGF-A dimer bound to two D-protein antagonist molecules
(PDB:4GLN). All structures were modelled in CCP4MG % with data obtained from the Protein Data Bank.

12
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The tetrameric assembly observed in the solution state is also present in the racemic X-ray
crystal structure (Figure 4A).*3 Similarly, the tetrameric nature of magainin 2 was suggested to
be critical for the activity of this amphibian host defense peptide (Figure 4C).5*

Heterochiral interactions between L- and D-protein isomers observed during structure
elucidation may also lead to fruitful development in binder creation. In the studies of the
transmembrane helix of the influenza M2 ion channel protein (TM-M2),33 a heterochiral coiled-
coil association was observed between the two peptide enantiomers in the presence of
detergent octyl-glucoside (DL-OG) or within the monoolein lipid cubic phase (LCP) (Figure 4D).
The LCP structure shows an 11-residue helical repeat (hendecad, 3,4,4 spacing) in the coiled-
coil, which differs from homochiral coiled-coils that adopts a 7-residue helical repeat (heptad,
3,4 spacing). The crystals grown in DL-OG do not form a hendecad repeat, as steric clashes
involving lle39 and lle42 prevent proper 3,4,4 interaction. Substitution of these residues with
alanine or glutamate produced the hendecad repeat coiled-coil in the racemic DL-OG structure,
thus reinforcing the argument that hendecad repeats are a feature of heterochiral coiled coils.3?
Such heterochiral interactions can be used to design D-proteins drugs, which are generally non-
proteolytic and non-immunogenic (see section 2.3). The resulting drug-target complexes can
also be resolved using racemic protein crystallography to aid in rational optimization (Figure
4E).

Post-translationally modified proteins

While obtaining homogenous, post-translationally modified (PTM’d) proteins through
recombinant methods remains a major technical challenge,®” chemical protein synthesis offers
exquisite atomistic control and thus ensures homogeneity (see also Section 3). Racemic protein
crystallography of PTM’d proteins was first applied to the glycosylated chemokine Ser-CCL1
protein, for which no structure was reported.®® The protein was synthesized in the native L-form,
followed by site-specific asparagine N-glycosylation with the native biantennary D-glycan.
Synthesis of the corresponding D-enantiomer without glycosylation enabled the co-

crystallization of the quasi-racemic protein (Figure 5A).

13
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Another application involves the study of branched ubiquitin chains, where the folding of the
branched protein molecules could be solved through racemic protein crystallography. Similarly,
D-ubiquitin was prepared in unmodified form*® and used to facilitate crystallization of the
resulting branched L-ubiquitin proteins (Figure 5B).34 A further example involved the preparation
of branched ubiquitin proteins in both enantiomeric forms for racemic protein crystallography
(Figure 5C), but the iso-peptide linkages of the D-proteins contained a non-native cysteine
residue scar to facilitate ligation.*®

A key challenge, as presented in the former examples, is the preparation of PTM’d proteins in
all D-form. Glycosylated proteins possess glycans in native D-chirality which would require
complex synthesis from the corresponding L-carbohydrates for a true racemic crystal. In
addition, preparation of branched ubiquitin chains requires the use of non-natural amino acids
as auxiliaries for attachment of the ubiquitin, but they often suffer from poor ligation efficiency

(see section 3.3.2).49

A Glycosylated B
L-Ser-CCL Monomeric c
D-Ub

D-K27-linked
! L-K6-linked diUb

diUb
Monomeric ; l ;J b
D-Ub

Figure 1.5 Quasi-racemic protein crystallography of homogenous, post-translationally modified proteins;
(A) D-Ser-CCL facilitated crystallization of glycosylated L-Ser-CCL1 (PDB: 40IK); (B) Monomeric D-
ubiquitin (D-Ub) facilitated crystallization of L-K6-linked diUb (PDB: 5GOB); (C) Quasi-racemic protein
crystallography of L- and D-K27-linked diUb (PDB: 5J8P). All structures modelled in CCP4MG?® with data

obtained from the protein data bank.

L-K27-linked
diUb

Glycosylated
L-Ser-CCL
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Remarks

Challenges associated with D-protein synthesis, folding and PTMs hamper the application of
racemic protein crystallography. The average size of a protein ranges from 283-438 residues in
length® with many bearing PTMs. Obtaining enough D-protein for crystallization screening
(generally in milligram range) remains labor-intensive and uneconomical, typically requiring
multiple chemical steps and protein refolding. Nevertheless, racemic protein crystallography of
miniproteins remains an excellent method for deciphering molecular interactions, particularly
serendipitous intermolecular interactions that deem difficult to obtain using homochiral protein
crystallography, solution state NMR and/or computational structure prediction.32 33. 46, 51, 57
Perhaps, a more promising avenue is to conduct quasi-racemic crystallography where a minimal
D-protein is used to facilitate crystallization of a larger L-protein with (pseudo-)repeated

domains.3*
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1.1.3 Identification of drug candidates through mirror-image phage display
and related screening technologies

Polypeptide binders can offer significant selectivity and potency, and hence are excellent
candidates for the treatment of various diseases and human disorders. One major bottleneck is
that many peptide candidates suffer from proteolytic degradation, both limiting the option of the
delivery methods and eliciting unwanted immune responses caused by major histocompatibility
complex (MHC) presentation by immune cells.®® Peptides comprised of D-amino acids are a
viable approach as they are non-recognizable by endogenous proteases.”’ It has been
suggested that D-peptide binders can be made by retro-inversion (RI) which relies on flipping
the entire peptide chain from the N- to C- termini to offset the flip in the side chain chirality.”
Though some success has been seen in short binders, it was quickly discovered that this
double-flip approach did not reinstate the true peptide structure and, in some cases, could
drastically weaken the peptide binding.”?> 73 Another approach was to use D-peptides to mimic
the shape of the L-peptide agonist when presented in an MHC, without reference to the L-
peptide sequence, acting as a stable vaccine candidate.”* Recently, binders composed of both
D- and L-residues have been developed through ribosomal engineering’>78 or in silico protein
design.” In order to create binders entirely composed of D-amino acids, the most routine
approach is mirror-image phage display (MIPD).8 In MIPD, D-enantiomers of protein targets
are synthesized and subjected to L-peptide screening (Figure 1.6). Due to the nature of mirror-
image symmetry, the same-sequence D-peptide will bind to the native L-protein target with equal
affinity, thus yielding an inherently non-proteolytic peptide binder. MIPD has discovered D-

peptide binders for a range of targets (Table 1.2). Key examples are summarized below:

16
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4 Amplification
& enrichment Elute weak
binders

1 Pepti

Phage display

Binding to
target

D-TARGET L-TARGET

L-TARGET D-TARGET + L-binder + D-binder

Figure 1.6 Process of mirror-image phage display. Natural chirality L-proteins are represented in blue,
and mirror-image synthetic D-proteins are represented in red. Purple beads represent protein

immobilization.
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Table 1.2 D-peptide binders identified through mirror-image phage display of D-protein targets in the last decade. (at the time of
writing).

Protein Function Length® Name Type Length® Ka (uM)4 Ref
ARQ23 Androgen receptor 46 QF2D-2 Linear 16 11 81
. Surface marker in malignant : ) 82
Annexin A1 NTD 16 D-TIT7 Linear 7 8.5x103
tumour vasculature
MMD3 Linear 12 e
Tau PHF6* 83
MMD3rev Linear 12 e
Microtubule-associated protein 6
p-NH Linear 12 e 84
Tau PHF6
TD28 Linear 12 e 85
Immunoglobulin variable ; i 86
domain of TIGIT Immune checkpoint 119 D-TBP-3 Linear 12 5.6
Epidermal growth factor Mitogenic factor 53 D-PI_4 Linear 12 54 87

TWEAK (tumour necrosis
factor-like weak inducer of 43 D-FNB Linear 12 0.28 88
apoptosis) receptor

Fibroblast growth factor-
inducible 14 CRD

Monomeric precursor of AB

- i 89
AB-1-42 oligomers and fibrils 42 Mosd1 Linear 12 e
Immunoglobulin variable Programmed cell death protein . 90
domain of PD-L1 1 124 D-PPA-1 Linear 12 0.51
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. RFX-V1a2a  Bivalent scaffold 53 + 58 8 x10+ 91
VEGF-A Vascular er]::gtt:rehal growth 102
RFX001 GB1 scaffold 56 8.5 x102 63
L - HIV envelope protein L Flanking . 92
gp41 N-trimer pocket mimic ectodomain 42 PIE12-trimer disulfide cyclic 8 e
MDM2 Oncogenic E3 ubiquitin ligase 85 D-PMlIa Linear 12 5.3x 102 93

a Most potent binder from phage panning experiments presented, ® Total amino acid length of synthetic protein enantiomer target, ¢ Amino acid
length of peptide binder identified through phage display, ° reported dissociation constant of D-peptide binder to native L-target used in phage
display, ¢ Kqnot reported, f length of original, un-crosslinked peptide identified through phage display.
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D-Peptides as potential anticancer lead candidates

Growth factor proteins and/or their receptors are overexpressed in many types of cancer,® and
hence development of their antagonists can hinder malignant tumor growth as a form of
treatment in cancer therapy.®®> Consequently, enantiomeric segments of both the epidermal
growth factor (EGF) and vascular endothelial growth factor (VEGF-A) were synthesized for
MIPD.%3 87 A 12-residue linear D-peptide ligand for EGF, D-P|_4, was identified with both binding
affinity and half-maximal inhibitory concentration (ICso0) in micromolar range.?” In the case of
VEGF-A, the mini-protein GB1 was used as a template scaffold to create a 56 residue D-mini-
protein RFX001.D that has a binding affinity as low as 85 nM.83. 96 A heterochiral protein complex
between a vascular endothelial growth factor (L-VEGF-A) and a D-protein antagonist was also
solved using racemic protein crystallography (Figure 1.4 E), providing a foundation for structure-
based optimization of the D-protein antagonist.®® Upon optimization, the binder RFX037.D was
created, increasing both binding affinity (Ko = 6 nM vs 85 nM) and thermal stability (Tm >95 °C
vs 33 °C).% Of note, RFX037.D was non-immunogenic in mice, whereas the L-enantiomer
generated a strong immune response. In an extension of the MIPD against VEGF-A, bivalent
D-protein ligands were also developed using orthogonal MIPD assays with two different scaffold
mini-proteins (53 and 58 residues).®’ The two best scaffolds were connected via a covalent
linkage to yield the bivalent D-protein RFX-V1a2a, with sub-nanomolar (Ko = 0.8 nM) affinity for
VEGF-A.

Other key targets for cancer treatment are immune checkpoints,® which are often suppressed
by cancer cells to avoid recognition by the innate immune system. The immunoglobulin-like
variable (IgV) domains are known to govern immune checkpoints, and thus enantiomeric
counterparts of the IgV domains of the programmed-cell death protein ligand 1 (PD-L1, 124
residues) and the T-cell immunoglobulin and ITIM domain (TGIT, 119 residues) were
synthesized for MIPD.8: %0 After five rounds of bio-panning, binders with micromolar affinity and
ICs0 were achieved, presenting themselves as promising drug candidates.®® One specific binder
D-TBP-3 demonstrated proteolytic stability and, importantly, the ability to penetrate through

tumor tissue in mice which resulted in tumor suppression.86
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D-peptides as lead preventive therapeutic candidates

The development of potent D-peptide antagonists of the HIV-1 envelope protein gp41 was
shown to prevent viral fusion and entry into cells.? % A trimeric version of one of the isolated
candidates could block pocket-specific viral entry with an ICso as low as 250 pM.®® Further
pharmacokinetic optimization, synthetic scale-up and reduction of production cost yielded the
cholesterol-conjugated trimeric D-peptide CPT31,'% which is currently in Phase la clinical trials
for the treatment of HIV.

In another study, MIPD was used to create D-peptides with high affinity for the microtubule-
binding protein Tau, preventing self-aggregation in the treatment of tauopathies.?* 8 The
hexapeptides PHF6 (VQIINK) and PHF6* (VQIVYK) were found to promote Tau aggregation in
tauopathies such as Alzheimer’s disease, and their enantiomers have been used as a target for
MIPD.83-8 Notably, two peptide candidates, MMD3 and MMD3rev, demonstrated cell-

penetrating properties, with the ability to cross the cell membrane of neurons.83
Remarks

Despite all the research efforts, there is no D-peptide therapeutic that has yet reached the
market. To our knowledge, CPT31 is the only D-peptide candidate that has entered early-stage
clinical trials, and the estimated success rate of bringing a binder from phase | to approval is
14%.1°1 Discovery of D-peptide binders remains challenging hampering downstream clinical
research and product development. The ultimate challenge of MIPD lies within the preparation
of the enantiomeric protein target. Not only can size be a concern, but both the PTM and protein
folding status can also pose major synthetic challenges (see section 3 for synthetic approaches).
Except for the Tau targeting peptides, many targets are restricted to extracellular protein
domains, as cell-penetrating properties of peptide binders are often weak. In addition, the use
of MIPD to identify competitive antagonists is limited by the arbitrary selection of off-target
binders. Efforts have been directed to computation-based approaches with the goal to replace
the tedious synthesis with in silico studies, including the docking of mirror-image helices derived
from the PDB;'%% 103 screening of D-tri/tetra peptides against the target active site;'* virtual
affinity maturation based on existing heterochiral structures.’® However, existing in silico
methods suffer from a lack of library diversity and polypeptide binder size, limiting the best

example to a binding affinity of 20 uM.1%4
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1.2 The current state of the art in D-polypeptide preparation

The most common issue encountered in enantiomeric protein research surrounds their
preparation. Since polypeptides entirely composed of D-amino acids cannot be made
recombinantly at the time of writing, they must be prepared by chemical synthesis and the

current state-of-the-art is summarized as below:

1.2.1 Solid phase peptide synthesis (SPPS)

Allowing stepwise addition of protected amino acids on an insoluble polymer support, solid
phase peptide synthesis (SPPS) facilitates access to D-polypeptide chains.'®® Fmoc-protected
amino acids have gained popularity over the past two decades as they facilitate the use of milder
cleavage conditions.'%” Efficient reagents that allow high conversion of amino acid coupling have
been reported.’® The systematic nature of SPPS has also led to automated systems.'® When
paired with microwave irradiation, each amino acid coupling cycle can be performed in four
minutes.'® Recently, a fully automated system for SPPS, where the assembly is complete in a
flow system has been developed, yielding complete coupling cycles in less than two minutes,
and a full protein up to 164 residues has been assembled.!'" However, a major drawback is its
requirement for a large excess of amino acids (6-60 equivalents), a major financial burden when
it comes to D-polypeptide synthesis. This is especially the case when the target proteins contain

diastereomeric D-isoleucine, which is significantly higher in cost than other building blocks.

1.2.2 Chemical ligation

To bring down the cost, convergent synthesis of proteins through the assembly of smaller
polypeptides by chemical ligation has been achieved.''? 13 In general, two peptide fragments
are chemically brought together by reacting two latent reaction motifs located at the termini.
Various methods for chemical protein ligation have been developed, although some suffer
drawbacks when preparing polypeptides in opposite chirality due to requiring modified amino
acids (Table 1.3, Entries 1-4). On the other hand, native chemical ligation (NCL) and serine-
threonine ligation (STL) employ canonical cysteine or serine/threonine residues, though the
latter is yet to be reported in D-protein synthesis. NCL is commonly used whereby the thiol group
of an N-terminal cysteine peptide and a C-terminal thioester of a reacting pair undergo trans-
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thioesterification, followed by an S-to-N acyl shift to yield a traceless native peptide bond (Figure
1.7).

SH

i HoN i S > N acyl shif i >
2 acyl shift
o == e @0 L=
2

Figure 1.7 Reaction scheme of native chemcial ligation.

Thioester preparation

Activated thioesters cannot be anchored at the C-terminus during Fmoc-SPPS due to their
sensitivity to base treatment which is routinely used during deprotection. Therefore, numerous
efforts have been directed to enable their preparation by Fmoc-SPPS, "4 such as the use of thiol
labile safety catch linkers.''% 11 A commonly employed approach utilizes the refined Dawson
linker (Table 1.3, Entry 5). Following SPPS, the base-stable 3,4-diaminobenzoic acid (Dbz)
derivative is activated and subjected to thiolysis to yield the thioester for native chemical ligation.
More recently, a second generation Dawson linker recruits an N-methylated amino group
minimizing unwanted acylation when an excess of glycine reagent is used.'”” Assembly of
peptides directly onto the linker amine is a simple and useful feature of the Dawson linker.
Alternatively, the C-terminal peptide hydrazide can be used to create a C-terminal thioester
(Table 1.3, Entry 4)."® Activated by the addition of sodium nitrite, the hydrazide can be oxidized
into an acyl azide which can be subjected to thiolysis in situ.’® Hydrazine resins are prepared
fresh before use, but it has recently been shown that resins can be prepared with Fmoc-

hydrazine facilitating long term storage and facile loading quantification.'2°

In the convergence of multiple peptide fragments to prepare larger synthetic proteins, some
central fragments will be ligated at both N- and C-termini. To prevent intramolecular side-
reactions (cyclization), the peptide can be prepared as a thioester surrogate, whereby a C-
terminal functional group remains inert in NCL and can be subsequently activated for the next
ligation step. The peptide hydrazide is the most common choice in this instance due to the facile
in situ activation and has been used to prepare numerous D-proteins, including the mirror-image

TIGIT domain discussed earlier.86 Other methods for generating thioester surrogates, such as
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SEA chemistry (Table 1.3, Entry 7),"?! could also be used but have yet to be applied to D-protein
synthesis.

N-terminal cysteine protection

In the pursuit of more complex protein targets, sequential NCL steps will require orthogonal N-
terminal cysteine protecting groups for middle segments (Table 1.3, Entries 8-12). A common
and reliable choice is the protection of cysteine in a thiazolidine ring (Thz), due to the facile
conversion into cysteine, compatibility with ligation conditions and its commercial availability in
both enantiomeric forms.'?> However, Thz was found to be unstable under the oxidation
conditions required for peptide hydrazide oxidation."'® Numerous efforts have been directed to
the development of other orthogonal, N-terminal cysteine protecting groups to facilitate
sequential peptide hydrazide ligations (Table 1.3, Entries 9-12). Preparation of their
enantiomeric counterpart is theoretically simple. Indeed, TFA-Thz, which is stable to hydrazide

oxidation, was used in the preparation of enantiomeric polymerase D-Dpo4' and ubiquitin.*8

NCL beyond cysteine

Due to the low abundance of cysteine residues in proteins (<2%),'?® significant efforts have
been directed to link peptides with alternative amino acids.'?* Desulfurization converts reactive
cysteine thiol CH2SH to the CH3 group of alanine,’?® which is significantly higher in abundance
(>8%).1%6 Techniques include hydrogenation over Pd/Al20O3 and Raney nickel.'?> Given the
issues associated with purity and the product recovery using metals, a metal-free desulfurization
alternative has been developed through a free-radical mechanism (Table 3, Entry 14; Figure 1.8
A). However, native cysteines must be protected during desulfurization reactions.
Acetamidomethyl cysteine (Cys(Acm)) is commonly employed in D-protein synthesis, and is
commercially available in both L- and D- enantiomers for Fmoc-SPPS (Figure 1.8 B).'?”
Following desulfurization, the Acm group can be removed using mercury acetate, 37 iodine, 38

or more recently, PdCl2.1%8
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Figure 1.8 (A) Mechanism of metal-free radical desulfurization, (B) acetamidomethyl cysteine

(Cys(Acm)) and (C) penicillamine buildings blocks for Fmoc-SPPS.

Thiols may also be inserted into other canonical amino acids and can be removed by
desulfurization (For review, see '2°). However, this approach has not been applied in D-protein
synthesis because of challenges associated with synthesizing the enantiomeric building blocks
(Table 1.3, Entry 15). Commercially available D-penicillamine (D-Pen) may be a viable option
for ligation at valine (Figure 1.8 C),'3° but this residue is associated with slow ligation kinetics
with all C-terminal thioester sites other than glycine.’3' NCL can also proceed by employing a
temporarily inserted thiol auxiliary which can be removed by acid cleavage.'3? Such auxiliaries
enable the generation of the lysine isopeptide bonds in the synthesis of branched ubiquitin
chains (Table 1.3, Entry 25).34 49 Nevertheless, this approach has not yet been applied in the

synthesis of the mirror-image D-counterparts (see Section 1.2.3).4°

One-pot approach

During the synthesis of large protein targets, it becomes advantageous to conduct steps in a
‘one-pot’ fashion minimizing lengthy and yield-reducing purification maneuvers. For example,
directly after a NCL reaction, the desulfurization step can be performed in one pot, followed by
Cys(Acm) deblocking without intermediate purification.?® A primary limitation of performing
desulfurization immediately after NCL is that: a large excess of thiol catalyst such as 4-
mercaptophenylacetic acid (MPAA) is needed to improve ligation rates but they also quench the
desulfurization reaction.'33 Efforts have been directed toward finding new thiol catalysts that are
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compatible with desulfurization (Table 1.3, Entries 16-18). Methyl thioglycolate was found to not
interfere with desulfurization whilst providing good catalytic properties, and it has been used in
the synthesis of mirror-image ubiquitin for racemic protein crystallography studies.®® Other
efforts to reduce the number of HPLC purification steps include one-pot ligations of numerous

fragments and performing chemical ligations on a solid support.64 134

Enhancing solubility of hydrophobic peptide fragments

The nature of protein has implications on the experimental design. Hydrophobic proteins such
as membrane proteins can suffer from aggregation and poor solubility.’3® A solution that can
address these issues is to recruit first-generation removable backbone modification (RBM),
which minimizes aggregation whilst allowing conjugation to a poly-arginine solubility tag (Table
1.3, Entry 21).136 However, the RBM is installed via a removable glycine auxiliary and thus has
limited scope. A second-generation RBM was designed to be installed into all other amino acids,
including the challenging Val-lle junction, making this highly attractive for the synthesis of
membrane proteins (Table 1.3, Entry 22; Figure 1.9).13” The RBM tags have been employed in
the synthesis of the mirror-image TIGIT membrane protein domain.?® In addition to RBMs,
removable solubilizing tags could also be incorporated onto lysine side chains (Fmoc-Ddae-OH)
or (Fmoc-Ddap-OH) using the ‘helping-hand’ strategies (Table1. 3, Entries 19-20).138 139 Whilst
no D-proteins are currently reported using this method, these tags could possibly be installed
onto commercially available D-amino acid building blocks. The lysine tags can also be employed

to install click handles for templated chemical protein ligations.4°

O O
(2] (2]

Ac-R4-(B-)A-HN: : J Deacetylation Ac—R4-([3-)A-HNj©ﬁ
MeO OA MeO OH

(o}

Stable in TFA Labile in TFA

Figure 1.9 Second generation removable backbone modification. 4-methoxy-5-nitrosalicylaldehyde is
installed onto backbone nitrogen during Fmoc-SPPS, followed by assembly of peptide main chain and

desired tag sequence. Reversible acetylation of phenol group controls TFA lability for tag removal.
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Remarks

Since the advent of chemical ligation methods, protein synthesis has transformed into a rapidly
evolving field of research. Particularly, native chemical ligation has facilitated the synthesis of
numerous D-proteins: enantiomeric venom toxins,37 4143, 45, 52,85, 57, 59, 64 growth factors,63 87 91,
9 and enzymes,® 10. 14, 1719, 141, 142 including the 90 kDa split-enzyme D-Pfu.'® The pursuit of
more complex D-proteins is perplexed by their size and post-translational modification status.
Multi-segment, one-pot approaches can improve efficiency, but many recruit unique amino-acid
reagents that need to be prepared in the laboratories.™3 Another issue involves the rates of
ligation reactions, which can potentially be increased by adopting selenocysteine NCL,44-147
and template-directed chemical ligations.'*® Easier access to protected building blocks, and
their commercial availability, will greatly improve the possibilities for D-protein chemical
synthesis. Design of synthetic routes to D-proteins can also be assisted by computational
approaches such as the open-source ‘Alligator’ tool.'*® Perhaps, the ultimate goal for D-
polypeptide production is to completely circumvent chemical synthesis, with the entire mirror-
image translational machinery (ribosome, rRNA, tRNA, tRNA synthetase, etc) served as a

replacement.

1.2.3 Transformation from D-polypeptide to mirror-image protein

A somewhat overlooked challenge is the complexity of protein folding that researchers may
need to address during synthetic protein preparation.’® Typically, a solution of the protein in
chaotropic conditions such as guanidine or urea is prepared and then diluted into a refolding
buffer.'®!. 152 Many larger proteins require chaperones for efficient folding, particularly in vivo
where direct control of refolding conditions is limited. Recently, it was shown that the GroEL/ES
chaperone protein can efficiently fold both enantiomers (L- and D-) of synthetic DapA protein.’42
This observation suggested that the protein chaperone activity can be achiral and may find
broad utility in the pursuit of mirror-image life systems. Two specific challenges associated with
protein folding that will be discussed here include correct oxidation of disulfide bonds and

installation of post-translational modifications.
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Disulfide bond formation

Correct folding of the disulfide bonds is case-dependent and often requires extensive screening
and optimization for each protein. One common method involves diluting the reduced D-
polypeptide chain from chaotropic agents in the presence of reduced and oxidized thiols as
redox reagents, as reported in the synthesis of D-rC5a.*> However, misfolded D-protein often
arises as thermodynamically trapped by-products containing mismatched disulfide bonds and
adducts with thiol reagents.3” 52 Oxidation by air or DMSO has been used, following careful
optimization of buffer additives, reagent concentrations, and pH. However, this method often
results in low yields (typically <50%), requires large solvent volumes, and proceeds over several
days.3"- %256 To gain additional control, orthogonal cysteine protection followed by pairwise
cysteine oxidation may be used. Recently, an orthogonal cysteine protection scheme was
developed, encoding a rapid system for disulfide oxidation (Table 1.3, Entry 23). Using
palladium and UV light mediated deprotections, it was shown that up to three correctly paired
disulfide bonds could be formed in less than 13 minutes.'®® The use of trityl (Trt) and
acetamidomethyl (Acm) protecting groups has been reported for formation two disulfide bonds
in a D-protein (Table 1.3, Entry 23).5° Another protecting group that can be used is the 2-
nitrobenzyl group but must be chemically synthesized (Table 1.3, Entry 23)."% Disulfide bond
formation can also be directed without the use of chaotropic agents or orthogonal protection
schemes, such as cysteine-penicillamine pairings or repeat-proline (Cys-Pro-Pro-Cys)

motifs. 154 155

rC5a Ts3 ShK cVelA Kaliotoxin Omwaprin
PDB: 1KJS PDB: 5CY0 PDB: 4LFS PDB: 4TTL PDB: 30DV PDB: 3BNGG

Figure 1.10: Examples of disulfide-rich D-proteins prepared by chemical synthesis, with structures

resolved by racemic protein crystalloraphy.
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Post-translational modifications

To achieve a true, mirror-image protein with reciprocal stereospecific protein activity, PTMs must
be incorporated into the D-polypeptide product. Serine and tyrosine phosphorylation are
common PTMs.156-1%8 Whilst the L-serine equivalent (Table 1.3, Entry 34) is commercially
available, the corresponding protected D-Ser building block must be accessed through chemical
synthesis.?3 This has been demonstrated in the synthesis of mirror-image ribosomal proteins
which are essential in the binding of L-RNA molecules.?®> Phosphorylation and sulfation of
tyrosine residues have been incorporated into chemical synthesis of L-proteins'® 60 using
similar protected building blocks (Table 1.3, Entry 33 & 35). It is reasonable that equivalent
building blocks can be prepared in D-enantiomeric form. Indeed, tyrosine phosphorylation is a
PTM observed in many transcriptional regulators and has been shown to impact DNA binding. %8
Glycosylation is another widespread PTM found in proteins.'®! However, the sugars attached to
the protein are chiral existing almost exclusively in D-form.” Mirror-image glycoprotein would
require installation of L-sugar polymers onto the D-polypeptide and has not yet been reported.
However, quasi-racemic protein crystallography of synthetic glycoprotein Ser-CCL1 could be
facilitated using the un-glycosylated D-enantiomer.% In many cases, glycans can play important
roles in protein or nucleotide binding,'®' and therefore achieving mirror-image protein
glycosylation is a key milestone in research surrounding D-proteins, particularly in the area of
MIPD.

Other promising PTMs include lysine trimethylation or acetylation, both of which have been
incorporated into the chemical synthesis of L-histones (Table 1.3, Entries 26-27).162 163
Preparation of the corresponding D-histones would require the synthesis of the lysine building
blocks in D-form. A more challenging lysine PTM is site-specific ubiquitination.’® Chemical
synthesis of branched ubiquitin chains in native L-form is well reported, typically employing a &-
mercapto lysine to facilitate ligation, followed by desulfurization.'®”- 164-167 However, preparation
of the branched ubiquitin chains for racemic protein crystallography utilized an auxiliary for NCL,
following subsequent removal with TFA to generate a native glycine at the branched ligation site
(Figure 1.11 A).3*4° The auxiliary facilitates NCL with a ubiquitin thioester, following subsequent
removal with TFA to generate a native glycine at the branched ligation site. However, during
preparation of the mirror-image branched ubiquitin proteins, the auxiliary was replaced with a
cysteine residue to circumvent the low efficiency of the ligations, leaving a non-native cysteine
as a scar at the ligation site (Figure 1.11B).34 49
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Figure 1.11. Methods for branched protein ligation used in preparation of poly-ubiquitins; (A) glycyl
auxilliary mediated NCL for preparation of branched L-proteins and (B) cysteine mediated NCL for

preparation of branched D-proteins.

Palmitoylation also serves as a promising PTM for incorporation into D-proteins and has been
applied to the synthesis of cysteine palmitoylated L-proteins (Table 1.3, Entries 31-32).168 169
Palmitic acid is achiral and could be conjugated to D-cysteine or other D-amino acid residues.
Synthesis of palmitoylated D-proteins may find use in racemic protein crystallography3! which
has been applied to reveal the structure of transmembrane protein domains in racemic
detergents.3 33 |n addition, palmitoylation is a useful modification for pharmacokinetic
optimization of peptide drugs,’”? including the FDA-approved Liraglutide.’! This modification
may find use in prolonging the half-life of D-peptide drug candidates, as encountered with the
conjugation of cholesterol to the promising D-peptide drug candidate, CPT31.1%
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Remarks

Folding of D-polypeptide chains into the desired protein conformation is a challenging task, and
often requires optimization in a case dependent manner. Protein refolding protocols can be pre-
established using the native recombinant L-counterparts,’”? and they are often sufficient to fold
the corresponding D-enantiomer. In the case where disulfide bond formation is involved,
oxidants such as cystine or glutathione disulfide can be used.®® Alternatively, orthogonal
protection schemes can be implemented.%® % Most PTM installation can be achieved,
particularly the achiral components such as phosphorylation.?®> However, chiral PTMs such as
glycosylation largely remains an unresolved synthetic challenge.®® A plausible solution would
be to obtain a mirror-image enzyme (such as endo-glycoside hydrolase),'”® capable of
assembling the necessary polysaccharide building block from L-sugars, much like the

enantiomeric polymerase enzymes discussed earlier.'4 15 18,19
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Table 1.3. Synthetic methods used in chemical protein synthesis, indicating use in reported D-protein synthesis and potential issues encountered

with use.
Entry Used in D-protein synthesis
: Reagents S— Ref
# Synthetic method Y/N Potential issues
Ligation method
o ¢ Dependence on suitable
1 Native chemical ligation (1 Y _ . . 12
ik cysteine or alanine residues.
+ thiol catalyst
° & Requires suitable Ser/Thr.
. o a. e _
2 Serine/threonine ligation ['}TJ/%SZN N Slower reaction 74
~ kinetics than NCL.
+ acidolysis
3 KAHA ligation i N Accessibility of enantiomeric reagent. 175
nﬂ\T N 2
a SeH
4 Selenocysteine NCL (1 y é—ﬂ N Accessibility of enantiomeric reagent. 144
Fa
+ thiol catalyst
NCL reactive end
Thioester surrogate
o Oxidation incompatible with Thz.
4 Hydrazides [ 1 . Y Low temperature activation needed 19
Activation (<-15°C).
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+ NaNO:2
+ Thiol
o]
(1 "
HaN
\E:.:v/”»\n/.NHg
o} 21,176, 177
Activation Di-acylation side product with
Dbz Y
4-nitrophenyl chloroformate excess Gly.
or NaNO:
or isoamyl nitrite
+thiol
O
[ 1 S
0L
HiC7 Yy
_ \[’::Q/ll:q_NHg
MeDbz N Difficult to activate off-resin. "r
Activation
4-nitrophenyl chloroformate
+thiol
SEAorrF peptide can remain inactive in ligations for
one-pot assembly of multiple fragments and
SEA N activated by TCEP for thioester formation (SEAon). 178
Therefore, TCEP should be avoided until the desired
ligation step.
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0

IllLN"\Z:
\ ;
o TSH
WLPJ ’“\c,FF
NI

Activation of SEAoFF

TCEP
+thiol

N-cysteine protection

HgizCOOH

Incompatible with hydrazide

8 Thz o 122
Deprotection oxidation.
MeONH:
g“\gCFQ
L Accessibility of enantiomeric
9 Cys(Tfacm) HN~~COOH 179
reagent.
Deprotection
pH 11.5
gS
01 JEOOH Accessibility of enantiomeric
10 TFA-Thz Fs 48
. reagent.
Deprotection
Base then MeONH:
Accessibility of enantiomeric
11 N3-Cys ISH 180
Ny~ >COOH reagent.
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Deprotection
TCEP

12

Cys(Dobz)

SH

i /[
/©/\O)LN coor
HO‘B

Accessibility of enantiomeric

181

O reagent. Harsh deprotection conditions.
Deprotection
H202
Desulfurization
Removal of metal impurities
Pd/Al203 . .
. can be problematic. Use of hydrogen gas. Potential
Or Raney Nickel ) ] ]
13 Metal-based side reactions with Trp and Met 127
Quenched by thiol catalyst.
+Hz (g _
Native Cys must be protected.
VA-044
) Quenched by thiol catalyst.
14 Metal-free radical based TCEP _ 125
. Native Cys must be protected.
tert-butylthiol
B-thiol-Phe
B-thiol-Val
B-thiol-Leu Accessibility of enantiomeric
B-thiol-Asp reagent. Commercially available
15 Beta/gamma thiol amino acids B-thiol-Asn D-Penicillamine (B-thiol-Val) could be used for D- 182
B-thiol-Arg peptide ligation at Val, if directly following a glycine
y-thiol-Val residue.
y-thiol-Thr
y-thiol-lle
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y-thiol-Pro
y-thiol-Glu
y-thiol-GIn
y-thiol-Lys
2-thiol-Trp

Thiol catalysts for one-pot

ligation-desulfurization

Preparation of MPAA-hydrazide

16 MPAA-hydrazide pKa=6.6 reagent coupled with use in 183
large excess is uneconomical.
Removal
Aldehyde-resin capture
HS“SCF,
pKa=7.3 Malodorous and volatile, though
17 Trifluoroethanthiol could be used for D-protein 184
Removal synthesis.
Evaporation
(bp =37 °C)
HS/E/OMe
. Slower kinetics with C-terminal
18 Methyl thioglycolate pKa=7.9 ) 48
beta-branched residue.
Removal
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none
Solubility enhancers
o O g on
Additional steps to incorporate
Helping hand v1 Installation N and remove tag. Potential 138

Amine labelling with lysine side issues with stability.

chain
Removal

Hydrazine (aq)

A
Fmoc _ OH

N
H

i Additional steps to incorporate
Helping hand v2 Installation N 139
. . . : . and remove tag.
Amine labelling with lysine side
chain
Removal
Hydrazine (aq)

Or Hydroxylamine (aq)

‘ Limited to Gly only. Lengthy synthesis of building
A""CHN/\/O\(:QOXN\/\E; Y block. Additional steps to incorporate and remove 136, 185
o
Fmoc/N\)kOH tag

Removable backbone
modification v1
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Installation
Standard Fmoc-SPPS
Removal
pH 7 then TFA

Removable backbone

MeO. OH

OZNI:[CHO

Installation

Reductive amination

Additional steps to incorporate

22 86, 137
modification v2 Acetylation and remove tag.
Removal
Deacetylation (Cys (ag))
then TFA
Protein folding
Ph?Ph
HQN/[COOH Practically limited to two disulfide
” Cysteine orthogonal Disulfide #1 bonds. Accessibility of a third, o 15
protection orthogonally protected D-Cys
building block.
Removal
TFA
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H
0y
HQN/[COOH

Disulfide #2

Removal
lodine
or PdCl2

O,N :

L

H,N“ >COOH

Disulfide #3

Removal
UV light (350 nm)

Mostly unnecessary for in-vitro
“Ambidextrous” chaperone GroEL/ES protein chaperone Y protein folding. Limited scope 142

reported.

Post-translational

modifications

Low efficiency of ligation. Glycyl

auxiliary replaced with Cys in
Lys ubiquitination e N i _ P . Y . 34,49
?\ preparation of enantiomeric
OMe
HS N/\gOH di- and tri-ubiquitin proteins.
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Installation
Coupling to lysine side chain
PTM
NCL to Ub-thioester
Auxiliary removal
TFA

Accessibility of enantiomeric

Fmoc-D-Cys(palmityl) must

26 Lys trimethylation Fmoc-Lys(Mes)-OH 162,181

reagent.
Accessibility of enantiomeric

27 Lys acetylation Fmoc-Lys(Ac)-OH 163

reagent.
Fmoc-Asn(Glycan)-OH
or Boc-Asn(Xan)-OH o . .
Accessibility of enantiomeric
28 60, 186, 187
. reagent (would also require L-sugars).
. (and) further glycosylation on-
Asn N-Glycosylation ) i .
resin or in solution.
Oligosaccharide coupled directly o ) )
_ . _ Accessibility of enantiomeric reagent (would also
29 to free Asn side chain during Boc- . 188
require L-sugars).
SPPS.
] Accessibility of enantiomeric reagent (would also
30 Thr O-Glycosylation Fmoc-Thr(Glycan)-OH . 160
require L-sugars).
Fmoc-Cys(Mmt)-OH ] .
Incompatible with NCL.
Mmt removal on-resin with 2%
31 TEA Potentially viable for D-protein 168
Cys S-palmitoylation ) . . . synthesis via STL or Sec NCL.
Reaction with palmitic anhydride
Incompatible with NCL.
32 Fmoc-Cys(palmityl)-OH 169
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be synthesized.

33

Fmoc-Tyr(OTBS)-OH

Deprotection and sulfation on-

resin with:

Tyr sulfation

Accessibility of enantiomeric

reagent.

160

34

Ph
Ser phosphorylation o=p-d

I8
FmocHN™ ~COOH

Accessibility of enantiomeric reagent.

23, 157, 166,

189

35

NMe,
0=P_NMe,

(O é
FmocHN™ ~COOH

Tyrosine phosphorylation

Accessibility of enantiomeric reagent.

159
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1.3 Conclusion

Applications of synthetic D-protein enantiomers are vast but remains to be challenged by the
difficulty in their preparation, particularly when their complexity increases with their size, folding
and post-translational modifications. The ability to translate L-mRNA into D-proteins will be truly
revolutionary. The first milestone will be the complete assembly of an enantiomeric ribosome,
comprised of D-proteins and L-rRNAs. Since three out of ~50 mirror-image E. coli ribosomal
proteins 23 and efficient L-nucleotide polymerases'® 4 15 17-19. 21 have been reported, it is
anticipated that this ambition will be achieved in the future. Mirror-image translation could then
be achieved in vitro,'°° using D-aminoacyl-tRNA synthetases to load the L-tRNAs along with the
mirror-imaged translational factors. Subsequently, all D-proteins needed in mirror-image life,
racemic protein crystallography and D-targets for mirror-image phage display may be obtained
by suppling the exogenous L-nucleic acids encoding the desired protein. Perhaps, preparation
of entire D-polypeptides can also be achieved using “Flexizyme” technology,’®! which has been
reported to incorporate D-amino acids into peptide chains without using enantiomeric translation

components.5 7576

Chemical synthesis remains superior at atomistic control allowing researchers to incorporate
building blocks without constraints associated with ribosome-based systems. Complex D-
protein targets can be achieved via: engineering of split enzymes,’® mutational installation of
suitable ligation sites'® and in silico design of accessible D-enzymes.?' For protein
crystallography, small D-proteins can be readily accessed for facile investigations though
racemic protein crystallography. To facilitate crystallization of complex L-proteins, smaller D-
proteins may be used to facilitate crystallization of complex L-proteins by quasi-racemic protein
crystallography.* In addition, mirror image phage display can be conducted against minimal
protein targets, circumventing large enantiomeric target preparation.82-84. 92. 99,100 Discovery of
D-peptide binders could also be achieved via computational-based approaches.!02-104, 192
Together, while there are unsolved challenges, D-polypeptide research remains to have strong

potentials that can generate explosive impacts on numerous research topics. crystallography,
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1.4

Thesis aims

The broader use of D-protein and D-peptide technology in applied research can be expedited

by mitigating the challenges of their preparation. For example, racemic protein crystallography

is a powerful tool at unveiling molecular inights at exquisite resolution, but obtaining sufficient

quantities of D-enantiomer for crystallization screening can be inefficient. Additionally, preparing

D-enantiomers of complex protein targets for mirror-image phage display screening remains a

challenging task. The presented thesis aimed to harness both technologies in applied research,

whilst mitigating inefficent D-protein preparation. Two key objectives were outlined:

1.

Enable in-depth racemic protein crystallography analysis to study membrane-
active bacteriocins. Highly efficient synthetic routes to the D-enantiomers of two key
bacteriocins, aureocin a53 and lacticin Q were developed. The consumption of the costly
D-amino acids was minimized (two to four equivalents), whilst producing sufficient
quantity of D-protein in a one-pot procedure for in depth analysis by racemic protein
crystallography. Novel insights were obtained into the roles of tryptophan in bacteriocin
function, and subsequently, the new synthetic route could facilitate site specific

substitutions of all tryptophan resiudes in the two bacteriocins for activity analysis.

Develop an efficient route to discover D-peptide inhibitors of TNFR-1. A minimal
cytokine binding domain of the tumour necrosis factor receptor 1 (TNFR-1) was identified
as a potential target for the discovery of D-peptide inhibitors. Chemical synthesis of the
subdomain, followed by optimization and confirmation of the folding by racemic protein
crystallography was conducted. The enantiomeric subdomain was first used as a target
in mirror-image phage display, mitigating the need to prepare the challenging
enantiomeric TNFR-1. Then, the use of computational methods to design D-protein

inhibitors of TNFR-1 based only on the target structure was explored.
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Chapter 2 : Investigations of the role of tryptophan in
membrane-active bacteriocins guided by racemic protein
crystallography
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2.1. Preface

To understand how membrane-active bacteriocins have evolved to acquire their antibacterial
properties, analysis based on racemic protein crystallography (0.89-1.21 A resolution) of two
key representatives, aureocin A53 (AucA) and lacticin Q (LngQ) was conducted. Distinct salt
bridges were revealed on the AucA surface, where tetrahedral oxyanions (sulfate or glycerol 3-
phosphate) are hydrogen-bonded to the indole NH of Trp3, Trp31, and Trp40 and to
neighbouring lysines. Antibacterial activity assays revealed that conserved Trp31 and Trp40 are
critical for AucA activity. Also, enantiomeric D-AucA was found to be at least as active as its
native L-counterpart. These observations suggest that Trp31 and Trp40 of AucA bind to the
head groups of lipids and facilitate membrane destabilisation. Meanwhile, Trp3 and Trp22
associate at a homodimeric interface to confer proteolytic stability. The homologous bacteriocin
LngQ lacks a Trp3 and appeared to be monomeric, while enantiomeric D-LngQ was up to 16-
fold more active than L-LngQ, suggesting sensitivity to proteolysis associated with a lack of
oligomerization. However, Trp32 and Trp 41 of LngQ, which are conserved with Trp31 and
Trp40 of AucA, also proved important for antibacterial activty - thus reinforcing their importance
in lipid interactions. The molecular interactions of tryptophans identified here show how a

bacteriocin delivers its antibacterial properties.

2.2. Introduction

Leaderless bacteriocins have been produced by their hosts as a means of eliminating
competitors, and so they must withstand harsh conditions and confer potent activity without
discriminating against antibiotic-resistant and sensitive strains. Meanwhile, this family of small
ribosomal proteins (<6 kDa) have been found in dairy products'®® and are considered safe for
use as food preservatives.'®* 195 Hence, understanding their mechanism of action can shed light

on how to address the emergence of multidrug-resistant pathogens. '

Two key representatives, aureocin A53 (AucA) and lacticin Q (LngQ) share 48% homology and
contain multiple conserved residues with other potent leaderless bacteriocins.’®-1%8 Both
bacteriocins exhibit broad-spectrum activity against Gram-positive pathogens.’® 199 Previous
NMR analysis of isotopically-labelled, recombinant AucA and LngQ revealed a globular

morphology and an unusually high number of tryptophan residues (AucA = 5, LnqQ = 4).290
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Although some of these residues are highly conversed, their roles remain elusive and hence
impede the wider applications of bacteriocins in the medicine and food industries.

In this chapter, a cost-effective synthetic scheme for enantiomeric AucA and LngQ is reported,
such that atomistic insights of these leaderless bacteriocins could be revealed through racemic
protein crystallography.?® 3! A racemic mixture of each DL-AucA or DL-LngQ allows rapid crystal
formation under a broad range of conditions, and thus their analysis could reveal molecular
insights that may otherwise be difficult to obtain via other bioanalytical techniques.3? 33. 43, 46, 51,
53,54 Furthermore, expedient synthetic schemes of AucA and LngQ offer prompt access to site-
specific variants for further investigations, bypassing issues related to inclusion bodies
formation, enzymatic treatment and multiple chromatographic steps in the existing recombinant
approach.?°° The bioanalytical analyses conducted here revealed that the tryptophan residues

in AucA and LnqQ have designated roles in conferring antibacterial activity and/or stability.

2.3. Results and discussion

2.3.1 Chemical synthesis and antibacterial activity of aureocin A53,
lacticin Q and their enantiomers

Total chemical synthesis of AucA and LngQ utilizing native chemical ligation was developed
(Figure 2.1). In situ hydrazide activation, followed by thiolysis yielded the peptide thioester.'?
119 Reaction in stoichiometric quantities with a peptide bearing an N-terminal cysteine, followed
by thiol removal and desulfurization,'®? yielded the native bacteriocins. This approach facilitated
an efficient route to the AucA and LnqQ variants, whereas linear solid-phase synthesis (SPPS)
required a large excess of amino acids (10-20 equivalents, see Method 5.3.3, and ref?°! for
AucA), a significant financial burden when D-amino acid building blocks are used. While an
Ala11Cys substitution could facilitate both ligation and desulfurization resulting in native AucA,
desulfurization at other Ala positions in AucA proved to be unsuccessful likely due to a lack of

solvent accessibility (Figure S7.1).

Initial chemical synthesis of L- and D-LnqQ was optimized by Dr. Xuefei Li. Data pertaining to LnqQ
presented in this thesis was conducted by Alexander Lander, following redesign of the synthetic route to

a one-pot procedure.
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Figure 2.1: A) Sequence of AucA and LngQ, B) Ligation scheme for synthesis of AucA and LnqQ, C)
UPLC traces and deconvoluted high-definition ESI+ MS of isolated L- and D- LnqQ and AucA. " denotes

the residue number of the Ala->Cys substitution used to facilitate ligation.

This synthetic scheme was used to prepare enantiomeric AucA and LngQ entirely composed of
D-amino acids (D-AucA and D-LngQ) which yielded an opposite optical rotation to the native L-
enantiomers by circular dichroism (CD) spectroscopy (Figure S7.2-S7.3). The antibacterial
activities of both enantiomers were assessed by determining minimum inhibitory concentrations
(MICs) against a panel of nosocomial pathogens isolated from hospitalised patients
(CANWARD?°2) (Table 2.1). Contrary to a previous study which reported a decrease in activity
of enantiomeric membrane-active antimicrobial proteins,?°® D-AucA and D-LngQ were at least
as active as their L-enantiomer while neither enantiomer discriminated between antibiotic-
resistant and -sensitive strains. Therefore, these bacteriocins likely target the bacterial

membrane through non-stereospecific interactions.®®

Bacteriocin MIC assays were conducted by Laura Dominguez at Concordia University.
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In the case of S. aureus CW115852, D-AucA displayed an eight-fold increase in activity over

that of its native enantiomer. This effect is significantly more pronounced in the case of D-LnqQ,

with activity increase (up to 16-fold) against all S. aureus and S. epidermidis strains. A likely

explanation is that the L-bacteriocins are partially degraded during incubation, with L-LnqQ

significantly more susceptible to proteolysis than L-AucA. Indeed, proteases are known to be

secreted by Staphylococci as resistance mechanisms against antibacterial peptides. 204 205

Table 2.1: Minimum inhibitory concentrations®® (MIC) of L- and D-bacteriocins and melittin control

against bacterial strains.

S. aureus S. epidermidis E. faecalis E. faecium
AC2921|CW11412|CW11585[CW11337|CW13161|CW13050(CW13334|CW13300(CW13082(CW13112
3[b] 5lcl 2lc] glc] 2lc] olcl 6lc! 3lc] 6lc! 6lcl
L-AucA 4 4 16 4 4 4 4 4
D-AucA| 4 4 4 4 4 4 4 4
L-LnqQ| 16 32 32 8 16 4
D-LnqQ| 4 8 4 4 4 4
Melittin 8 8 4 4 4 8 16 16 8 8

[a] MIC values expressed in pg/mL, [b] AC: American Type Culture Collection strain, [c] CW: CANWARD

collection nosocomial strain.

AC292 | CW1141 | CW1158 | CW1133 | CW1316 | CW1305 | CW1333 | CW1330 | CW1308 | CwW1311
13 25 52 79 12 00 46 03 26 26

L- 4 4 16 4 4 4 4 4 2 2

AucA

D- 4 4 2 4 4 4 4 4 2 4

AucA

L- 16 32 64 32 8 16 4 2 2 2

LnqQ

D- 4 8 4 4 4 4 2 2 2 2

LnqQ
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Melitt | 8 8 4 4 4 8 16 16 8 8

2.3.2 Bacteriocin racemic protein crystallography

Since both L- and D-bacteriocins can be prepared on multi-milligram scale, we embarked on
racemic protein crystallography and solved their X-ray crystal structures at atomic-resolutions
(0.89-1.12 A). Racemic mixtures of AucA gave crystals across greater than 50% of all
cystallization conditions in less than 24 hours, whist only one condition gave racemic LnqQ
crystals suitiable for X-ray diffraction. The racemic structure of LnqQ was solved at 0.96 A
resolution, confirming the globular arrangement and solvent exposed tryptphan residues
reported through previous NMR investigation.2%°

The X-ray structures of a racemic AucA grown across a range of conditions were solved for an
expanded investigation. First, various surface-exposed tryptophan residues including W3, W31
and W40 were found to form distinct salt-bridge networks. The NH in the indole motif and the
side chain ammonium group of neighbouring lysines form hydrogen bonds (< 3.2 A) with the
sulphate oxygens (Figure 2.2 A-C). When a crystal was grown in the absence of sulfate, with
the non-tetrahedral-oxyanion salts citrate and acetate, the resulting structure was devoid of the
salt coordination networks. However, when the sulfate-free crystal was soaked with the isosteric
glycerol 3-phosphate which is prominently seen in the phospholipid head group of Gram-positive
bacterial membranes, the same Trp-Lys sidechain interaction was revealed for W31 (Figure 2.2
D). Indeed, W40 and W31 are highly conserved among leaderless bacteriocins, including LnqQ,
suggesting that significant selection pressure resulted from these tryptophan residues being

responsible for membrane interaction through forming a salt coordination network (Table S7.1).
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Figure 2.2: Insights from racemic protein crystallography of AucA; a-c) coordination of solvent exposed
W31, W3 and W40 with sulfate (PDB: 8AVR) and d) coordination of W31 with glycerol 3-phosphate
(G3P) (PDB: 8AVT); and comparison of e) dimeric and f) monomeric AucA. (PDB: 8AVU and 8AVS).

2.3.3 Effect of tryptophan substitutions on antibacterial activity

To further investigate the surface-exposed tryptophan residues in AucA, the corresponding site-
specific variants were synthesized for analysis. Each of the salt-coordinating tryptophan
residues (W3, W31 and W40) were initially replaced by a glutamate residue. When paired with
neighbouring lysine residues, these Glu-Lys pairs are expected to result in locally decreased
surface entropy disfavouring intermolecular interaction,?%®¢ for example, with an external
tetrahedral oxyanion. Characterisations by LC-MS confirmed the synthesis of the variants, and
CD spectroscopic analyses indicated that the alpha-helical folds are retained (Figure S7.2).
Subsequently, the variants were assayed for their MICs with the hospital-isolated pathogens.

The W40 and W31 appear to be critical as their individual mutation to glutamate abolished
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antimicrobial activity. In contrast, a W3E mutation affects the activity of AucA in a strain-

dependent manner.

Additional investigation was conducted by replacing each Trp in L-AucA with a leucine residue.
The results show that the indole motif for W40 is essential for activity, as this substitution
diminished the antibacterial activity for AucA-W40L. In contrast, the W31L variant remains
essentially as active as the wild type, indicating that a hydrophobic isobutyl group can fulfil a
similar role to that of this tryptophan residue. Interestingly, W3L and W22L variants have similar
patterns in their MIC assays; however, unlike W3, W22 does not form a salt-bridge network
component, despite being located at the protein surface. Finally, the W42L substitution had little
effect on activity which is commensurate with it being buried in the peptide core. Collectively,
these results suggest that W40 and W31 are key residues that facilitate AucA binding to the
bacterial membrane, with the former primarily involved in coordination with lipid phosphate and

the latter in hydrophobic interaction.

To confirm the results obtained with AucA, each tryptophan in L-LnqQ was also replaced with a
leucine residue, without disruption of their alpha-helical folds (Figure S7.3). Similarly, the
analogous W41L substitution in L-LnqQ diminished the antibacterial activity, confirming the
necessity for an indole motif at this position. Meanwhile, the W32L and W23L variants affected

activity strain-dependently, with lesser effect of the W21L substitution.

Table 2.2: Minimum inhibitory concentrations? (MIC) of bacteriocin variants and control anitbiotic

agents against bacterial strains.

S. aureus . S. - E. , E‘.
Antibiotic epidermidis faecalis faecium
agent AC2921 | CW11412 | CW11585 | CW11337 CW131612 CW13300 | CW13112
3 5 2 9 3 6
L-AucA 4 4 16 4 4 4 2
8 D-AucA 4 4 2 4 4 4 4
S | LwsL 4 4 32 4 4 16 4
T [ L-wa2aL 2 8 16 16 4 16 4
< | LwaiL 4 4 8 4 4 8 2
_cwste |ISCANNSCANECAN DECAN EC 32 8
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LnqQ variants

L-W41L

Tetracycline

Ampicillin

Melittin

[a] MIC values expressed in ug/mL, [b] AC: American Type Culture Collection strain, [c] CW: CANWARD

collection nosocomial strain.

AC292 | CW1141 | CW1158 | CW1133 | CW1316 | CW1305 | CW1333 | CW1330 | CW1308 | CW1311
13 25 52 79 12 00 46 03 26 26
L-AucA | 4 4 16 4 4 4 4 4 2 2
D-AucA | 4 4 2 4 4 4 4 4 2 4
L-LnqQ | 16 32 64 32 8 16 4 2 2 2
D-LnqQ | 4 8 4 4 4 4 2 2 2 2
Melitti | 8 8 4 4 4 8 16 16 8 8
n
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2.3.4 Investigation of bacteriocin oligomerization and its effect on stability

To investigate further why the W3 and W22 modifications affect AucA activity in a strain-
dependent manner, racemic protein crystals generated in the absence of tetrahedral anion were
investigated. The structure, solved at 0.89 A, appeared to be homodimeric with two L-AucA
molecules (or two D-AucA molecules) arranged in a head-to-tail fashion. Notably, the indole ring
of W3 in one subunit is in proximity to the indole ring of W22 in the opposite subunit, forming a
T-shaped arrangement at the dimer interface (ca. 5 A, see Figure 2.2 E). Interestingly, W22
adopts a different orientation between monomeric and dimeric forms, switching from an
intramolecular W3-W22 interaction to an intermolecular pair at the interface (Figure S7.4).
Examination of the structure in protein interfaces, surfaces and assemblies (PISA)?%’ software
showed that the dimeric interface is driven by the shielding of a hydrophobic patch on the surface
of AucA from the solvent (Figure S7.5). Further analysis by size exclusion chromatography
(SEC) was consequently conducted under physiological conditions (phosphate-buffered saline,
pH 7.4). The W3L variant appeared to be monomeric having a retention time clearly longer than
that of the wild-type AucA, but similar to that of LnqQ with comparable monomeric molecular
weight (5983 vs 5897 Da) (Figure 2.3). In contrast, AucA-W22L shared a similar retention time
with those of the wild-type protein and other Trp—Leu variants (Figure S7.6), suggesting the
dimeric interface was not completely disrupted upon replacement. However, the W22L
substitution renders AucA considerably more susceptible to proteolysis, being completely
degraded following 24 h incubation with promiscuous proteases (proteinase K or papain) at 37
°C and pH 7.4 (Figure S7.7). Accordingly, oligomerization that involves W3-W22 interaction may
help keeping AucA intact preventing recognition by bacterial proteases, and hence activity of

the corresponding variants appears to be strain-dependent in the MIC assay (Table 2.2).
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dime{ monomer

LngQ
’-}q—AucA W3L

0 10 20 Retention (min)

Figure 2.3: Analytical HP-SEC showing upfield retention of AucA W3L with respect to wild-type, dimeric

AucA, and similar retention to monomeric LnqQ. See Figure S6 for extended analysis.

2.4, Conclusion

Here, new insights into the physiological role of tryptophan residues located on the surface of
leaderless bacteriocins are presented. Tryptophan contains an indole motif which has been
known to play critical roles in both the stability and function of antimicrobial peptides.2® W31
and W40 in AucA are important for activity, forming a hydrogen-bonding network with membrane
lipid phosphate and the neighbouring lysine residues. Similarly, the analogous W41 in LnqQ
also proved important for antibacterial activity, reinforcing the insights gained through racemic
protein crystallography. These findings align with previous in silico analyses that have shown
how the indole motifs of antibacterial polypeptides often locate at a membrane-water
interface.?0%212 In fact, W31 and W40 of AucA are highly conserved amongst AucA-like
leaderless bacteriocins including lacticin Q,'%® lacticin Z,'3 epidermicin NI012'4, whereas
positions 25 and 44 typically contain hydrogen-bond donor residues such as lysine or glutamine
(Table S7.1) reinforcing their importance. On the other hand, solvent-exposed W3 and W22,

which were previously proposed to be critical for activity,?°° participate in forming an oligomeric
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interface and increasing proteolytic stability. It has also been proposed that Trp is involved in a
similar role in puroindoline A%'S and Tritrpticin,?® stabilizing the folds of these antibacterial mini
proteins. This work has illustrates how nature has evolved a scaffold that confers both activity

and stability, and such knowledge will likely find uses in the design of novel antimicrobial agents.
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Chapter 3 : Isolated domain of TNFR-1 for the
discovery of D-peptide inhibitors via mirror image
discovery technologies
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3.1. Preface

In an aim to develop an efficient D-peptide discovery platform for the inhibition of
tumour necrosis factor receptor 1 (TNFR-1) activation, a synthetic mid-chain cytokine
binding domain (TNRCD2) is reported. The D-TNRCD2 provided a facile enantiomeric
target for mirror image phage display, circumventing the need to synthesize D-TNFR-
1 which contains 12 disulfide bonds. Phage display yielded a cyclic L-peptide
candidate with affinity for D-TNRCD2 (Kp = 1.6 uM), and its D-enantiomer binds to L-
TNRCD2 (Kp = 1.0 uM). The D-peptide candidate will be subject to biophysical
analysis of TNFR-1 affinity and inhibition of cytokine activation. In addition, mirror
image binder discovery was conducted in silico, using Rosetta to design mini protein
binders for the D-TNRCD2. However, flaws in the computational design disrupted the
folding of the binder candidates, thus future optimization of the design protocol is
required. Together, this chapter aims to circumvent the need for synthesis of the whole

enantiomeric protein target in D-peptide inhibitor discovery.

3.2. Introduction

The cytokine tumour necrosis factor (TNF-a) activation of its receptor | (TNFR-1) is a
key player in inflammation, with over activation - known as cytokine storm, associated
with a variety of disease.?'” 2'® Importantly, TNFR-1 overexpression correlated with
mortality in COVID-19 patients, thus selective inhibitors are of profound interest.29. 220
Targeting TNFR-1 is advantageous, because activation of its sister receptor TNFR-2
by TNF-a is necessary for normal immunoregulatory function, limiting the use of anti-
TNF-a therapeutics.?'® However, there are currently no reported small molecules
capable of selective TNFR-1 inhibition.?'® Protein-based inhibitors could be used,??’
but they are amenable to proteolysis, triggering unwanted immunogenicity and limiting
delivery routes. The development of D-peptide inhibitors of TNFR-1 pose an attractive
solution, maintaining the necessary selectivity of polypeptides while being resistant to

proteolysis.
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Mirror image phage display (MIPD) remains the most routine approach for D-peptide
binder discovery,® but requires the D-enantiomer of the protein target as a bait
molecule for peptide screening. The extracellular portion of TNFR-1, involved in TNF-
a binding, is 144 residues in length, consisting of four cysteine rich domains (CRD’s)
with 12 disulfide bonds.???2 Thus, preparation of its enantiomer would be a laborious
challenge. Meanwhile, >80% of all residues involved in binding of TNF-a are contained
within the mid-chain CRD2 (TNRCD?2), 2?2 223 serving as a good candidate target for
the screening of D-peptide inhibitors (Figure 3.2).

Qrs :
| N

TNFR-1

TEI®

TNRCD2

Figure 3.1: Interaction of TNFR-1 with TNF-a is significantly governed by the cysteine rich
domain 2 (TNRCD2, magenta), serving as a good target for mirror-image phage display
(MIPD).

TNRCD2 contains only 45 residues, presenting a significantly more accessible
synthetic target, while the three disulfide bonds provide additional rigidity to the
isolated domain.??? The use of D-TNRCD?2 as the target in MIPD not only simplifies its
preparation, but also reduces the available protein area for off-target binding,??*
increasing the probability of obtaining an inhibitor of TNFR-1/TNF-a interaction (Figure
3.2). Here, a synthetic route to TNRCD2 is reported, with folding into the correct
conformation confirmed by racemic protein crystallography at 1.4 A resolution.

Preparation of D-TNRCD2 enabled MIPD for the discovery of a cyclic peptide
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candidate with low micromolar affinity. Additionally, de novo design was used to create
three potential D-TNRCDZ2 mini protein binders in silico, although further optimization
is required.

D-peptide
inhibitor

Isolate

iy 1 )
%% | %& Phage display % M%

D-TNRCD2 + L-TNRCD2 +

L-TNRCD2 D-TNRCD2 L-binder D-binder

Figure 3.2: The use of TNFR-1 cysteine rich domain 2 (TNRCD2) as a target in mirror-image
phage display (MIPD) to identify D-peptide inhibitors.

3.3. Results and discussion

3.3.1. Chemical synthesis of TNFR1 cysteine rich domain 2
(TNRCD2)

Synthesis of the entire TNRCD2 polypeptide chain (Figure 3.3 A) using automated
SPPS required a large excess of amino acid reagents (10-20 equivalents), which is
highly inefficient when using D-amino acids. Additionally, conjugation of a C-terminal
linker (Gly-D-Ser-Gly-D-Ser-Gly-Lys(Biotin)-CONHz2) for streptavidin immobilization in
phage display yielded multiple truncated products, regardless of amino acid excess.

A likely explanation is that the additional C-terminal flexibility on the resin facilitated
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peptide aggregation, decreasing N-terminus accessibility resulting in poor coupling
efficiency. Therefore, synthesis via native chemical ligation (NCL) was developed.''?
The N-terminal peptide contains the first 16 residues as a peptide hydrazide,''® which
is oxidized and converted to a trifluoroethanethiol (TFET) thioester in situ.'® The N-
terminal cysteine peptide contained the remaining 29 residues, either alone or with the
C-terminal flexible biotin linker. NCL yielded the fully reduced TNRCD2 peptide in good
yield (72%), which was initially isolated by preparative HPLC for refolding optimisation.
(Figure 3.3 A-B)

A) TNRCD2 SCSKCRKEMG®! QVEISSCTVD®’ RDTVCGCRKN'?! QYRHYWSENL!'!! FQCFN'!®

8) EEEED, v ve-CESEEND D)

i) NaNO, o |
iy TFET Native chemical ligation
SH SH SH SH
Reduced
POl Ser’2-Ser®? Cys®8-Asn16
(not isolated) SH SH
L-TNRCD2 D-TNRCD2
i) TFET removal (Ar) E)
i) Refolding
S S S S

Folded Ser’2-Ser8? 88_Agn116
oy
S

Reduce Folded
C) LTNRCD2 & D-TNRCD2

1
(not isolated) \ Calc.: 5334.0 |+6
Calc.: 5340.0 48[ 1 Obs. : 5333.0 +7| +
Obs. : 5339.5 +6 |.
"
500 1000 miz 5 1000 iz

2
Folded Folded
L-TNRCD2 | D-TNRCD2(biotin)
Calc.: 6033.3

Calc.: 53340  |*® 7
Obs.:53332 +7| 45 Obs. : 6032.4 t
+
— U O
0 1000 z 500 1000 m/z
9 10 11 12 9 " 12

Figure 3.3: A) amino acid sequence of TNRCD2, numbered based on full extracellular
domain, B) synthetic scheme to prepare TNRCD2, C) LCMS analysis of TNRCD2 intermediate
and enantiomer products, D) mirror image folding of L- and D- TNCRD2, E) cA-weighted 2Fo-
Fc omit electron density maps contoured at 10 (0.46 electrons per A%) showing correct
disulfide bond formation, F) structural overlay of the L-TNRCD2 structure with TNF-a/TNFR-1
complex (PDB: 1TNR).

3.3.2. Optimization of TNRCD2 in vitro protein folding

The six cysteine residues in TNRCD2 must be oxidized into the correct disulfide bond
pairings. Here, folding of the polypeptide from chaotropic agents is utilized to guide
disulfide bond formation under thermodynamic control.#’ The following optimisation
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protocol was implemented for folding of the peptide: 1) oxidation method: DMSO, air
(O2) or Glutathione (GSH)/Glutathione disulfide (GSSG), then 2) buffer pH: tris (pH
8.5) or phosphate (pH 6.5) (TNRCD2 pl = 7.5), and finally 3) reagent concentrations:
peptide and GSH/GSSG (Table S7.2). Refolding was monitored by LCMS, with up
field retention of 1 min assumed to be correctly folded peptide, due to the burying of
hydrophobic residues (Figure 3.3 C - left). The highest refolding yield (33% by LCMS)
was obtained by dissolving TNRCD2 (0.5 mg/mL) in denaturation buffer (6 M Gn-HClI,
0.1 M NaPi, 6 mM GSSG, 60 mM GSH, pH 6.5), followed by a rapid five-fold dilution
with phosphate buffer (0.1 M, pH 6.5). Refolding proceeded for four days at room
temperature under inert atmosphere. Once refolding was established, the one-pot
refolding protocol was developed (Figure 3.3 B). TFET was chosen for its volatility (bp
= 37 °C), thus can be removed by bubbling Ar for 2 hours at 37 °C.'8* The NCL mixture,
already in Gn-HCI/NaPi buffer, was adjusted to the correct concentration and pH
followed by addition of GSH/GSSG for 10 mins, then rapid five-fold dilution. The
reaction proceeded for four days at room temperature under inert atmosphere, and
the folded peptide was isolated by preparative HPLC with 17% total yield (Figure 3.3
C). The protocol was subsequently used to prepare L- and D-TNRCDZ2, each with and
without the C-terminal biotin linker.

3.3.3. Validation of TNRCD2 conformation by racemic protein
crystallography

To confirm the correct folding of TNRCD-2, the structure was solved using racemic
protein crystallography.3' Briefly, a mixture of DL-TNRCD2 was subject to sparse
matrix crystallization screening using sitting drop vapour diffusion. The best crystal
formed in 1.5 M Sodium chloride and 10% v/v ethanol, and its X-ray structure was
solved at 1.4 A resolution. Mirror-image folding of D- and L-TNRCD2 was observed in
the crystal (Figure 3.3 D), an essential observation for MIPD. Well-defined electron
density confirmed the correctly formed disulfide bonds (Figure 3.3 E), reinforcing
assumptions made in the refolding assay. Finally, structural overlay of isolated L-
TNRCD-2 with the TNF-a/TNFR-1 structure showed good agreement (Figure 3.3 F).222
Therefore, TNRCD2 is an appropriate model for the design of D-peptide ligands, and

ultimately, antagonistic ligands that can compete with TNF-a binding in cytokine storm.
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3.3.4. Mirror-image phage display to identify D-peptide ligands
for TNRCD2

The biotinylated D-TNRCD2 was delivered to the group of our collaborator, Prof.
Chuanliu Wu at Xiamen University, and phage display experiments discussed in this
section were conducted by PhD student, Yifu Kong. The peptide library presented on
the surface of the bacteriophages consisted of the sequence format CXoC, with the
aim of obtaining 11-residue, terminal-disulfide cyclic peptides, where X could be any
canonical amino acid. Following three rounds of biopanning, the peptide sequence
CFHCVWLGMEC was enriched (Table S7.3), and next generation sequencing
showed that the WLG motif was relatively conserved (Table S7.4). However, the
presence of a cysteine residue at position four perplexed the view of a terminal
disulfide cyclic peptide. A second experiment of biopanning was conducted, this time
keeping the WLG motif fixed in the format CX4WLGX2C. Following three rounds of
selection, the library was enriched >8000 fold (Table S7.5), with the second library
bearing multiple conserved residues (Figure 3.4 and Table S7.6). Similarly, Cys4 was
highly conserved. The sequences and enrichment data (Tables S7.3 - S7.6) were

provided back to the group at Cardiff University, and analysis resumed in this work.
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Figure 3.4: Sequence consensus of the enriched peptide library following the second

biopanning experiment, using a CX4WLGXC library format.
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3.3.5. Identification of the cyclic peptide active isomer

The most abundant peptide sequence from biopanning, CFHCIWLGDEC (TCPB-E),
has three possible disulfide bond isomers, between cysteines 1-4, 1-11 and 4-11.
Given the oxidizing environment of the E. coli periplasmic space,??® where the phage
libraries are assembled,??® we envisaged that the cysteine not involved in
intramolecular disulfide parings would form an intermolecular disulfide bond with
cysteine or glutathione. Thus, giving six possible peptide conformers that may be
responsible for binding to D-TNRCD2 (Figure 3.5).
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R-S = Glutathione TCPB-E-G4 R-S = Glutathione TCPB-E-G1 R-S = Glutathione TCPB-E-G11
R-S = Cysteine ~ TCPB-E-C4 R-S = Cysteine  TCPB-E-C1 R-S = Cysteine  TCPB-E-C11
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Figure 3.5: Six possible conformers of TCPB-E, oxidized with either glutathione (TCPB-E-G)
or cysteine (TCPB-E-C).

To simulate these conditions in vitro, the reduced TCPB-E peptide prepared by SPPS,
was dissolved at 50 uM concentration in buffer (0.1 M NaPi, pH 6) containing either
cystine (0.5 mM) or glutathione disulfide (0.5 mM). Two major peaks with each oxidant
corresponded to the target masses of TCPB-E-C or TCPB-E-G isomers, suggesting
an equilibrium of two of three of the possible disulfide conformers with each cysteine
and glutathione (Figure S7.8). Each of the peaks were isolated by HPLC, and the
conformers were identified by chymotrypsin digestion/LCMS disulfide bond mapping.
In the case of each oxidant, the two major products consisted of intramolecular
disulfide bond pairings between cysteine 1-4 (TCPB-E-C11 or G11) or 4-11 (TCPB-E-
C1 or G1) (Figure 3.6 for TCPB-E-C peptide, S7.11-S7.12 for TCPB-E-G peptides).
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Interestingly, no significant formation of the 1-11 disulfide product was observed,

hence explained the bacteriophage enrichment of cysteine 4.
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0.5 mM, Q ’
6 hr, RT N T et
TCPB-E-Ci RS Idened conformer
A
&P Cg
' : RS s, ®
- Q ¥ NH,
6 hr digest N S—S o
TCPB-E-C1
SR = Cysteine

Calc. (Da): 1090.2
‘ Obs. (Da): 1089.6

+ Cystine
0.5 mM,
6 hr, RT

Identified conformer
-E-Cii Major f t
TCPB-E-Cii ajor fragmen
+ H
|

% a % e
ZN/S COaH", HzN%“ SR

S-S Ne
Ne S-S
Calc. (Da): 806.0
6 hr digest obs. (DZ): 805.5 TCPB-E-C11
s 10 12 min SR = Cysteine

Figure 3.6: Solution-phase oxidation of reduced TCPB-E peptide (Cystine 0.5 mM) and
isolation of each tautomer TCPB-E-Ci (top) and -Cii (bottom). Chymotripsin digestion of the
isolated oxidized peptide followed by LCMS analysis allowed assignment of the present

conformer.

Next, the cyclic L-peptides were tested for binding to the phage display target by
grating coupled interferometry (GCI), with biotinylated D-TNRCD2 immobilized on
streptavidin coated sensor chips. Repeated analyte pulses of increasing duration
(RAPID) assays were conducted to identify the peptide conformer with most significant
binding, although quantities obtained were insufficient for full kinetic analysis at this
point. TCPB-E-C1 demonstrated the highest sensor response with respect to

concentration (Figure S7.13); hence, was proposed to be the most active conformer.
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To enable further binding analysis, a synthetic route to the TCPB-E-C1 peptide was
developed for facile scale up synthesis. Orthogonal on-resin protection of the cysteine
residues was used to control disulfide bond formation, based on previous work??7
adapted here for on-resin synthesis (Figure S7.14 and Method 5.3.12). The new
scheme was also used to prepare the TCPB-E-C4 conformer, which was not isolated
following the solution-phase oxidation. Indeed, comparison of HPLC retention times of
the orthogonally prepared peptides with the crude solution-phase oxidised product

supported the LCMS disulfide mapping experiments (Figure S7.15).

To further investigate the binding of each conformer, TCPB-E-C1 and TCPB-E-C4 (50
KMM) were flowed over the GCI sensor chip containing D-TNRCD2, which reinforced
that TCPB-E-C1 is the desired binding conformation presented by the bacteriophage
during biopanning (Figure S7.16). Subsequently, full analysis of the binding kinetics of
TCPB-E-C1 could be conducted using serial two-fold dilutions of concentration and
demonstrated a binding affinity to D-TNRCD2 of 1.6 uyM (Figure 3.7). The D-
enantiomer of the candidate binder, D-TCPB-E-C1 also demonstrates reciprocal
binding to the L-TNRCD2 (Kp= 1.0 uM) (Figure 3.6).

L-TCPB-E-C1 + D-TNRCD2 D-TCPB-E-C1 + L-TNRCD2

Response
Response

Time(s) ¢ 50 100 150 200

Figure 3.7: Multi-cycle kinetic analyis of L-TCPB-E-C1 binding to D-TNRCD2 (left), and D-
TCPB-E-C1 binding to L-TNRCD2 (right) using grating-coupled interferometry (GCI).
Equilibirum binding constant Kp is indicated in insets, using data fitted with a 1:1 Langmuir

model (black lines).

D-TCPB-E-C1 serves as a promising starting point for the optimization of a D-peptide
binder for TNFR-1, and possibly, an inhibitor of TNF-a/TNFR-1 interaction. However,
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further biophysical analysis is required to characterize the binding of the D-peptide

native TNFR-1 receptor, followed by in vitro and in vivo inhibition assays (Chapter 4).

3.3.6. Mirror-image de novo protein design — a case study
using TNRCD2

The fundamental aim of this chapter was to develop D-peptide inhibitors of TNFR-1 by
only preparing a smaller, enantiomeric subdomain for MIPD. However, if the mirror-
image screening principle could be conducted in silico, the need for target chemical
synthesis could be superseded. The method investigated here exploits de novo design
of protein binders for the D-target structure (Figure 3.8), serving a similar role to that
of MIPD.

%f@ .

11
bﬁ% %/f@ De novo binder design %f@ a%

D-TNRCD2 + L-TNRCD2 +
L-TNRCD2 D-TNRCD2 L-binder D-binder

Figure 3.8: Proposed method of mirror-image de novo protein binder design

To investigate the feasibility of this approach, a D-protein target that can be accessed
via synthetic routes was desired, so that both approaches can be easily cross-
validated. With the D-TNRCD2 at hand, and its structure solved by racemic protein
crystallography, this protein was selected as the model target for this work. Various
methods have been developed for in silico binder design.??® 22° This work adopts
Rosetta protein design,?3° due to the stability of the designed mini protein binders,’®
231 their high specificity and potency,?*? the tolerance of the software for D-amino
acids,’® the single requirement of an input target structure,?® and its relative simplicity

of use.234

Initially, a previously reported mini protein scaffold is selected for the design of the

TNFR-1 mini protein binder (TMPB). Four candidate scaffolds were chosen with
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varying topologies,?®! all containing less than 64 amino acids (Figure 3.9). The
scaffolds were first docked onto the D-TNRCD2, filtering out the scaffold “poses” which
provided the best contact at the desired TNF-a binding interface. Following preliminary
design of the scaffold binding interfaces, the scaffold 5UOI consistently produced

better candidates, thus was selected as the protein scaffold for binder design.

5UYO 5U0I 5UP1 5UP5
HH HHHH EEHEE EHEE

Figure 3.9: Mini protein scaffolds used for binder design in this work, denoting the PDB ID’s

and secondary structure compositions (H = a-helix, E = 3-sheet).

The docking of the SUOI protein to D-TNRCD2 was repeated, this time generating
over 5500 poses of the docked scaffold. The top 20 poses, providing sufficient binding
surface area and shape complementarity at the TNF-a interface were selected (Figure
3.10). The 20 docked poses were then each subjected to 100 rounds of interface
design (2000 initial binders), and the best 100 candidates were sorted by their
simulated binding energies. Following multiple sequence alignment of the best
designs, and further refinement of the design aided by visual inspection in PyMOL, the

candidate protein binders were identified.

S F o dr. 3 fla b g

B Lo 8B B b e

Figure 3.10: The top 20 poses of 5UOI docked to D-TNRCD2, used in the subsequent scaffold
binding interface design. The pose giving rise to the best candiate binders (TMPB-TX) is
highlighted.
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The three top scoring designs arose from a single docked pose (Figure 3.10), where
the C-terminal mini protein tail featuring VXKXK, is inserted into the D-TNRCD2 target,
named here as TMPB-TX (Figure 3.11). Three candidate designs were initially
validated by a full docking protocol of the TMPB proteins against the D-TNRCD2 using
RosettaDock, followed by plotting of the predicted binding energies against the RMSD
of the docked model to the designed model (Figure S7.17). The best designed binders
gave the lowest binding energy at the lowest RMSD to the designed model, whereas
a poorly designed model control (TMPB-TL) and the undesigned scaffold (TMPB-Sc)

gave more dispersed results.

A) B)

TMPB-T4

C

) 10 | 40
TMPB-T2 INP A.VF
TMPB-T3 INP A VF
TMPB-T4 INP A VM
TMPB-TL FLNLNP AKM | VA
TMPB-Sc INP ARR | VKRR L

Figure 3.11: Candidate mini protein binders for the D-TNRCD2 target. A) Structure of
designed TMPB-T4 bound to D-TNRCD2, B) interactions of the C-terminal tail of TMPB-T4
with D-TNRCD2, and C) sequence alignment of the three candiate binders (TMPB-TZ2, -T3,
and -T4), a low scoring design TMPB-TL, and the undesigned scaffold protein (TMPB-Sc).
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Next, the three designed proteins (TMPB-T2, -T3, and -T4) and the undesigned
scaffold (TMPB-Sc) were prepared by SPPS, then tested for binding to the D-TNRCD2
target using GCI. Surprisingly, no binding to the target was observed. Circular
dichroism spectra of the designed proteins were compared to the original protein
scaffold, which showed that the alpha-helical folds of the protein are lost following the
binder design (Figure S7.18). Subsequently, the mirror image de novo protein design
platform must be subject to further optimization (see Chapter 4).

3.4. Conclusion

In this work, a mid-chain, ligand binding cysteine-rich domain of a key cytokine
receptor has been prepared, with its D-enantiomer (D-TNRCD2) subject to mirror
image binder discovery technologies. The D-TNRCD2 provided a facile enantiomeric
target for mirror image phage display, circumventing the need to synthesize the
challenging, D-TNFR-1, at 144 residues in length with 12 disulfide bonds. Phage
display against the D-TNRCD2 target domain yielded a cyclic peptide candidate
TCPB-E-C1 with low micromolar binding affinity, whose enantiomer will be tested for
binding to the native TNFR-1 and subsequent cytokine inhibition. The use of central,
cysteine rich domains (typically 30-50 residues) for discovering D-peptide inhibitors of
protein-protein interactions holds promising applications. Indeed, many cell surface
receptors contain extracellular cysteine rich domains,?3® whose overexpression is
linked to numerous diseases, including cancer,?3¢ 237 gutoimmune diseases,?'” 238 and
atherosclerosis.?*® Therefore, once D-TCPB-E-C1 inhibition of TNFR-1 cytokine
activation is confirmed (see Chapter 4), this methodology could find profound impact

in the discovery of D-peptide inhibitor candidates for numerous drug targets.

In addition, the mirror image binder discovery was conducted in silico, using the D-
target structure alone. Three, 43-residue mini proteins were designed to bind at the
cytokine receptor interface of D-TNRCD2. Whilst the functionality of the designs was
confirmed in silico, no binding to the target was identified in vitro, attributed to
disruption of the protein folding during design. Nevertheless, future optimization of the
mirror-image de novo protein design platform has the potential to supersede synthesis

of an enantiomeric protein target for D-peptide inhibitor discovery (see Chapter 4).
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Through conducting design in silico, a greater number of D-polypeptide candidates

can be discovered for a broader range of targets.

Collectively, this work aimed to address two major issues of mirror image phage
display: D-target synthesis and off-target binder discovery. While the technologies
presented in this chapter require further optimization, their application could greatly
increase the feasibility of D-polypeptide inhibitor discovery, facilitating downstream

clinical research and development.

Chapter 4 : Thesis summary and future directions
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41. Summary

The applications of D-proteins are vast but remains to be challenged by their difficulty
in preparation, particularly as protein complexity increases. While larger D-proteins
have been reported through laborious synthetic protocols, the use of smaller, more
accessible D-proteins can expedite their wider use in applied research.

Firstly, efficient synthetic routes to the D-enantiomers of two membrane-active
bacteriocins, aureocin a53 (AucA) and lacticin Q (LnqQ) were reported. This enabled
high-resolution racemic protein crystallography to unveil new insights into the roles of
conserved surface tryptophan resides in bacteriocin activity and stability. While
bacteriocins present as promising agents for tackling antibacterial resistance in the
food and medical industries,'% 240 the lack mechanistic information impedes their
application. The structural investigations presented here demonstrated how the
tryptophan residues may be involved in membrane lipid coordination, which are known
to locate near the water-lipid interface in membrane-active polypeptides.?9% 212
Additionally, racemic protein crystallography unveiled a novel oligomeric state of AucA
mediated by tryptophan residues, which was found to confer proteolytic stability. This
work illustrated how nature has designed bacteriocin scaffolds that confer both activity
and stability, and such knowledge can expedite their application as antibacterial

agents.

Secondly, this work also aimed to develop a potent D-peptide candidate capable of
targeting tumour necrosis factor receptor 1 (TNFR-1) activation, as a potential
therapeutic candidate in the treatment of inflammation. A synthetic route to a central,
cysteine rich domain (TNRCD2) of TNFR-1 was reported, which contains the majority

of the key binding residues of the TNFR-1 cytokine ligand. The use of its enantiomer,
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D-TNRCD2, enabled mirror-image phage display (MIPD) to identify a cyclic peptide
binder with low micromolar affinity, serving as a promising starting point for the
development of anti-TNFR-1 D-peptide candidates. While further analysis is required
to validate D-peptide inhibition of TNFR-1, the use of central, cysteine rich domains in
MIPD holds promising applications. Indeed, many cell surface receptors contain
extracellular cysteine rich domains,?3® whose overexpression is linked to numerous
diseases.2!”- 236-239 Therefore, this methodology could find broad use in the discovery
of D-peptide inhibitors, whilst circumventing the challenge of preparing whole, D-

protein targets.

Finally, a route to develop D-polypeptide ligands without any requirement of a synthetic
D-target was explored. Conducting mirror-image binder design in silico could vastly
widen the scope of possible targets, while controlling the site of binding and increasing
the throughput of discovery. The method presented here utilized Rosetta to design
three mini protein binders for the D-TNRCDZ2. However, the candidates did not show
affinity for the target in vitro, attributed to a loss of protein folding during design.
Nevertheless, future optimization of the mirror-image design platform could enable
facile access to proteolysis-resistant D-polypeptide ligands, without the constraints
imposed by D-target synthesis in MIPD.

Collectively, this thesis aimed to exploit the broad utility of D-protein technology in
applied research, whilst mitigating the challenges arising from synthesis of large and
complex D-proteins. New insights were generated in bacteriocin function enabled by
an efficient synthesis of their enantiomers, and routes to facile D-peptide inhibitors

were explored using a simplified domain for MIPD.
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4.2. Further investigation into the mechanisms of
bacteriocin activity

4.2.1. Probing the role of tryptophan-lipid interaction

In this work (Chapter 2), new insights were generated on the role of surface tryptophan
in bacteriocins, where the indole NH of AucA was found to form hydrogen bonds with
tetrahedral oxyanions (sulfate and glycerol 3-phosphate) in conjunction with
neighbouring lysine residues. Indeed, a co-ordinating Trp40 in AucA, and the
analogous Trp41 in LngQ were important for activity, with their substitution to leucine
diminishing the MIC’s. This work proposed that the indole NH hydrogen bonding
observed in the crystal structures may be reminiscent of their interaction with the lipid
phosphate in bacterial membranes. To further probe the role of the indole hydrogen
bond, tryptophan derivatives can be incorporated into AucA and LnqQ using the

efficient synthetic route reported here (Figure 4.1).
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Figure 4.1: Tryptophan derivatives for incorporation into AucA and LnqQ, allowing further

investigations into the role of the indole hydrogen bond (available from Aralez Bio?*").

Incorporation of 1-methyltryptophan derivatives at position 40/41 would be expected
to decrease the MIC in a similar manner to the leucine substitution, due to loss of the
indole hydrogen bond donor. Furthermore, the indole hydrogen bond donation can be
fine-tuned. The introduction of electron withdrawing groups to the indole ring (halo-,
cyano-, or nitro-indoles) should increase the acidity of the NH, resulting in stronger
interaction with the lipid phosphate, and perhaps, better antibacterial activity. Similar
indole NH acidification may also be obtained with the newly reported azo-
tryptophans,?*' which would not impose additional steric bulk or electrostatics onto the

indole ring.

Previously, UV spectroscopy of AucA has been used to probe the environment of
tryptophan during lipid interaction.’®® However, this did not distinguish individual
residues, which have been shown in this work to have vastly different roles in activity.
Site specific incorporation of >N on the indole, or fluorine-substituted indoles,?*? could
be utilized for >N or 'F NMR experiments (either in solution?*3 or solid state?*4) to

provide information on the environment of each tryptophan in membrane mimetics.?*3
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Collectively, these directions could provide a more comprehensive investigation into

the role of tryptophan-lipid interaction.

4.2.2. Investigation of active bacteriocin conformations by
racemic protein crystallography

The tryptophan-lysine-oxyanion coordination highlighted in this work provided useful
insight into interactions that likely take place on the membrane surface. However, it is
not known whether bacteriocins retain these conformations during the active state of
membrane insertion.'% Previously, the structures of transmembrane helices have
been solved in racemic detergents by racemic protein crystallography.3? 33
Crystallization of DL-AucA and DL-LngqQ from racemic detergents, such as DL-B-
octylglucoside or racemic monoolein, may provide novel structural information

pertaining to the conformation of AucA and LnqQ within bacterial membranes.

4.3. Development of an expedient route to D-peptide
binder discovery

4.2.1. Towards a D-peptide inhibitor of TNFR-1

Here, a lead candidate (D-TCPB-E-C1) has been identified that binds to L-TNRCD2
with good affinity (Kp = 1.0 uM). However, steps towards development of a D-peptide

capable of TNFR-1 inhibition remain to be conducted:

1. Analysis of D-TCPB-E-C1 binding to TNFR-1 will be conducted, comparing the
affinity to the TNRCD2 as validation of the proposed method.

2. Investigations of D-TCPB-E-C1 inhibition of TNFR-1/TNF-a should be
conducted, first in vitro, using a commercially available FRET-based assay kit

(AlphaLISA®, Perkin Elmer), and then in vivo, using a HEK-2 blue cell assay??!
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(TNF/TNFR-1 signalling activates NF-kB,?*® which subsequently regulates

expression of the reporter protein, alkaline phosphatase).

Likely, affinity optimization will be required before D-TCPB-E-C1 is capable of
TNFR-1 inhibition at useful concentrations (low micromolar ICso or better).??!
Structure of the binder-target complex can be solved using racemic protein
crystallography of DL-TCPB-E-C1 with DL-TNRCDZ2,%3 or crystallography of D-
TCPB-E-C1 with either L-TNRCD2 or L-sTNFR1. Structure guided affinity
optimization can then be conducted, exploring the use of non-natural amino
acids and derivatization at position C1. In the absence of any structure, alanine-
scan followed by structure activity relationships at key residues may prove

useful.

Finally, D-TCPB-E-C1 may be tested for selectivity of TNFR-1 over TNFR-2,
and cysteine-rich domains of other targets may be explored using this
methodology.

4.2.2. Optimization of mirror image de novo protein design

Three candidate mini proteins were designed to bind to D-TNRCD2 at the cytokine

binding interface; however, the folding of the proteins was disrupted following the

design. Further optimization of the Rosetta de novo design is needed:

1.

New filters can be added into the Rosetta FlexDesign script (Appendix 7.5.6),
to score proteins on their Lennard-Jones attractive force (fa_atr), thus
searching for protein binder designs with more stable folds. Additionally, the
layer design and favour sequence profile can be removed and/or tweaked, to
allow scaffold redesign along with the binding interface to reinstate protein

stability.

New scaffolds may be explored, particularly those with extra rigidity such as the
disulfide bonded scaffolds.” It is envisaged that these will be more amenable

to design, whilst retaining their three-dimensional folds.

The Rosetta design platform can be switched from scaffold docking and design,

to a RifDock approach.?*¢ This approach first screens for billions of
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disembodied amino acids that can host interactions at the desired target
interface (Rotamer interaction field — Rif). Then, a large library (typically
>10000)?*" of scaffolds is docked into the rotamer interaction field, selecting
those that can host the desired amino acid residues. This approach has
provided several high affinity de novo protein ligands,?3? 233 although consumes

significantly more computational resources.

Development of the de novo mini protein design platform holds vast potential in D-
polypeptide binder discovery. In fact, virtually any protein with an available coordinate
file may be used, by inverting the atom co-ordinates to generate a pseudo-D-protein

target structure.
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5.1. Materials and instruments

Unless otherwise stated, chemicals and solvents were purchased from commercial
suppliers (Sigma Aldrich, Fluorochem, Acros Organics, Alfa Aesar, Cambridge
Bioreagents and Fisher Scientific) and used without further purification. HPLC grade
(>99.8%) dimethylformamide was used for peptide synthesis. Rink amide ProTide
resin was purchased from CEM and 2-CI-trt Fmoc-hydrazine resin was prepared as
previously described.’® LCMS data was obtained using an Agilent Infinity 1260 Il
HPLC system fitted with an on-line Agilent 6120 quadruple ESI-MS. Semi-preparative
HPLC and analytical HP-size exclusion chromatography (SEC) was carried out using
an Agilent 1260 infinity Il HPLC system. Preparative HPLC was carried out using a
Shimadzu Nexera preparative HPLC system. All HPLC systems used UV analyte
detection at 210 nm and 280 nm. UPLC/high-definition mass spectrometry was
obtained using a Waters SYNAPT G2-Si UPLC/HDMS system. Manual solid phase
peptide synthesis (SPPS) was conducted in Telos Kinesis 15 mL solid-phase
extraction (SPE) vessels fitted with PTFE frits and mounted onto a vacuum manifold.
Automated SPPS was performed using a Liberty Blue microwave peptide synthesiser
(CEM corp.). Peptide lyophilization was carried out by flash freezing the sample in
liquid N2 and drying on a Christ Alpha 2-4 LDplus freeze-dryer. Circular dichroism (CD)
spectra were collected using an Applied Photophysics Chirascan CD spectrometer.
Protein crystallization screening was conducted using a Douglas Instruments Oryx 4
crystallization robot. Minimum Inhibitory Concentration (MIC) assays were conducted
in 96-Well Clear polypropylene corner notch microplates (Corning, #11313595). For
the assay media, cation adjusted Mueller Hinton Broth 2 (Sigma Aldrich, #90922) was
used for the S. aureus, and S. epidermidis strains and Brain Heart Infusion broth (BD,
#221812) was used for the E. faecalis and E. faecium strains. As controls, ampicillin
sodium salt (Biobasic, #AB0028) and tetracycline hydrochloride (Boehringer) were
used, as well as melittin prepared by automated SPPS. Experimental bacterial strains
used were procured from the American Type Culture collection (S. aureus 29213) and
the Canadian Antimicrobial Resistance Alliance (CARA, CANWARD) strains with the
following IDs: S. aureus (114125, 115852, 113379), E. faecalis (133003, 133346), E.
faecium (130826, 131126) and S. epidermidis (130500, 131612).2°2 Grating coupled
interferometry experiments were conducted using a Creoptix WAVEsystem.
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5.2. HPLC, UPLC and ESI mass spec procedures

5.3.1. Peptide LCMS analysis

Peptide samples were prepared at 0.1 mg/mL using 0.1% TFA in water and passed
through a 0.22 uM nylon filter. Unless otherwise stated, samples (10 pyL) were eluted
with reversed mobile phase A (water + 0.1% formic acid) and B (acetonitrile + 0.1%
formic acid) at 0.3 mL/min over a RP-C18 column (ACE, 2.1 mm x 100 mm, 110 A3
um) at 40 °C. A 5-70% gradient of A/B was applied over 30 minutes and analyte was
detected using a UV detector at 210 nm and 280 nm, and positive electrospray
ionisation mass spectrometry (ESI+ MS). ESI+ mass spectra are reported as the
integrated spectra for the duration of the major peak in each UV210-nm

chromatogram.

5.3.2. Peptide UPLC/HDMS analysis

Peptide samples were prepared at 0.1 mg/mL using 0.1% TFA in water and passed
through a 0.22 uM nylon filter. Samples (10 yL) were eluted with reversed mobile
phase A (water + 0.1% formic acid) and B (acetonitrile + 0.1% formic acid) at 0.3
mL/min over a RP-C4 column (Waters Aquity BEH, 2.1 mm x 100 mm, 300 A, 1.7 um)
at 60 °C. A 5-95% gradient of A/B was applied over 50 minutes. Spectra were collected
using high-definition electrospray ionisation in positive mode and analyzed using
Waters MassLynx software version 4.1. ESI+ mass spectra are reported as the

integrated spectra for the duration of the major peak in each total ion chromatogram.

5.3.3. Peptide semi-preparative HPLC

Samples were passed through a 0.22 yM nylon filter. 1-4 mL of sample was eluted
with reversed mobile phase A (water + 0.1% TFA) and B (acetonitrile + 0.1% TFA) at
4 mL/min over a RP-C18 column (ACE, 10 mm x 250 mm, 110 A, 5um) at room
temperature. A 20-80% gradient of A/B was applied over 30 minutes and analyte was
detected using a UV detector at 210 nm and 280 nm. Sample fractions were collected
using an automated fraction collector, their identities were confirmed by LCMS and the

fractions containing the target peptide were combined and lyophilized.
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5.3.4. Peptide preparative HPLC

Samples were passed through a 0.22 yM nylon filter. 3-10 mL of sample was eluted
with reversed mobile phase A (water + 0.1% TFA) and B (acetonitrile + 0.1% TFA) at
18 mL/min over a RP-C18 column (Shimpack GIST, 20 mm x 150 mm, 100 A, 5um)
at room temperature. A 20-60% gradient of A/B was applied over 40 minutes and
analyte was detected using a photodiode array detector at 210 nm and 280 nm.
Sample fractions were collected using an automated fraction collector, their identities
were confirmed by LCMS and the fractions containing the target peptide were
combined and lyophilized.

5.3. Synthetic procedures

5.3.1. Manual SPPS

Swelling: 0.1 mmol of resin was swollen in 50%/50% v/v DMF/DCM for 10 mins in an

SPE column and drained.

Coupling: Fmoc-protecting group was removed by addition of 20% piperidine in DMF
(3 mL) to the resin for 2 x 5 mins. The resin was washed five times with DMF 3 mL. 2
equiv. of Fmoc-amino acid (200 mM), 1.95 equiv. of HBTU (195 mM), 2 equiv. of HOBt
(200 mM) and 4 equiv. of DIPEA (400 mM) was dissolved in DMF and mixed for 0.5
min. The coupling mixture was transferred to the resin and allowed coupling to proceed
for 30 mins at room temperature. Coupling was repeated for Val and Leu, whereas lle
single coupling was extended to 1 hr at room temperature. Final Fmoc-deprotection

was carried out as above.

5.3.2. Automated SPPS with low amino acid excess

This SPPS procedure yields coupling cycles with 2-4 equivalents of amino acid and
was used in preparation of fragments for native chemical ligation (LnqQ, AucA and
TNRCD2) as well as for TCPB peptides.
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Automated SPPS was conducted at a 50 umol scale using modified CarboMax
coupling cycles."® Fmoc-amino acid stock solutions, oxyma and DIC were used at 0.2
M concentration. Reactions were stirred by N2 bubbling for 2 seconds on, 3 seconds
off.

Fmoc deprotection: Piperidine in DMF (3mL, 20% v/v) was delivered to the reaction
vessel. Microwave heating proceeded as follows: 0 W 20+5 °C for 5 s, 100 W 782 °C
for 20s, 60 W 882 °C for 10s, 20 W 90+1 °C for 60s. The resin was then washed with
DMF (4 x 2 mL).

Coupling cycle: Fmoc-amino acid (0.5 mL, 2 equiv.), Oxyma (0.5 mL, 2 equiv.) and
DIC (1 mL, 4 equiv.) were delivered to the reaction vessel (Final concentrations: Amino
acid 50 mM, Oxyma 50 mM, DIC 100 mM). Microwave heating proceeded as follows:
15 W 7512 °C for 15 s, 30 W 90+1 °C for X s. The resin was then washed once with
DMF (2 mL).

For single couplings, reactions proceeded for a total coupling time of 4 mins (X = 225
s). For double couplings (Trp, Leu and Val), the coupling was repeated. Due to high
cost of diastereomeric D-lle and its slower coupling rate (B-branched), a single 8 min

coupling (X = 465 s) was implemented.

5.3.3. Automated SPPS with high amino acid excess

This SPPS procedure yields coupling cycles with 10-20 equivalents of amino acid
and was used to prepare some full-length L-bacteriocins (L-AucA and L-AucA W2>E
variants), L-TNRCDZ2 without C-terminal biotin linker, and L-TMPB proteins.

Automated SPPS was conducted at a 50 umol scale using modified CarboMax
coupling cycles."'® Fmoc-amino acid stock solutions were used at 0.2 M concentration;
Oxyma and DIC were used at 1.0 M concentration. Reactions were stirred by N2

bubbling for 2 seconds on, 3 seconds off.
Fmoc-deprotection was carried out as above.
Coupling cycle: Fmoc-amino acid (2.5 mL, 10 equiv.), Oxyma (0.5 mL, 10 equiv.) and

DIC (1 mL, 20 equiv.) were delivered to the reaction vessel (Final concentrations:
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Amino acid 125 mM, Oxyma 125 mM, DIC 250 mM). Microwave heating proceeded
as follows: 15 Wat75+2 °Cfor15s,30 W at 90 + 1 °C for 225 s. The resin was then
washed once with DMF (2 mL).

Coupling was repeated for lle, Val and all residues following 25 couplings.

5.3.4. Peptide hydrazide preparation

Peptides were assembled by either manual or automated SPPS onto a 2-chlorotrityl
Fmoc-hydrazine resin'?® and subject to peptide cleavage. Because during automated
SPPS the mildly acidic oxyma (pKa 4.60) can cause premature release of the peptide
from a 2-Cl-(Trt) resin at 90 °C, DIPEA (20 yM) was added to the oxyma solution to

minimize premature cleavage and increase yields of peptide hydrazide.!0

5.3.5. C-terminal biotinylated peptide linker for TNRCD2

Rink amide ProTide resin (0.1 mmol, CEM) was swollen in 50%/50% v/v DMF/DCM
for 10 mins in an SPE column and drained. The fmoc-protecting group was removed
by addition of 20% piperidine in DMF (3 mL) to the resin for 2 x 5 mins. The resin was
washed five times with DMF (3 mL). 2 equiv. of Fmoc-Lys(Mtt)-OH (200 mM), 1.95
equiv. of HBTU (195 mM), 2 equiv. of HOBt (200 mM) and 4 equiv. of DIPEA (400
mM) was dissolved in DMF and mixed for 0.5 min. The coupling mixture was
transferred to the resin and allowed coupling to proceed for 30 mins at room
temperature. The remainder of the flexible linker containing Gly-D-Ser-Gly-D-Ser-Gly
was assembled using manual SPPS procedure (Section 5.3.1), with the N-terminal
Fmoc group left in place. The lysine side chain protecting group, 4-methyltrityl (Mtt)
was removed using 1% TFA in DCM through 14 flow washes (3 mL each), monitored
qualitatively by the intense yellow colour of the Mtt-OH group. The resin was washed
three times with DCM (3 mL) and three times with DMF (3mL). Biotin-N-
hydroxysuccinimde ester (0.2 mmol) was dissolved in DMF (10 mL) and added to the
resin along with DIPEA (0.4 mmol). The resin slurry was heated by microwave

irradiation in the Liberty Blue peptide synthesizer. Microwave heating proceeded as
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follows: 15 W 75+2 °C for 15 s, 30 W 9041 °C for 225 s. The resin was then washed
once with DMF (2 mL) and the biotinylation reaction was repeated. The remainder of
the TNRCD2 fragment (Cys88-Asn116) was assembled onto the linker using
automated SPPS (Section 5.3.2).

5.3.6. Peptide cleavage

The resin was washed with DMF (3x3 mL), DCM (3x3 mL) and Et2O (3x3 mL).
Cleavage cocktail was added to the resin and allowed to stir for 120 mins at room

temperature.
Two cleavage cocktails were used in this work:

Cleavage reagent B containing 8.75 mL TFA, 0.25 mL triisopropylsilane, 0.5 g phenol

and 0.5 mL water was used for TCPB-E’s following solid-phase oxidation (5.3.12).

Cleavage reagent K containing 8.25 mL TFA, 0.25 mL EDT, 0.5 mL H20, 0.5 mL
thioanisole and 0.5 g phenol was used for all other peptides.

The cleavage mixture was drained from the SPE column into a 50 mL centrifuge tube
and the mixture was concentrated under a stream of N2to <3 mL. The peptide was
precipitated using ice cold Et2O and collected by centrifugation at 3500 RCF. The
crude peptide was triturated twice with Et20, dissolved in 1% acetic acid (20 mL) and
lyophilized. Crude peptides were analysed by LCMS and purified using preparative
HPLC.

5.3.7. One-pot native chemical ligation and desulfurization of
bacteriocins

Peptide hydrazide (2 pmol) was dissolved in 0.4 mL of 0.2 M sodium phosphate buffer
containing 6 M Gn-HCI (pH 3.0-3.1) in a 2 mL centrifuge tube. The peptide solution
was placed in an ice-salt bath at -15 °C and gently agitated for 10 mins. In a separate
2 mL centrifuge tube, the N-terminal cysteine peptide (2 umol) was dissolved in 0.4
mL of 0.2 M sodium phosphate buffer containing 6 M Gn-HCI (pH 6.9-7.0). The peptide
hydrazide was oxidized into the corresponding peptide azide by addition of 10 equiv.
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NaNO:2 (aq. 0.5 M) and gently agitated at -15 °C for 20 mins.""® To convert the peptide
azide to the thioester, the corresponding thiol was added* (2% or 4% v/v), the solution
removed from the ice-salt bath and the pH adjusted to 5.0 at room temperature.
Thioester conversion was allowed to proceed for 10 mins, followed by addition of the
N-terminal cysteine peptide (2 pmol in 0.4 mL of 0.2 M phosphate, 6 M Gn-HCI, pH
6.9-7.0). The pH of the ligation mixture was adjusted to 6.8-6.9 and placed on a shaker
at 37 °C for 4 hours. Reaction completion was confirmed by LCMS, by taking 10 yL of
reaction mixture and quenching with 80 uL of pH 3.0 phosphate buffer and 10 uL of
0.1 M TCEP. Following ligation, excess thiol catalyst was removed**. The reaction
mixture then was purged with Ar for 10 minutes. Desulfurization was carried out by
addition of 0.8 mL desulfurization buffer (0.2 M phosphate, 6 M Gn-HCI, 400 mM
TCEP, 40 mM GSH). The reaction was initiated by addition of VA-044 (80 mM) and
tBuSH (80 mM) and heating on a shaker at 37 °C.'82 The desulfurization was allowed
to proceed for 16 hrs and complete conversion of cysteine to alanine was confirmed
by LCMS. The reaction mixture was diluted 10-fold with water, passed through a 0.22
MM nylon filter and protein isolated by semi-preparative HPLC. (Final isolated yields:
AucA variants, 45-70%, 5.3-8.3 mg; LnqQ variants, 55-67%, 6.6-8.0 mg).

Table 5.1: Variables in Methods A and B for one-pot ligation desulfurization of AucA.

*thiol catalyst **removal of excess thiol
Method A | 2% v/v thiophenol Extraction with diethyl ether (8*0.5mL)
Method B | 4% v/v trifluoroethanthiol'® | Purging with Ar for 30 mins.

5.3.8. Native chemical ligation of TNRCD2 for refolding
optimization

Peptide hydrazide (Ser’?-Ser®’) (1.25 ymol) was dissolved in 0.5 mL of 0.2 M sodium
phosphate buffer containing 6 M Gn-HCI (pH 3.0-3.1) in a 2 mL centrifuge tube. The
peptide solution was placed in an ice-salt bath at -15 °C and gently agitated for 10
mins. In a separate 2 mL centrifuge tube, the N-terminal cysteine peptide (Cys®-
Asn'"8) (1 umol) was dissolved in 0.5 mL of 0.2 M sodium phosphate buffer containing

6 M Gn-HCI (pH 6.9-7.0). The peptide hydrazide was oxidized into the corresponding
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peptide azide by addition of 10 equiv. NaNO2z (ag. 0.5 M) and gently agitated at -15 °C
for 20 mins."® To convert the peptide azide to the thioester, trifluoroethanethiol was
added (2% v/v), the solution removed from the ice-salt bath and the pH adjusted to 5.0
at room temperature. Thioester conversion was allowed to proceed for 10 mins,
followed by addition of the N-terminal cysteine peptide (1 ymol in 0.5 mL of 0.2 M
phosphate, 6 M Gn-HCI, pH 6.9-7.0). The pH of the ligation mixture was adjusted to
6.8-6.9, an additional quantity of trifluoroethanethiol was added (1% v/v, final conc.
2% v/v) and placed on a shaker at 37 °C for 4 hours. Reaction completion was
confirmed by LCMS, by taking 10 uL of reaction mixture and quenching with 80 pL of
pH 3.0 phosphate buffer and 10 yL of 0.1 M TCEP. Following ligation, the reaction
mixture was diluted 10-fold with water containing TCEP (50 uM), passed through a
0.22 pM nylon filter and reduced TNRCD?2 isolated by semi-preparative HPLC. (Final
isolated yield: 72%, 4.3 mg).

5.3.9. Screening of TNRCD2 refolding conditions

See Table S7.2 for summary of screening conditions and yields.

Optimization of oxidation method

Reduced TNRCD2 (0.5 mg/mL — measured by UV absorbance?*®) was dissolved in
200 pL of denaturation buffer in a 2 mL centrifuge tube (i. 6 M Gn-HCI, 0.25 M
NaHCOs, 6 mM glutathione disulfide, 60 mM glutathione, pH 8.5 ; ii. 6 M Gn-HCI, 0.25
M NaHCOs, 10% DMSO, pH 8.5 ; iii. 6 M Gn-HCI, 0.25 M NaHCOs3 , pH 8.5 ; iv. 6 M
Gn-HCI, 0.1 M Tris, 6 mM glutathione disulfide, 60 mM glutathione, pH 8.5 ). Each
reaction mixture i-iv was diluted five-fold with 800 pL renaturation buffer ( i-iii 0.25 M
NaHCOs , pH 8.5 ; iv. 0.1 M Tris, pH 8.5 ). Folding reactions proceeded at room
temperature for 96 hours. 100 yL of reaction was removed, filtered through glass wool,
and analyzed by LCMS. The refolding yield for each condition was estimated by the
relative integration of the peak shifted up field by 1 min in the HPLC chromatogram at
210 nm (Table S7.2). Condition iv produced the highest yield (9%) and moved onto

the next round of optimization below.

86



CHAPTER 5

Optimization of buffer pH and temperature

Reduced TNRCD2 (0.5 mg/mL — measured by UV absorbance?*®) was dissolved in
200 pL of denaturation buffer in a 2 mL centrifuge tube (i & iii. 6 M Gn-HCI, 0.1 M
Tris, 6 mM glutathione disulfide, 60 mM glutathione, pH 8.5 ; ii & iv. 6 M Gn-HCI, 0.1
M phosphate, 6 mM glutathione disulfide, 60 mM glutathione, pH 6.5 ). Each reaction
mixture i-iv was diluted five-fold with 800 uL renaturation buffer (i & iii. 0.1 M Tris, pH
8.5;ii &iv. 0.1 M phosphate, pH 6.5). Folding reactions proceeded for 96 hours, either
at room temperature (i-ii) or at 4 °C (iii-iv). 100 uL of reaction was removed, filtered
through glass wool, and analyzed by LCMS. The refolding yield for each condition was
estimated by the relative integration of the peak shifted up field by 1 min in the HPLC
chromatogram at 210 nm (Table S7.2). Condition ii produced the highest yield (33%)

and moved onto the next round of optimization below.

Optimization of reactant concentrations

Reduced TNRCD2 (0.5 mg/mL i-ii, or 2 mg/mL iii-v — measured by UV absorbance?4?)
was dissolved in 200 pL of denaturation buffer in a 2 mL centrifuge tube (6 M Gn-HCI,
0.1 M phosphate, pH 6.5 containing ; i, iii & v. 6 mM glutathione disulfide, 120 mM
glutathione ; ii & iv. 25 mM glutathione disulfide, 50 mM glutathione). Each reaction
mixture i-v was diluted five-fold with 800 pL renaturation buffer (0.1 M phosphate, pH
6.5). Folding reactions proceeded for 96 hours at room temperature. 100 pL of reaction
was removed, filtered through glass wool, and analyzed by LCMS. The refolding yield
for each condition was estimated by the relative integration of the peak shifted up field
by 1 min in the HPLC chromatogram at 210 nm (Table S7.2). Neither condition
produced in improvement in refolding yield (<21%). Higher TNRCD2 concentrations
were desirable as this would result in smaller reaction volumes during scale-up
preparations. However, folding at 0.4 mg/mL (iii-v) gave significantly reduced yield (5-
13%). Therefore, the best condition (ii) from the previous round was used for TNRCD2
refolding.
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5.3.10. One-pot native chemical ligation and refolding of
TNRCD2

Peptide hydrazide (Ser’2-Ser®”) (12.5 umol) was dissolved in 5 mL of 0.1 M sodium
phosphate buffer containing 6 M Gn-HCI (pH 3.0-3.1) in a 20 mL round bottomed flask.
The peptide solution was placed in an ice-salt bath at -15 °C and gently agitated by
magnetic stirring for 10 mins. In a 10 mL round bottomed flask, the N-terminal cysteine
peptide (Cys®8-Asn’'® or Cys®-Asn''6-Gly'7-Gly'?'-Lys(Biotin)'?2) (10 umol) was
dissolved in 5 mL of 0.1 M sodium phosphate buffer containing 6 M Gn-HCI (pH 6.9-
7.0). The peptide hydrazide was oxidized into the corresponding peptide azide by
addition of 10 equiv. NaNO2 (ag. 0.5 M) and gently stirred at -15 °C for 20 mins.'"® To
convert the peptide azide to the thioester, trifluoroethanethiol was added (2% v/v), the
solution removed from the ice-salt bath and the pH adjusted to 5.0 at room
temperature. Thioester conversion was allowed to proceed for 10 mins, followed by
addition of the N-terminal cysteine peptide (10 umol in 5 mL of 0.1 M phosphate, 6 M
Gn-HCI, pH 6.9-7.0). The pH of the ligation mixture was adjusted to 6.8-6.9 and an
additional quantity of trifluoroethanethiol was added (1% vl/v, final conc. 2% v/v). The
flask was then placed in a heated water bath (37 °C) and stirred for 4 hours. Reaction
completion was confirmed by LCMS, by taking 10 uL of reaction mixture and
quenching with 80 pL of phosphate buffer (pH 3.0) and 10 pL of TCEP (0.1 M).
Following ligation completion, excess trifluoroethanthiol was removed by purging with
argon for 2 hours at 37 °C. The reaction mixture (containing reduced ligation product)
was transferred to a 2 L round bottomed flask, cooled to room temperature and diluted
with 120 mL of buffer (0.1 M phosphate, 6 M Gn-HCI, pH 6.5). In a 250 mL conical
flask, glutathione (120 mM) and glutathione disulfide (12 mM) were dissolved in 130
mL of buffer (0.1 M phosphate, 6 M Gn-HCI, pH 6.5)). The buffer containing
glutathione/glutathione disulfide was added to the diluted ligation reaction mixture
(final ligation product conc. = 0.5 mg/mL) and stirred for 10 mins at room temperature.
The reaction mixture was then diluted five-fold with phosphate buffer (0.1 M
phosphate, pH 6.5) and stirred for four days at room temperature under inert
atmosphere. The folding reaction was then monitored by LCMS. The reaction mixture
was filtered through a sintered glass funnel, and the folded protein was isolated by
preparative HPLC (Final isolated yields: L-TNRCD2, 17%, 9.1 mg; D-TNRCD2, 15%,
8.0 mg; D-TNRCD2(biotin) at 1/10™" scale (1.0 umol), 14%, 0.84 mg ).
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5.3.11. TCPB-E solution-phase oxidation

TCPB-E was prepared by automated SPPS (Method 5.3.2) and isolated by
preparative HPLC in fully reduced form. In a 10 mL round bottomed flask, the
peptide (50 uM) was dissolved in 5 mL of buffer (0.1 M phosphate, pH 6) containing
0.5 mM of either cystine or glutathione. The reaction mixtures were stirred for six
hours at room temperature. Reaction completion was confirmed by LCMS, by taking
10 L of reaction mixture and diluting with 90 uL of distilled water. The two disulfide
bonded products for each cysteine and glutathione mixture were isolated by semi-
preparative HPLC. LCMS analysis is provided in Figure S7.8.

5.3.12. TCPB-E solid-phase oxidation

The following procedure utilizes the differential reactivity of iodine towards
orthogonally protected cysteine residues, based on a previously reported procedure
in solution-phase.??” The method was optimized here for application on the solid-
phase. Briefly, in non-polar solvents, lodine selectively removes Cys(Trt) groups and
oxidizes cysteines to form disulfide bonds, with Cys(Acm) left intact. In the more
polar DMF, Cys(Acm) is removed and enables formation of the second disulfide
bond. This method circumvents the use of the commonly employed Cys(Mmt) and
N-chlorosuccinimide, due to the high cost of the Fmoc-D-Cys(Mmt)-OH building
block.

TCPB-E sequence was assembled by automated SPPS (Method 5.3.2) on a low-
loading PEG-PS rink amide resin (0.19 mmol/g) to minimize unwanted intermolecular
disulfide bond formation. For TCPB-E-C1, Fmoc-Cys(Trt)-OH was used at position 1,
and Fmoc-Cys(Acm)-OH used at positions 4 and 11. For TCPB-E-C4, Fmoc-
Cys(Trt)-OH was used at position 4, and Fmoc-Cys(Acm)-OH used at positions 1

and 11. First, the intermolecular disulfide bond with cysteine was formed. Boc-
Cys(Trt)-OH (2 equiv., 60 mM) was dissolved in 50% TFE in DCM and added to the
peptide resin. Then, an equal volume of lodine (1 equiv., 30 mM) in 50% TFE in
DCM was also added to the resin, and the slurry stirred for 10 mins at room
temperature. The resin was washed with DCM (3 mL) and the reaction was

repeated. The resin was washed once with DCM (3 mL) and three times with DMF (3
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x 3 mL). For intramolecular disulfide bond formation, ten equivalents of lodine in
DMF (0.5 M) was added to the resin, and the slurry stirred for 60 mins at room
temperature. The resin was then washed three times with DMF (3 x 3 mL), once with
1 M aq. ascorbic acid (3 mL), three times with water (3 x 3 mL) and three times with
DMF (3 x 3 mL). The peptide was cleaved from the resin and isolated by preparative
HPLC.

5.4. Circular dichroism spectroscopy

Solutions of the proteins were dissolved in water at a concentration of 40 yM. CD
spectra were recorded from 250 to 190 nm at 20 °C. Each measurement was
performed in triplicate using a sample cell with a 0.1 mm path, 1 nm bandwidth and
0.5 s per point. CD spectra of the solvents were subtracted from the CD spectra of the
proteins to eliminate interference. The units of ellipticity are expressed as the mean
residue ellipticity ((]MR) in deg-cm?-dmol-'-res'. CD data are available in appendices:
AucA and variants (Figure S7.2), LnqQ and variants (Figure S7.3), TMPB proteins
(Figure S7.18).

5.5. Racemic protein crystallography

5.5.1. AucA crystallization

L-AucA and D-AucA were dissolved in water to a final concentration of 80 mg/mL, as
determined by UV absorbance at 280 nm with a calculated molar absorptivity of 31970
M- cm1.248 The peptide solutions were mixed 1:1 to yield an 80 mg/mL racemate of
DL-AucA which was diluted two-fold with water to yield 40 mg/mL DL-AucA. Both 80
mg/mL and 40 mg/mL racemate concentrations were subject to sparse-matrix
crystallization screening using Crystal Screen HT (HR2-130) and SaltRx HT (HR2-
136) from Hampton research. 50 uL of each precipitant condition solution was added
into the wells of a SWISSCI 96-well plate. The two racemate concentrations were each
mixed 1:1 with the precipitant in a 0.4 pL sitting drop, yielding 384 crystallisation drops
across two screens. The best conditions which produced single crystal blocks were

selected for optimization to produce crystals suitable for X-ray diffraction.
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AucA crystal 1 (AucA-SO4%> complex) was formed in the sitting drop made with 0.5
ML 40 mg/mL DL-AucA and 0.5 pL precipitant composed of 0.2 M ammonium sulfate,
0.1 M sodium acetate and 24.5% v/v PEG 4000 at pH 4.6.

AucA crystal 2 (AucA apo) was formed in the sitting drop made with 0.5 pL 40 mg/mL
DL-AucA and 0.5 yL precipitant composed of 0.2 M ammonium acetate, 0.2 M sodium
citrate and 29% PEG 4000 v/v at pH 5.6.

To explore the binding of AucA with L-glycerol 3-phosphate (G3P), L-G3P (Generon)
was dissolved in 0.2 M ammonium acetate, 0.2 M sodium citrate and 29% PEG 4000
v/v to a final concentration of 334 mM. The G3P stock was used to soak the apo DL-
AucA crystals formed in the condition for Crystal 2 at 1:1 v/v for 24 hours (50
equivalents). The resulting crystal is referred to herein as AucA crystal 3 (AucA-G3P).

AucA crystal 4 (AucA dimer) was formed in the sitting drop made with 0.2 pL 40
mg/mL DL-AucA and 0.2 pL precipitant composed of 0.7 M sodium citrate, 0.1 M Tris
at pH 8.5.

5.5.2. LngQ crystallization

L-LngQ and D-LngQ were dissolved in water to a final concentration of 27 mg/mL, as
determined by UV absorbance at 280 nm with a calculated molar absorptivity of 23490
M-' cm1.248 The peptide solutions were mixed 1:1 to yield a 27 mg/mL racemate of DL-
LngQ. Half of the solution was diluted two-fold with water to yield 13.5 mg/mL DL-
LngQ. The two racemate concentrations were subject to sparse-matrix crystallization
screening using Crystal Screen HT (HR2-130) and SaltRx HT (HR2-136) from
Hampton research. 50 pL of each precipitant condition was added into the wells of a
SWISSCI 96-well plate. The two racemate concentrations were each mixed 1:1 with
the precipitant in a 0.4 pL sitting drop, yielding 384 crystallisation drops across two
screens. The best initial condition which produced single, three-dimensional crystals
was selected for optimization to produce crystals suitable for X-ray diffraction. The
best LnqQ crystal was formed with 4.0 M sodium formate as the precipitant at pH 7.0
in a 1 pL sitting drop.
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5.5.3. TNRCD2 crystallization

L-TNRCD2 and D-TNRCD2 were dissolved in water to a final concentration of 25
mg/mL, as determined by UV absorbance at 280 nm .48 The peptide solutions were
mixed 1:1 to yield a 25 mg/mL racemate of DL-TNRCD2. Half of the solution was
diluted two-fold with water to yield 12.5 mg/mL DL-TNRCD2. The two racemate
concentrations were subject to sparse-matrix crystallization screening using Crystal
Screen HT (HR2-130 from Hampton research. 50 pL of each precipitant condition was
added into the wells of a SWISSCI 96-well plate. The two racemate concentrations
were each mixed 1:1 with the precipitant in a 0.5 yL sitting drop, yielding 192
crystallisation drops. The best single, three-dimensional crystals were sent for X-ray
diffraction data collection. The best TNRCD2 crystal was formed in the sitting drop
made with 0.25 pL 25 mg/mL DL-TNRCD2 and 0.25 pL precipitant composed of 1.5
M Sodium chloride, 10% v/v ethanol at pH 8.5.

5.5.4. X-ray diffraction data collection

The crystals were fished from the sitting drop, dipped into cryoprotectant (for AucA
crystals 1-3: 20% PEG 400, for AucA crystal 4, LnqQ crystal, and TNRCD2 crystal:
2.0 M Li2SOs4,) before flash-frozen in liquid nitrogen. X-ray diffraction data were
collected at the Diamond Light Source synchrotron, with beamline 104-1 using a
Dectris Pilatus 6M-F detector (AucA crystals 1 and 2) or beamline 103 using a Dectris
Eiger2 XE 16M detector (all other crystals). The collected datasets were processed
with Xia2, and data scaling performed with Aimless.?*® The crystal space groups for

data reductions were validated using Zandua.?*°

5.5.5. AucA structure solution

AucA crystal 1: The structure of two L-AucA molecules in the protein crystal were first
solved through molecular replacement in MOLREP, using state one of the solution
NMR structure PDB 2N80O as a search model.?®! This led to the calculated phases
delivering a clear electron density for two D-AucA protein molecules. With these
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phases, the peptide backbones of D-AucA were partially built by ARP/WARP?? as a
poly-glycine chain. The full crystal structure was then built through iterative rounds of
manual model building using COOT?%® and anisotropic B-factor refinement via
REFMAC.2%

AucA crystals 2-4: The structure L-AucA molecules in the protein crystal were first
solved through molecular replacement with MOLREP, using state one of the solution
NMR structure PDB 2N8O as a search model. D-AucA chain from AucA crystal 1 was
truncated to a poly-glycine chain in PyMOL and used as a second search model in
molecular replacement. The full crystal structure was then built through iterative

rounds of manual model building using COOT and anisotropic B-factor refinement.

Data refinement statistics are available in appendices 7.4. The refined models of
racemic AucA have been deposited in the Protein Data Bank?%® with the PDB codes
8AVR, 8AVS, 8AVU and 8AVT.

5.5.6. LnqQ structure solution

The structure of two L-LngQ molecules in the protein crystal were first solved through
molecular replacement, using ideal 10-residue helices as search models in Fragon.2%¢
This led to the calculated phases delivering a clear electron density for two D-LnqQ
protein molecules. With these phases, the peptide backbones of D-LnqQ were partially
built by Buccaneer? as a poly-glycine chain. The full crystal structure was then built
through iterative rounds of manual model building using COOT?%3 and anisotropic B-

factor refinement via REFMAC.2%4

Data refinement statistics are available in appendices 7.4. The refined model of
racemic LnqQ has been deposited in the Protein Data Bank?® with the PDB code
7P5R.
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5.5.7. TNRCD2 structure solution

The structure of the L-TNRCD2 molecule in the protein crystal was first solved through
molecular replacement in MOLREP, using residues 72-116 of the TNFR-1 X-ray
crystal structure PDB 1EXT as a search model.?%® This led to the calculated phases
delivering a clear electron density for the D-TNRCD2 protein molecules. The structure
of D-TNRCD2, and the remaining waters and solute, was then built through iterative
rounds of manual model building using COOT?%3 and anisotropic B-factor refinement
via REFMAC.2%

Data collection statistics are available in appendices 7.4. Finalized data refinement

statistics are not provided, as deposition in the Protein Data Bank?%® is ongoing.

5.6. Antibiotic activity assay

The following assay was conducted by Laura Dominguez at Concordia University.

Minimum Inhibitory Concentrations (MIC) were determined for each of the leaderless
bacteriocins and controls using a broth microdilution method, as per CSLI guidelines
for microbial susceptibility testing.?®® The peptides were dissolved in sterile deionized
water to prepare the working stocks, with concentrations determined by UV
absorbance at 280 nm using calculated molar absorptivity’s.248 Overnight cultures from
the strains of interest were incubated shaking overnight at 37 °C. Cation-adjusted
Mueller Hinton Broth 2 (MHB) was used for the S. aureus, and S. epidermidis strains
and Brain Heart Infusion (BHI) broth was utilized for the E. faecalis and E. faecium
strains. The cultures were prepared and diluted to the turbidity of a 0.5 McFarland
standard using MHB or BHI fresh media. Increasing concentrations of the leaderless
bacteriocins were added to a 96-well polypropylene plate. The range tested for each
bacteriocin was 64-0.125 pg/mL. The bacterial culture was further diluted and mixed
in a 1:1 ratio with the bacteriocin solution to yield a final concentration in the wells of
5x10° CFU/mL. Ampicillin, tetracycline and melittin were used as positive controls and
included in each assay. A 1:1000 dilution of the growth control was prepared in the

respective media and plated onto agar (100 pL) to ensure the correct inoculum
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concentration (5x10° CFU/mL indicated by = 50 bacterial colonies). The 96-well and
agar plates were incubated at 37 °C, and growth was assessed by the formation of a
pellet observable with the naked eye after 20 h. Uninhibited bacterial growth at 64
pMg/mL was denoted as MIC >64 ug/mL and for the purposes of this work was classified

as loss of activity. Each assay was performed in triplicate.

5.7. Analytical size exclusion chromatography

Analytical size exclusion chromatography was performed using an Agilent Bio SEC-3
column (3 um. 150 A, 4.6 x 500 mm) using an Agilent 1260 infinity Il system fitted with
an autosampler. The column was held at 37 °C employing phosphate buffered saline
at pH 7.4 over a 30 min isocratic run. First, a gel filtration standard from BIO-RAD
containing Thyroglobulin (670 kDa. T ), y-globulin (158 kDa, G ), Ovalbumin (44 kDa,
0O), Myoglobin (17 kDa, M ) and Vitamin B12 (1.35 kDa, V ) was analyzed by HP-SEC,
with a chromatogram recorded by UV absorbance at 210 nm. The log(MW) of the
proteins in the standard were plotted against the retention time to create a calibration
plot, allowing the conversion of HP-SEC retention time to an approximate MW of the
protein solution state. AucA and variants were run with 10 ug column loadings (20 pL
of 0.5 mg/mL protein in mobile phase). AucA eluted with a higher up-field retention
than anticipated (HP-SEC estimated MW: 2 kDa, actual dimer MW: 12 kDa), likely due
to the compact, globular protein folding. The monomeric bacteriocin LnqQ was used
as a reference sample to distinguish dimeric AucA variants from the monomeric

variant. Data available in Figure S7.6.

5.8. AucA proteolytic stability assay

Proteolytic digestions were performed in the following buffers:

e Buffer A: 50 mM Sodium phosphate, pH 7.4, 10 mM EDTA, 10 mM Cysteine.
e Buffer B: 50 mM Sodium phosphate, pH 7.4, 5 mM CaClz, 100 mM NacCl.
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Protease stocks were prepared at 80 uM concentration in the appropriate buffer (buffer
A — papain and buffer B — proteinase K). Stocks of AucA, AucA-W22L and AucA W3L
were also prepared in the corresponding buffer A or buffer B (89 uM). Proteolysis
reactions were initiated by the addition of protease stock (10 uL) to AucA stock (90
ML) yielding a 1:10 ratio of protease to AucA. Reactions were shaken at 37 °C for 12
hr. 5 pyL of reaction mixture was quenched in 45 pL of 50% Acetonitrile in water + 0.1%
trifluoroacetic acid and analyzed by LCMS with a 20 pL injection volume by
autosampler (Agilent 1260 infinity 1l). UV chromatogram at 210 nm was used for

integration (Figure S7.7).

5.9. Bacteriophage bio-panning

The bacteriophage bio-panning experiments were performed by the group of Prof.
Chuanliu Wu at Xiamen University, China. Briefly, a library of peptide sequences with
nine randomized amino acid positions flanked by two cysteines (CXoC) were displayed
on the M13 phages, where X is any amino acid encoded by NNK. The peptides were
linked to the gene-3 coat protein (plll) via a tri-alanine (Ala-Ala-Ala) spacer. Gel
purified DNA encoding the libraries were ligated into the pCantab 5E phagemid vector,
and transformed into chemically competent E. coli K12 ER2738. 20-fold excess of
helper phage M13KO7 was used during rescue and amplification of the
bacteriophages. The target protein (D-TNRCD2) containing C-terminal
GsGsGK(biotin) was immobilized (30 ug) onto streptavidin- or neutravidin-coated
beads, alternating between panning rounds to reduce enrichment of non-specific
binders. Phage enrichment factor for each round is defined as the amount of phage
eluted from the target well containing D-TNRCD2 divided by the amount of phage
eluted from the target well without immobilized target (see Tables S7.3 and S7.5). For

enriched sequences, see Tables S7.4 and S7.6.

5.10. LCMS disulfide bond mapping of TCPB-E’s

To a solution containing the oxidized TCPB-E peptides (isolated by HPLC in 5.3.11,
~1-10 ug) in 90 pL of buffer (0.1 M phosphate, pH 6), 10 uyL aqueous solution of
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chymotrypsin (1 mg/mL) was added. The reaction mixture was shaken in a 2 mL
centrifuge tube at room temperature for 6-12 hours until complete digestion of the
oxidized peptide was observed. The digested fragments were analyzed by LCMS
(Figure S7.9 — S7.12), and/or compared to the orthogonally prepared TCPB-E
peptides (Figure S7.15).

5.11. Grating coupled interferometry

Grating-coupled interferometry (GCI) experiments were performed on a Creoptix
WAVEsystem using 4PCH-STA WAVE sensor chips (polycarboxylate surface,
streptavidin coated). Chips were first conditioned with borate buffer (0.1 M sodium
borate, pH 9, 1M Sodium chloride). D-TNRCD2 containing the C-terminal flexible
biotinylated linker (100 pg/mL) in HBS EP buffer (10 mM HEPES, 150 mM sodium
chloride, 3 mM EDTA, 0.05% surfactant P20) was immobilized onto the sensor chip
by injection over the sensor surface at 10 yL/min flow rate, followed by passivation of
the surface with blank HBS EP buffer. A final immobilization density of 2300 pg/mm?
D-TNRCD2(biotin) was obtained. All subsequent GCI experiments were conducted in
the HBS EP running buffer.

Initial binding analysis was performed using either (a) waveRAPID (Repeated Analyte
Pulses of Increasing Duration) or (b) a single pass of association and dissociation over
the sensor surface. Binding kinetics analysis of TCPB-E-C1 was conducted using (c)

multi-cycle kinetics experiment.

a) For waveRAPID experiments, solutions of TCPB-E peptide conformers were
prepared in HBS-EP buffer (TCPB-E-C1 = 100 uM, TCPB-E-C11 = 250 uM ,
TCPB-E-G1 =200 uM, TCPB-E-G11 = 200 yM). The peptide solutions (122 L)
were passed over the immobilized D-TNRCD2 flow cell and a blank reference
flow cell at a flow rate of 120 yL/min for 25 s total injection time (repeat pulses
of association and dissociation), followed by a 300 s dissociation phase with

the HBS EP buffer. GCl sensograms are shown in Figure S7.13.

b) The single pass of association and dissociation were used to differentiate
binding of TCPB-E-C1 and TCPB-E-C4. The peptides were prepared in HBS-

EP buffer at 50 uM concentration. The peptide solutions were passed over the
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immobilized D-TNRCD2 flow cell and a blank reference flow cell at a flow rate
of 30 yL/min for 100 s total injection time, followed by a 120 s dissociation phase
with the HBS EP buffer. GCl sensograms are shown in Figure S7.13.

c) Solutions of TCPB-E-C1 peptide were prepared at serial two-fold dilutions (as
indicated in legend) in HBS-EP buffer. The peptide solutions were passed over
the immobilized D-TNRCD2 flow cell and a blank reference flow cell at a flow
rate of 30 uL/min for 100 s total injection time, followed by a 120 s dissociation
phase with the HBS EP buffer. Data were fitted with the one-to-one Langmuir
binding model and binding affinity analysis conducted in the Creoptix Wave
control software. GCl sensograms are shown in Figure 3.6. Analysis of binding
of D-TCPB-E-C1 binding to L-TNRCD2 was conducted in the same manner,
with a L-TNRCD2 surface density of 1000 pg/mm?.

In all experiments, blank injections were used for double referencing, and a DMSO
calibration curve was used for bulk correction. Initial binding experiments of the TMPB
proteins were conducted using method a) at varying concentrations (10 — 100 uM),
but no binding to D-TNRCD2 was observed (data not shown).

5.12. ROSETTA de novo protein binder design

The target structure D-TNRCD2 was obtained from the racemic protein crystal
structure PDB file 5.5.7. Mini protein scaffold coordinate files (PDB ID’s: 5UYO, 5U0l,
5UP1 and 5UP5) were downloaded from the Protein Data Bank?%%. Rosetta programs
(Version 3.13) used in this work were run through the RosettaScripts interface, using
an XML script file and an ‘options’ flag file (examples of the command line to run
RosettaScripts, with scripts and flags used in this work, are included in Appendices
7.5).

Initial trial experiments below were conducted on a Lenovo IdeaPad 320S, with Intel
DualCore i5-8250U CPU (1.6 GHz and 1.8 GHz) and 8.00 GiB of RAM.

The structures of the target and scaffold proteins were first relaxed using the Relax
script (Appendix 7.5.2) with Relax flag (Appendix 7.5.3). Each scaffold protein was
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individually combined with the target coordinate file using PyMOL, positioning the two

proteins at some random distance apart.

For initial global docking (where each amino acid side chain is modelled as a unified
pseudo-atom — centroid) trials of the four scaffold proteins, GlobalDock script
(Appendix 7.5.4) with Dock flag (Appendix 7.5.5) was used. Approximately 1000
docked structures (-nstruct1000) was conducted for each scaffold. The GlobalDock
script contained filters to define which docking results provided binders near to the
TNF-a binding interface (BurResTNF). Structures which gave BurResTNF >1600 A
were considered as initial candidates.

Preliminary design rounds at the interface between docked 5UOI ad D-TNRCD2
showed better binder design (lower energy) when allowing some flexibility of the D-
protein target, thus target flexibility was implemented in all future designs (FlexDesign

script, Appendix 7.5.6).

The docked structures of the four scaffold proteins were each subject to 20 rounds of
interface design, using FlexDesign script (Appendix 7.5.6) and Design flag (Appendix
7.5.7). The FlexDesign script contains a layer design, adapted from the literature,?3?
which defines the allowed residues for design in the miniprotein based on their solvent
accessibility (i.e charged residues only at the surface, no hydrophobic residues
exposed to the solvent). In addition, proline, glycine and cysteine substitutions were
dissallowed. The FlexDesign script also contained a filter for simulated binding energy
(Ddg), which provides an estimate of the binding energies between target and protein
binder, subsequently used to identify potential candiates. Scaffold 5UOI consistently
gave better simulated binding energies, thus was selected as the protein scaffold for

binder design.

Subsequent Rosetta experiments below were conducted using the BlueCrystal4 at the
University of Bristol, Advanced Computer Research Centre. One Lenovo nx360 m5
compute node was used per submitted experiment, which has two 14 core 2.4 GHz
Intel E5-2680 v4 (Broadwell) CPUs, and 128 GiB of RAM.

The same workflow as previous was implemented for SUOI only, to cover a broader
scope of docking and design. GlobalDock (Appendix 7.5.4) with Dock flag (Appendix
7.5.5) was conducted for 5UOI, generating 5500 docked structures, with the top 20
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filtered by BurResTNF. Each of the 20 docked poses were then subjected to 100
rounds of interface design (2000 initial binders) using the FlexDesign script (Appendix
7.5.6) with Design flag (Appendix 7.5.7), and the best 100 candidates were sorted by
their simulated binding energies. Following multiple sequence alignment of the best
designs, and further refinement of the design aided by visual inspection in PyMOL, the

candidate protein binders were identified.

For docking validation of the designed proteins to D-TNRCD2, the FullDock script
(Appendix 7.5.8) was used with FullDock flag (Appendix 7.5.9), generating 10000
docked structures. The coordinate files of each output from design were used as a
reference to yield a root mean square deviation (RMSD) of the output docked structure
to the output designed structure. When poorly designed binders are positioned away
from the target, and re-docked using the FullDock script, the resulting binding energies
will show poor correlation with RMSD. For the best binders, the lowest energy (Ddg)
from docking is obtained at the lowest RMSD to the designed structure, as the binder
is designed to bind tightly in this position only. The resulting plots of Ddg vs RMSD (for
the 500 lowest RMSD structures), along with visual representations, are available in
Figure S.17.
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7.1. Supplementary figures — Chapter 2

Figure S7.1: Positions of AucA Ala11 and Ala21 in the folded state, shown as green van der
Waals (VDW) spheres.
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Figure S7.2: Circular dichroism spectra of AucA and variants.
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Figure S7.3: Circular dichroism spectra of LngQ and variants.
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Figure S7.4: Reorientation of AucA W22 between dimeric and monomeric forms. Overlay of
AucA (SOs%) (PDB: 8AVR, Cyan) and AucA (dimer) (PDB: 8AVU, Magenta) chain A showing
reorientation of Trp22 (Bold).

1A Solvation energy gain
-12.9 kcal/mol

DS, % DG

Binding energy
-12.9 kcal/mol

SB BE

HB PV Hydrophobic P-value

0.085
Interface parameter radar

Figure S7.5: Analysis of AucA dimeric interface (PDB: 8AVU) using Protein Interfaces,

Surfaces and Assemblies (PISA) software?’ in the CCP4 software suite.
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Figure S7.6: Analytical HP-SEC of AucA and Trp—>Leu variants. Gel filtration standard shown
(top) was used to create calibration plot (top right), with approximate calculated MW shown

along the X-axis. LnqQ is used as monomeric bacteriocin reference.
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Figure S7.7: AucA proteolytic stability assay. LC traces at UV210nm of protease reaction

quenched after 24 hours incubation with proteinase K (+ProK) at 37 °C, and samples prepared

and incubated in the same manner without addition of protease (blank). HPLC conducted

using a 0-99% gradient of A/B over 30 minutes on a RP-C18 column (Zorbax SB, 2.1 mm x

100 mm, 300 A, 3.5 um).
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Table S7.1: Multiple sequence alignment (MSA) of homologous bacteriocins (234% homology to AucA) aligned using Clustal Omega and

constructed in Jalview, showing conservation of tryptophan (red) and lysine (blue) residues, along with other potential H-bond donor residues

arginine (green) and glutamine (yellow).

Name Species #res.[AucA identity (%) [Isolated
Aureocin A53 Staphylococcus aureus 51 100.0 Y
Epidermicin NI01 |Staphylococcus epidermidis | 51 38.3 Y
Lacticin Z ILactococcus lactis 53 46.0 i
Lacticin Q ILactococcus lactis 53 48.0 Y

IStaphylococcus argenteus 37 97.3 N
Bacillales bacterium 48 54.7 N
LLactiplantibacillus plantarum| 50 47.8 N
Corynebacterium jeikeium 52 46.9 N
Bacillus cereus 48 46.7 N
Bacillus anthracis 48 44.4 N
Oceanobacillus halophilus 48 42.2 N
Bacillus mycoides 48 41.9 N
[Frondihabitans sp. 48 41.7 N
(Clostridium cibarium 49 41.3 N
IFrondihabitans sp. 52 41.2 N
\Arcanobacterium phocae 52 39.6 N
Bacillus mycoides 48 39.5 N
Bacillus 48 39.5 N
Bacillus cereus 48 39.5 N
ICurtobacterium 53 39.1 N
IStaphylococcus sp. TE8 51 39.1 N
\Propionibacterium sp. 53 38.8 N
Bacillus paramycoides 48 38.3 N
Bacillus paramycoides 48 38.3 N
Bacillus toyonensis 48 38.3 N
Bacillus wiedmannii 48 38.3 N
Curtobacterium Herbarum 53 36.2 N
Curtobacterium sp. Csp2 53 36.2 N
Oceanobacillus halophilus 48 36.2 N
IScardocia wiggsiae ] 36.0 N
Clostridium sp. 49 34.8 N
\Scardocia wiggsiae 53 34.0 N
ICurtobacterium sp. WW7 B3 34.0 N

10
-MslliLNFLKY | AKYGKKAVSAAfi
MAAFMKL | QF LATKGQKYVSL AW
MAGFLKVVQILAKYGSKAVQH W
MAGFLKVVQLLAKYGSKAVQ

--------------- KKA | SAA WvIliQK L KK | AGL -
---MATFLKIVAQLGTKAAKWAWANKGKYV L E Wi IDKINDIVG- -
MGTFLKLVKWAATYGRKAVSAV W1 KNK | KKWF - - -
MAGF LKVVKAVAKYGsKAVKlic Wi VEQVRK | VGA -
- - -MLAFLKLVAKLGPKAA Wi INKINDIVN- -
-- Wi INKINDIVN- -
-- W!VDKIEDIVN- -
-- W W1 INKINDMVS- -
----MRLIGLLGKYGKKAVDV WvVAQVRKAVGYV -

- - -MGAV I KAVAKYGSKA I KV Wi ANE I RKALGL -
MVAFLRL | GL LGKYGKKAVD\ WVVAQVRKAVGY -
MAVFFRILQIVARYGRSAVS W1 VQKVRSAVGT -
- - -MVAFLRIVGQLGAKAAS NI INKINDMVS- -
- - -MVAFLRIVGQLGAKAAS Wi INKINDMVN - -
- - -MVAFLRIVGQLGAKAASWAWANKGRVLG W1 INKINDMVN - -
MAVFAR | LQLLAKYGARAVNWAKAN I QRVLN WivsKiKalLGIR
MAGFMKL | QF LATKGQKYVSLA Wi YKQ! KKL#lS - -
MTIFLRILQL | AKYGKRA | DIl WI INKIKEILGIR
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7.2. Supplementary figures — Chapter 3

Table S7.2: Conditions used during screening of TNRCD-2 refolding. First screening oxidation method (GSSG/GSH best), then buffer pH and
temperature (0.1 M NaPi, pH 6.5, 25 °C best), then finally reagent concentrations (all worse than previous). The conditions with the highest yield
of folded TNRCD2 are highlighted.

Concentrations

Component Oxidation method Buffer pH and temperature
Denaturation i ii iii iv i ii iii iv i ii iii iv \%
GnHCI 6M 6M 6M 6M 6M 6M 6M 6M 6M 6M 6M 6M 6M
Oxidant 6mM 10% atmos. 02 6mM 6mM 6mM 6mM 6mM 6mM 25mM 6mM 25mM 6mM
GSSG DMSO GSSG GSSG GSSG GSSG GSSG GSSG GSSG GSSG GSSG GSSG
Reductant 60mM - - 60mM 60mM 60mM 60mM 60mM 120mM 50mM 120mM 50mM 120mM
GSH GSH GSH GSH GSH GSH GSH GSH GSH GSH GSH
Buffer - - - 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M
Tris Tris NaPi Tris NaPi NaPi NaPi NaPi NaPi NaPi
Dilute x5 with 0.25M 0.25M 0.25M 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M 0.1M
NaHCO3 NaHCO3 NaHCO3 Tris Tris NaPi Tris NaPi NaPi NaPi NaPi NaPi NaPi
pH 8.5 8.5 8.5 8.5 8.5 6.5 8.5 6.5 6.5 6.5 6.5 6.5 6.5
TNRCD2 final 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.4 0.4 0.4
conc. (mg/mL)
T (°C) 25 25 25 25 25 25 4 4 25 25 25 25 25
refolding % 96 hrs 7% <2% 0 9% 17% 33% 0% 3% 15% 21% 7% 5% 13%
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Table S§7.3: Results of bacteriophage biopanning experiment 1 with the sequence format
CXoC. Enrichment factor for each round is defined as the amount of phage eluted from the
target well containing D-TNRCD2 divided by the amount of phage eluted from the target well

without immibilized target (streptavidin/neutravidin only).

Screening iﬁmgkt;irl]itzzg Amount of Amount of phage in Enrichment
round phage input | elution from target well
D-TNRCD2 factor
number (1) (pfu) (pfu)
Test 4.18 x 10°
12
1 3 496 x 10 1= trol | 7.20 x 10° 58
Test 1.08 x 107
13
2 3 285X 10% = trol | 2,02 x 108 536
Test 9.43 x 107
12
3 3 700X 0% T rest | 649 x 10° 152.32

Table S7.4: Next generation sequencing of enriched CXoC bacteriophage library following
screeing experment 1. A total of 20282 sequences were identiied, with sequences in

abundance >40 listed below, in decreasing order.

Amino acid sequence
P2 P3 P4 P5 P6 P7 P8
G

Abundance

_U
—

P9 P10 P11

7590
630
556
366
166
130
130
114
100

94
80
72
64
54
52
52
50
50
48
46
42
40
40

NN e N e N e e e e e e R e Ko e e N2 e N2 K2 K3
ST<TM—-—SZA<Ir<sSZ=r<msSO-5=m
MIMUrr><r-r<rm>MCIMOSmM-AII
<K TP TNMIUVTAArX<MCKOZTTP>POLSITARARLO
—<STOOMIr<<AI<LKSTr<romar>r>»<
SSEMMUUOMMUrOIMU>r<o®UsSSsS
TIrOQIXr-rIOEr@EoUIImMmMorsSotmOo-Ho0orr
OO —TOrXNn-—<OXSrosntom<mZ
SM—TOrX0n-—<OXSrosnom<o®mM
NN NNz e N e R e e R e R e Ko e e 2 Ns N2 K2 K2

MO X—ASMAODAOP>AOTNMIr—"AMSTUT<T—0O
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Table $7.5: Results of bacteriophage biopanning experiment 2 with the sequence format CX.
WLGX:C. Enrichment factor for each round is defined as the amount of phage eluted from the
target well containing D-TNRCD2 divided by the amount of phage eluted from the target well

without immibilized target (streptavidin/neutravidin only).

. Amount of .
Screening | . - Amount of Amount of phage in :
round immobilized hage input | elution from target well Enrichment
D-TNRCD2 phag P 9 factor
number (pfu) (pfu)
(H9)
Test 7.20 x 108
13
1 3 2.00x 0% == ol | 7.20 x 105 10
Test 1.08 x 107
12
2 3 790X A0% = ol | 2.02 x 10° 5.36
Test 2.45 x 10"
13
3 3 2.75x 10 Test 595 x 10° 8292.68

Table S7.6: Sequencing of enriched CX4WLGX:C bacteriophage library following screeing
experment 2. A total of 22 monoclones were randomly selected, with sequences in listed

below, in decreasing order of abundance.

Amino acid sequence

F1 P2 P3 P4 P5 P6 P7 P8 P9 Pl0 P11 ~pundance
C F HC I WULGTD E C 4
C Y HCVWTLGUH E ¢ 3
C Y H I | WL GTD E ¢ 2
C FHC I WULGTU P E C 2
C Y H I VWULGN E C 1
C YHCVWLGT E ¢ 1
C YHC I WULGTF E ¢ 1
C F HC I WULGTL E C 1
C FHC I WWLGTE ¢ 1
C Y EV I WL GUH E ¢ 1
C FHC I WULGNE ¢C 1
C F HC I WULG S E ¢ 1
C F H I | WLGNE C 1
C FHC I WULGTF E ¢ 1
C MWGZ CTEWTLTGTE D C 1
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TCPB-E
(reduced) 50 pM

+ Cystine 0.5 mM, 6 hr, + GSSG 0.5 mM, 6 hr,
RT*

Crude mix Crude mix

500 1000 miz TCPB-E-Gi

Calc. (Da): 1627.4
Obs. (Da): 1628.8

TCPB-E-Ci
Calc. (Da): 1442.7
Obs. (Da): 1441.5

TCPB-E-Cii
Calc. (Da): 1442.7
Obs. (Da): 1441.5

Calc. (Da): 1627.4
Obs. (Da): 1628.8

543 l;|25
o L TCPB-E-Gii

Figure S7.8: Solution-phase oxidation of TCPB-E with cystine (left) or glutathione disulfide
(right) for deduction of active bacteriophage conformation. See below for identification of
peaks by disulfide bond mapping experiments. Peak correspnding to dimerized product with

three disulfide bonds indicate by asterisk (*).

Identified conformer

TCPB-E-Cii Major fragment q@

%COZ w HN CD\. O SR

Obs, (Day:305.5 TCPB-E-C11

+2

1
404 +1
806

1000 miz

500

6 hr digest
SR = Cysteine

Figure $7.9: LCMS disulfide bond mapping of isolated TCPB-E peak ii, oxidized with cystine.
Lyophilized peptide was digested with chymotypsin (0.1 mg/mL) in phosphate buffer ( 0.1 M,
pH 6) at room temperature for 6 hours. HPLC trace of undigested peptide is shown in top left,
and HPLC trace and corresponding ESI+ MS of major digested peak is shown in bottom left.
Identity of the major digested fragment and the deduced, undigested conformer are shown to

the right. No digestion was observed between Phe2 and His3 after 6 hours.
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Major fragments

Calc. (Da): 1459.7
Obs. (Da): 1459.0

NH,

Identified conformer

TCPB-E-Ci
AN
DO
+I2 @ ®@
546 RS *S\©
500 | NH;
6 hr digest S—sS o
TCPB-E-C1
SR = Cysteine

Calc. (Da): 1090.2
Obs. (Da): 1089.6

.‘

Figure S7.10: LCMS disulfide bond mapping of isolated TCPB-E peak i, oxidized with cystine.
Lyophilized peptide was digested with chymotypsin (0.1 mg/mL) in phosphate buffer ( 0.1 M,
pH 6) at room temperature for 6 hours. HPLC trace of undigested peptide is shown in top left,
and HPLC trace and corresponding ESI+ MS of major digested peaks are shown in bottom
left. Identity of the major digested fragments and the deduced, undigested conformer are
shown to the right.

Identified conformer

TCPB-E-Gii .
Major fragment ) o 0@
N I . Posm
1 { COM™,  HoN m@ 3,
S-S
Calc. (Da): 806.0
6 hr digest Obs. (Da): 805.5 TCPB-E-G11

SR = Glutathione

Figure S7.11: LCMS disulfide bond mapping of isolated TCPB-E peak ii, oxidized with
glutathione disulfide. Lyophilized peptide was digested with chymotypsin (0.1 mg/mL) in
phosphate buffer ( 0.1 M, pH 6) at room temperature for 6 hours. HPLC trace of undigested
peptide is shown in top left, and HPLC trace and corresponding ESI+ MS of major digested
peak is shown in bottom left. Identity of the major digested fragment and the deduced,
undigested conformer are shown to the right. No digestion was observed between Phe2 and

His3 after 6 hours.
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Major fragments

% NH; Calc. (Da): 1645.9
K o @ Obs. (Da): 1645.5
TCPB-E-Gi RS-S- Identfled conformer
NH, . ©
+2 @ @
546 RS 75\@ @
500 1000 NH;
12 hr digest S—S o
8 10 12 min NH, TCPB-E-G1

SR = Glutathione

Calc. (Da): 1090.2
‘ Obs. (Da): 1089.6
S)

Figure S7.12: LCMS disulfide bond mapping of isolated TCPB-E peak i, oxidized with
glutathione disulfide. Lyophilized peptide was digested with chymotypsin (0.1 mg/mL) in
phosphate buffer ( 0.1 M, pH 6) at room temperature for 12 hours. HPLC trace of undigested
peptide is shown in top left, and HPLC trace and corresponding ESI+ MS of major digested
peaks are shown in bottom left. Identity of the major digested fragments and the deduced,
undigested conformer are shown to the right.

50

IS
3

40

w
=3

TCPB-E-C1 (100 M)

i Stui

e ————
. TCPB-E-C11 (250 M)
m

~
S

Surface Mass (pg/mm?)
Surface Mass (pg/mm?)

TCPB-E-G1 (200 uM)

3

TCPB-E-G11 (200 pM)

e ﬁ#
-0 10

Figure S7.13: Grating-coupled iterferometry (GCI) analysis of TCPB-E isomers binding to D-

20 30 40 50 -0 10 20 30 40 50 60

TNRCD2. Repeated analyte pulses of increasing duration (RAPID) were passed over the
sensor surface, with fixed concentrations of each peptide conformer shown above.
Sensograms shown are blank subracted (target flow cell - flow cell with no target). The highest

sensor response with respect to concentration was observed for TCPB-E-C1.
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trt-S Q}@(D@ Low-loading PEG-PS resin
5) needed (0.19 mmol/g) @
@ ‘ trt -S %
H . H
HoN @ GL) @
B B
acm acm acm acm

i) 1 equiv. I, (15 mM) 2 equiv. Boc-Cys(trt)-OH, 50% TFE in
DCM, 10 min x2
ii) 10 equiv. I, (0.5 M) in DMF, 40min
iii) Wash with 3x DMF, 1x 1 M aq ascorbic acid, 3x DMF

Cys-— W
@@““"’@ @0-Cg
® ® Cys-S~@) ? ®
H,N -NH, rNH2
S—S o

S—S o
TCPB-E-C4 TCPB-E-C1

Figure S7.14: lllustrative representation of a solid-phase synthetic route to TCPB-E peptide
conformers. An orthogonal protection scheme was implemented using cysteine
acetamidomethyl (acm) or trityl (trt). Disulfide bond formation was controlled by the relative
reactivity of lodine towards protected cysteine residues in non-polar (trt-trt) and polar (acm-

acm) solvents, based on a modified procedure.??’

Cys-— W
®©0 W G@
TCPB-E-C11¢ * & ®
Solution- 9 HoN NH,

phase .M S—S 0o
oxidation TCPB-E-C4

oY Cg
Solid- J TCPB-E-C4 ®
phase -E- Cys—s\©
oxidation Jt/\ TCPB-E-C1 NH;
8 10 12 min S——S o)
TCPB-E-C1

Figure S7.15: Comaprison of HPLC retention times of TCPB-E-C1 and -C4 prepared on solid-
phase with the solution-phase oxidation of TCPB-E with cystine, reinforcing the results of
LCMS disulfide bond mapping. Small quantites of TCPB-E-C4 appear to have been formed in
solution-phase but was insufficient for isolation, likely suggesting that this conformer is

thermodynamically unfavourable.

133



CHAPTER 7

~
o

Surface Mass (pg/mm?)
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TCPB-E-C4
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Figure S7.16: Grating-coupled iterferometry (GCI) analysis of TCPB-E-C1 and -C4 isomers
binding to D-TNRCD2. A single cycle of association and dissociation were passed over the
sensor surface, with 50 uM of each peptide conformer. Sensograms shown are blank
subracted (target flow cell - flow cell with no target). The highest sensor response with was
observed for TCPB-E-C1, with little binding observed for TCPB-E-C4.
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Figure S7.17: RosettaDock results of de novo mini protein docking to the D-TNRCD2,
showing: A) undesigned scaffold (TMPB-Sc), B) low scoring protein design (TMPB-TL), and
C-E) binder candidates (TMPB-TZ2, -T3 and -T4). Plots of the estimated binding energy of the
docked pose (Ddg) versus the deviation (RMSD) of the docked structure to the initial design
pose are shown on the left. The lowest Ddg docked structure overaid with the initial design
pose is shown on the right, as a visualization of the single lowest energy point on the plots
(highlighted by purple circle). Proteins with low Ddg docked poses and high RMSD to the initial

design pose are characterized as poor binders in silico.
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-40
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Figure S7.18: Circular dichrosim (CD) spectra of designed proteins TMPB-T2, -T3 and -T4
compared to the undesigned scaffold protein TMPB-S, showed a lack of alpha-helical fold

following in silio protein design.
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7.3. Peptide and protein LCMS data

Columns and gradients used for LCMS are as per method 5.3.1, unless otherwise
stated in the caption. ESI+ mass spectra are reported as the integrated spectra for the

duration of the major peak in each UV210nm chromatogram.

7.3.1. L-aureocin A53 (Met'-lle'?) peptide hydrazide

HN—() AR
9@90 00 NHNH,

Calculated MW: 1328.6

+3

|
443.8
+2

I
665.0

8 10 12 14 Retention (min) 250 500 750 m/z

Figure S7.19: LC trace at UV210nm (left) of isolated L-aureocin A53 (Met'-lle'®) peptide
hydrazide using a 5-70% gradient of A/B over 20 minutes on a RP-C18 column (Zorbax SB,
2.1 mm x 100 mm, 300 A, 3.5 ym). Right - (ESI-MS (m/z): calculated 665.3 [M+2H]?**, 443.9
[M+3H]**, observed 665.0 [M+2H]?*, 443.8 [M+3H]*").
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7.3.2. L-aureocin A53 (Cys''-Leu®') N-cysteine peptide

Calculated MW: 4718.7

+7 |
| +6
675.0}
. |787.4
+8
|
590.8 +|5
+9 9446 +4
|
_ 525.3 | 11807
5 10 15 Retention (min) 500 1000 miz

Figure S7.20: LC trace at UV210nm (left) of isolated L-aureocin A53 (Cys''-Leu®') N-cysteine
peptide using a 5-70% gradient of A/B over 30 minutes on a RP-C18 column (InfinityLab
poroshell, 4.6 mm x 100 mm, 120 A, 4 um). Right - (ESI-MS (m/z): calculated 1180.7 [M+4H]**,
944.7 [M+5H]>*, 787.4 [M+6H]°*, 675.1 [M+7H]"*, 590.8 [M+8H]®*, 525.3 [M+9H]**, observed
1180.7 [M+4H]*, 944.6 [M+5H]**, 787.4 [M+6H]?*, 675.0 [M+7H]"*, 590.8 [M+8H]?*, 525.3
[M+9H]®).
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7.3.3. D-aureocin A53 (Met1-lle10) peptide hydrazide

HN— (@) G20
9@30 00 NHNH,
(o}

Calculated MW: 1328.6

+2

665.0
+3

443.8

15 20 Retention (min) 500 1000  miz

Figure S7.21: LC trace at UV210nm (left) of isolated D-aureocin A53 (Met'-lle'®) peptide
hydrazide using a 5-70% gradient of A/B over 30 minutes on a RP-C18 column (InfinityLab
poroshell, 4.6 mm x 100 mm, 120 A, 4 ym). Right - (ESI-MS (m/z): calculated 665.3 [M+2H]**,
443.9 [M+3H]*", observed 665.0 [M+2H]?*, 443.8 [M+3H]**).
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7.3.4. D-aureocin A53 (Cys''-Leu®') N-cysteine peptide

Calculated MW: 4718.7

I NSN— TOUURIT ™ ' W

15 20 Retention (min) 500 1000 1500 M/z

Figure $7.22: LC trace at UV210nm (left) of isolated D-aureocin A53 (Cys''-Leu®') N-cysteine
peptide using a 5-70% gradient of A/B over 30 minutes on a RP-C18 column (InfinityLab
poroshell, 4.6 mm x 100 mm, 120 A, 4 um). Right - (ESI-MS (m/z): calculated 1572.9 [M+3H]**,
1180.7 [M+4H]**, 944.7 [M+5H]%*, 787.4 [M+6H]®*, 675.1 [M+7H]"*, observed 1574.2
[M+3H]**, 1180.7 [M+4H]*", 944.6 [M+5H]**, 787.4 [M+6H]°*, 675.0 [M+7H]™*).
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7.3.5.Example LCMS ligation monitoring of lacticin Q

a) AUCA  MSWLNFLKYI'? AKYGKKAVSAZ0 AWKYKGKVLE3? WLNVGPTLEW® VWQKLKKIAG®® L

+2

100] Mass (obs.)
- 1406.0
b) FmocHNNH—@ H2N—. C) §—Ph d) 1 Mass (calc.)
704 1406.8
" " Thiophenol 1*
" Fmoc-SPPS "

i

HNNH—@ Cys! NH—@ ) 500 1000 mz
100 Mass (obs.)
o ¢} (O Lys'2-Leus! 1 ™ 73

TFA cleavage 2 l

1 MNHNHZ Time = 787 3
4 hr 1 1572

| 1181 |Mass (calc.)
4718.7

O | i)yNaNO, l
i) PhsH o] b el
500 1000 1500 m/z
_____________ 100 T4 Wass (obs)
* - o 12| 51 Mass (calc.)
: 1 MS Ph In situ " [SERs Lys'?-Leu” ) — 3 T 1204 | 60153
¢} 1 +4
! +8860
. Native | | ) 3 |
hemical » Thiophenol 753| 1504
: ligation N extraction | ll l
IS P ook
! : ) 50,, 1000 1500 M2
I 100

a7 Mass (obs.)

)
e e e e s e == ! 998 5981.9
i) VA-044, mAlaﬁ - Mass (calc.)
Desulfurisation TCEP, Y ass| | 5983.2
tBusH, GSH — 4 4 28l e
|
22 24 (

Desulphur-

20 Retention (min) 500 7000 500 miz

Figure S7.23: Example LCMS ligation scheme for AucA. a) AucA amino acid sequence, b)
one-pot ligation-desulurization scheme, c) HPLC reaction monitoring, and d) ESI+ MS for

AucA product, reactants and intermediates.
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7.3.6. L-aureocin A53 (Met'-Leu®')

Calculated MW: 5983.2

748.9

+9 855.7

|
665.8 *|5
40 9982

J S L 1197.4
l L

15 20 Retention (min) 500 1000 miz

Figure S7.24: LC trace at UV210nm (left) of isolated L-aureocin A53 (Met'-Leu®") using a 5-
70% gradient of A/B over 30 minutes on a RP-C4 column (ACE, 4.6 mm x 250 mm, 300 A, 5
um). Right - (ESI-MS (m/z): calculated 1197.6 [M+5H]%*, 998.2 [M+6H]**, 855.7 [M+7H]™*,
748.9 [M+8HJ®*, 665.8 [M+OH]*, 599.3 [M+10H]'**, observed 1197.4 [M+5H]%*, 998.2
[M+6H]®*, 855.7 [M+7H]™*, 748.9 [M+8H]*, 665.8 [M+9H]**, 599.3 [M+10H]'®*).
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Figure S7.25: UPLC total ion chromatogram in ESI+ mode of isolated L-aureocin A53 (Met'-
Leu®") [19.47 min].
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Figure S7.26: High-definition ESI+ mass spec of isolated L-aureocin A53 (Met'-Leu®"), (ESI-
MS (m/z): calculated 1197.6 [M+5H]°*, 998.2 [M+6H]¢*, 855.7 [M+7H]"*, 748.9 [M+8H]®*, 665.8
[M+QH]%*, observed 1197.5 [M+5H]*, 998.0 [M+6H]®*, 855.6 [M+7H]™*, 748.9 [M+8H]®*, 665.7

[M+9H]®*, deconvoluted: calculated 5983.2, observed 5983.5).
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Figure S7.27: High-definition ESI+ mass spec of isolated L-aureocin A53 (Met'-Leu®"), (ESI-
MS (m/z) deconvoluted: calculated 5983.2, observed 5983.5).
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7.3.7. D-aureocin A53 (Met'-Leu®')

Calculated MW: 5983.2

1197.5

e S — . PRI § & S S

15 20 Retention (min) 500 1000 1500 miz

Figure S7.28: LC trace at UV210nm (left) of isolated D-aureocin A53 (Met'-Leu®') using a 5-
70% gradient of A/B over 30 minutes on a RP-C18 column (InfintiyLab poroshell, 4.6 mm x
100 mm, 120 A, 4 ym). Right - (ESI-MS (m/z): calculated 1197.6 [M+5H]%*, 998.2 [M+6H]®*,
855.7 [M+7H]™*, 748.9 [M+8H]?*, 665.8 [M+9H]**, observed 1197.5 [M+5H]%*, 998.0 [M+6H]%",
855.7 [M+7H]™*, 748.8 [M+8H]?*, 665.8 [M+9H]").
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Figure S7.29: UPLC total ion chromatogram in ESI+ mode of isolated D-aureocin A53 (Met'-
Leu®") [20.57 min].
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100+ 855.6316
748.8059
=
998.0599
665.7153
1197.4761

...“H.‘i,u.‘,uu,...‘ ‘..‘,‘...—,'n'h-.‘.,‘.‘.,..‘.,'Lr.u R SRR ‘H.,I‘ﬁ‘. T P e e e miz

500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

Figure S7.30: High-definition ESI+ mass spec of isolated D-aureocin A53 (Met'-Leu®"), (ESI-
MS (m/z): calculated 1197.6 [M+5H]°*, 998.2 [M+6H]¢*, 855.7 [M+7H]"*, 748.9 [M+8H]®*, 665.8
[M+9H]**, observed 1197.5 [M+5H]*, 998.1 [M+6H]¢*, 855.6 [M+7H]™*, 748.8 [M+8H]?*, 665.7
[M+9H]®*, deconvoluted: calculated 5983.2, observed 5983.0).
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7.3.8.L-aureocin A53 W3L (Met'-Leu®')

Calculated MW: 5910.2

+8
739.7

+9 | 8452

— » 657.7
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592.0 L
- |
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Figure 7.31: LC trace at UV210nm (left) of isolated L-aureocin A53 W3L (Met'-Leu®") using a
5-70% gradient of A/B over 30 minutes on a RP-C18 column (Zorbax SB, 2.1 mm x 100 mm,
300 A, 3.5 um). Right - (ESI-MS (m/z): calculated 1183.0 [M+5H]>, 986.0 [M+6H]¢*, 845.3
[M+7H]™, 739.8 [M+8H]®*, 657.7 [M+9H]**, 592.0 [M+10H]"*, observed 1182.8 [M+5H]%*,
985.8 [M+6H]®, 845.2 [M+7H]"™*, 739.7 [M+8H]?*, 657.7 [M+9H]**, 592.0 [M+10H]'®*).
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Figure §7.32: UPLC total ion chromatogram in ESI+ mode of isolated L-aureocin A53 W3L
(Met'-Leu®") [18.78 min].
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Figure S7.33: High-definition ESI+ mass spec of isolated L-aureocin A53 W3L (Met'-Leu®"),
(ESI-MS (m/z): calculated 1183.0 [M+5H]°*, 986.0 [M+6H]°*, 845.3 [M+7H]"*, 739.8 [M+8H]®*,
657.7 [M+9H]**, 592.0 [M+10H]'%*, observed 1182.9 [M+5H]**, 985.9 [M+6H]%*, 845.2
[M+7H]™, 739.7 [M+8H]®*, 657.6 [M+9H]**, 591.9 [M+10H]'"**, deconvoluted: calculated
5910.2, observed 5909.5).
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7.3.9.L-aureocin A53 W22L (Met'-Leu®')

Calculated MW: 5910.2
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Figure S7.34: LC trace at UV210nm (left) of isolated L-aureocin A53 W22L (Met'-Leu®") using
a 5-70% gradient of A/B over 30 minutes on a RP-C4 column (ACE, 4.6 mm x 250 mm, 300
A, 5 um). Right - (ESI-MS (m/z): calculated 1183.0 [M+5H]%*, 986.0 [M+6H]¢*, 845.3 [M+7H]"*,
739.8 [M+8H]J®*, 657.7 [M+9H]**, 592.0 [M+10H]'%*, observed 1182.7 [M+5H]**, 985.8
[M+6H]5*, 845.2 [M+7H]™*, 739.7 [M+8H]*, 657.7 [M+9H]**, 592.0 [M+10H]'*).
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7.3.10. L-aureocin A53 W31L (Met'-Leu®')

Calculated MW: 5910.2
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Figure S7.35: LC trace at UV210nm (left) of isolated L-aureocin A53 W31L (Met'-Leu®")
using a 5-70% gradient of A/B over 30 minutes. Right - (ESI-MS (m/z): calculated 986.0
[M+6H]°*, 845.3 [M+7H]™*, 739.8 [M+8H]?*, 657.7 [M+9H]®*, 592.0 [M+10H]'"*, observed
986.0 [M+6H]®*, 845.2 [M+7H]"*, 739.8 [M+8H]®*, 657.7 [M+9H]**, 592.1 [M+10H]'%").
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Figure $7.36: UPLC total ion chromatogram in ESI+ mode of isolated L-aureocin A53 W31L
(Met'-Leu®") [18.77 min].
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Figure S7.37: High-definition ESI+ mass spec of isolated L-aureocin A53 W31L (Met'-Leu®"),
(ESI-MS (m/z): calculated 1183.0 [M+5H]>*, 986.0 [M+6H]*, 845.3 [M+7H]™*, 739.8 [M+8H]#",
657.7 [M+QH]*, 592.0 [M+10H]"®*, observed 1182.9 [M+5H]**, 985.9 [M+6H]**, 845.2
[M+7H]™, 739.7 [M+8H]®*, 657.6 [M+9H]°*, 591.9 [M+10H]'***, deconvoluted: calculated

5910.2, observed 5909.5).
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Calculated MW: 5910.2
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Figure S7.38: LC trace at UV210nm (left) of isolated L-aureocin A53 W40L (Met'-Leu®") using
a 5-70% gradient of A/B over 30 minutes on a RP-C4 column (ACE, 4.6 mm x 250 mm, 300

A, 5 um). Right - (ESI-MS (m/z): calculated 1183.0 [M+5H]°*, 986.0 [M+6

HJ*, 845.3 [M+7H]™,

739.8 [M+8HJ®*, 657.7 [M+9H]*, 592.0 [M+10H]'*, observed 1182.7 [M+5H]>, 985.8
[M+6H]®*, 845.2 [M+7H]™, 739.7 [M+8H]?*, 657.7 [M+9H]®*, 592.0 [M+10H]'®*).
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Figure S7.39: UPLC total ion chromatogram in ESI+ mode of isolated L-aureocin A53 W40L
(Met'-Leu®") [18.50 min].
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Figure S7.40: High-definition ESI+ mass spec of isolated L-aureocin A53 W40L (Met'-Leu®"),
(ESI-MS (m/z): calculated 1183.0 [M+5H]**, 986.0 [M+6H]°*, 845.3 [M+7H]"*, 739.8 [M+8H]®*,
657.7 [M+9H]®*, 592.0 [M+10H]'"*, observed 1182.9 [M+5H]**, 985.9 [M+6H]?*, 845.2
[M+7H]™, 739.7 [M+8H]®*, 657.6 [M+9H]**, 591.9 [M+10H]'"**, deconvoluted: calculated

5910.2, observed 5909.5).
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Calculated MW: 5910.2
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Figure S7.41: LC trace at UV210nm (left) of isolated L-aureocin A53 W42L (Met'-Leu®") using
a 5-70% gradient of A/B over 30 minutes on a RP-C4 column (ACE, 4.6 mm x 250 mm, 300
A, 5 ym). Right - (ESI-MS (m/z): calculated 1183.0 [M+5H]%*, 986.0 [M+6H]®*, 845.3 [M+7H]"*,
739.8 [M+8H®, 657.7 [M+9H]®*, 592.0 [M+10H]'**, observed 1182.8 [M+5H]>*, 985.8
[M+6H]®*, 845.2 [M+7H]™*, 739.7 [M+8H]?*, 657.7 [M+9H]**, 592.0 [M+10H]'**).
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7.3.13. L-aureocin A53 W3E (Met'-Leu®')

Calculated MW: 5926.1
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Figure S7.42: LC trace at UV210nm (left) of isolated L-aureocin A53 W3E (Met'-Leu®") using
a 20-90% gradient of A/B over 20 minutes on a RP-C18 column (Zorbax SB, 2.1 mm x 100
mm, 300 A, 3.5 pm). Right - (ESI-MS (m/z): calculated 988.7 [M+6H]®*, 847.6 [M+7H]™*, 741.8
[M+8H]®*, 659.5 [M+9H]®*, 593.6 [M+10H]"%*, observed 988.6 [M+6H]®*, 847.4 [M+7H]"*, 741.7
[M+8H]8*, 659.5 [M+9H]°*, 593.6 [M+10H]%").
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7.3.14. L-aureocin A53 W31E (Met'-Leu®')

Calculated MW: 5926.1
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Figure S7.43: LC trace at UV210nm (left) of isolated L-aureocin A53 W31E (Met'-Leu®") using
a 5-70% gradient of A/B over 30 minutes. Right - (ESI-MS (m/z): calculated 988.7 [M+6H]¢*,
847.6 [M+7H]"*, 741.8 [M+8H]®", 659.5 [M+9H]**, 593.6 [M+10H]'*, observed 988.5 [M+6H]°",
847.5 [M+7H]™*, 741.8 [M+8H]?*, 659.4 [M+9H]**, 593.5 [M+10H]'%*).
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7.3.15. L-aureocin A53 W40E (Met'-Leu®')

Calculated MW: 5926.1
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Figure S7.44: LC trace at UV210nm (left) of isolated L-aureocin A53 W40E (Met'-Leu®') using
a 20-90% gradient of A/B over 20 minutes on a RP-C18 column (Zorbax SB, 2.1 mm x 100
mm, 300 A, 3.5 um). Right - (ESI-MS (m/z): calculated 988.7 [M+6H]¢*, 847.6 [M+7H]’*, 741.8
[M+8H]®*, 659.5 [M+9H]®*, 593.6 [M+10H]'%* observed 988.5 [M+6H]°*, 847.5 [M+7H]"*, 741.7
[M+8H]®*, 659.5 [M+9H]°*, 593.5 [M+10H]'%").
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7.3.16. L-lacticin Q (Met'-Trp?®) peptide hydrazide

HaN—() o080 G 030
QGGG QGGQ eeoﬂ W) 0NHNH2

Calculated MW: 2609.2

*S 6532
522.8 +3
|
s7f.e
1 T

10 15 20 Retention (min) 400 600 800  miz

Figure S7.45: LC trace at UV210nm (left) of isolated L-lacticin Q (Met'-Trp?®) peptide
hydrazide using a 10-70% gradient of A/B over 30 minutes. Right - (ESI-MS (m/z): calculated
870.7 [M+3H]**, 653.3 [M+4H]*, 522.8 [M+5H]°*, observed 870.6 [M+3H]**, 653.2 [M+4H]*,
522.8 [M+5H]°").
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7.3.17. L-lacticin Q (Cys?*-Lys®3) N-cysteine peptide
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Figure S7.46: LC trace at UV210nm (left) of isolated L-lacticin Q (Cys?*-Lys®®) N-cysteine
peptide using a 10-70% gradient of A/B over 30 minutes. Right - (ESI-MS (m/z): calculated
839.0 [M+4H]*, 671.4 [M+5H]%*, 559.7 [M+6H]°", observed 838.8 [M+4H]**, 671.3 [M+5H]%*,
559.6 [M+6H]%*).
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7.3.18. D-lacticin Q (Met'-Trp?®) peptide hydrazide

HaN—() o080 G 030
QGGG QGGQ eeoﬂ W) 0NHNH2

Calculated MW: 2609.2
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Figure S7.47: LC trace at UV210nm (left) of isolated D-lacticin Q (Met'-Trp?®) peptide
hydrazide using a 20-80% gradient of A/B over 30 minutes. Right - (ESI-MS (m/z): calculated
870.7 [M+3H]**, 653.3 [M+4H]**, 522.8 [M+5H]°*, observed 870.7 [M+3H]**, 653.2 [M+4H]**,
522.8 [M+5H]%*).
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7.3.19. D-lacticin Q (Cys?*-Lys®®) N-cysteine peptide
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Figure S7.48: LC trace at UV210nm (left) of isolated D-lacticin Q (Cys?*-Lys®®) N-cysteine
peptide using a 5-70% gradient of A/B over 30 minutes on a RP-C18 column (InfintiyLab
poroshell, 4.6 mm x 100 mm, 120 A, 4 ym). Right - (ESI-MS (m/z): calculated 839.0 [M+4H]**,
671.4 [M+5H]%*, 559.7 [M+6H]®*, observed 838.8 [M+4H]**, 671.3 [M+5H]**, 559.7 [M+6H]°").
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7.3.20. Example LCMS ligation monitoring of lacticin Q
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Figure S7.49: Example LCMS ligation scheme for LnqQ. a) LngQ amino acid sequence, b)
one-pot ligation-desulurization scheme, c) HPLC reaction monitoring, and d) ESI+ MS for

LngQ product, reactants and intermediates.
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7.3.21. L-lacticin Q (Met'-Lys>3)

Calculated MW: 5897.1
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Figure S7.50: LC trace at UV210nm (left) of isolated L-lacticin Q (Met'-Lys®®) using a 5-70%
gradient of A/B over 30 minutes on a RP-C4 column (ACE, 4.6 mm x 250 mm, 300 A, 5 um).
Right - (ESI-MS (m/z): calculated *990.0 [M+5H+K]®*, 983.8 [M+6H]¢*, *848.7 [M+6H+K]™",
843.4 [M+7H]™, *742.8 [M+7H+K]®*, 738.1 [M+8H]®*, 656.2 [M+9H]**, observed *990.2
[M+5H+K]®*, 983.7 [M+6H]®*, *848.7 [M+6H+K]"*, 843.3 [M+7H]"*, *742.8 [M+5H+K]6*, 738.1
[M+8H]?*, 656.2 [M+9H]*").
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Figure S7.51: UPLC total ion chromatogram in ESI+ mode of isolated L-lacticin Q (Met'-
Lys®3) [22.30 min].
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Figure S7.52: High-definition ESI+ mass spec of isolated L-lacticin Q (Met'-Lys®?) (left), (ESI-
MS (m/z): calculated 1180.4 [M+5H]>*, 983.8 [M+6H]6+, 843.4 [M+7H]’*, 738.1 [M+8H]?",
observed 1180.3 [M+5H]5*, 983.7 [M+6H]®*, 843.3 [M+7H]™, 738.1 [M+8H]*"). (Right —
deconvoluted mass), calculated 5897.1, observed 5898.0.
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7.3.22. D-lacticin Q (Met'-Lys®?)

Calculated MW: 5897.1
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Figure S7.53: LC trace at UV210nm (left) of isolated D-lacticin Q (Met'-Lys®3) using a 5-70%
gradient of A/B over 30 minutes on a RP-C4 column (ACE, 4.6 mm x 250 mm, 300 A, 5 um).
Right - (ESI-MS (m/z): calculated *990.0 [M+5H+K]®*, 983.8 [M+6H]*, *848.7 [M+6H+K]'™,
843.4 [M+7H]™*, *742.8 [M+7H+K]®*, 738.1 [M+8HJ®*, 656.2 [M+9H]**, observed *990.0
[M+5H+K]®*, 983.7 [M+6H]%*, *848.8 [M+6H+K]™*, 843.5 [M+7H]™*, *742.6 [M+5H+K]*, 738.0
[M+8HI8*, 656.2 [M+9H]®*).
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Figure S7.54: UPLC total ion chromatogram in ESI+ mode of isolated D-lacticin Q (Met'-
Lys®?) [22.40 min].
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Figure S7.55: High-definition ESI+ mass spec of isolated D-lacticin Q (Met'-Lys®?) (left), (ESI-
MS (m/z): calculated 1180.4 [M+5H]**, 983.8 [M+6H]6+, 843.4 [M+7H]™*, 738.1 [M+8H]®*, ,
656.2 [M+9H]®*, observed 1180.3 [M+5H]°*, 983.7 [M+6H]°*, 843.3 [M+7H]"*, 738.2 [M+8H]®*,

656.2 [M+9H]®*). (Right — deconvoluted mass), calculated 5897.1, observed 5896.5.
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7.3.23. L-lacticin Q W21L (Met'-Lys®3)

Calculated MW: 5824.0
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Figure S7.56: LC trace at UV210nm (left) of isolated L-lacticin Q W21L (Met'-Lys®3) using a
20-99% gradient of A/B over 30 minute. Right - (ESI-MS (m/z): calculated 1165.8 [M+5H]%*,
971.7 [M+6H]*, 833.0 [M+7H]"™*, 729.0 [M+8HI®*, 648.1 [M+9H]*, observed 1165.3 [M+5H]*",
971.3 [M+6H]*, 832.8 [M+7H]™*, 729.0 [M+8H]*, 648.0 [M+9H]**).
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Figure $7.57: UPLC total ion chromatogram in ESI+ mode of isolated L-lacticin Q W21L
(Met'-Lys5%?) [32.85 min].
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Figure S7.58: High-definition ESI+ mass spec of isolated L-lacticin Q W21L (Met'-Lys®?) (left),
(ESI-MS (m/z): calculated 1165.8 [M+5H]°>*, 971.7 [M+6H]®*, 833.0 [M+7H]™*, 729.0 [M+8H]®*,
648.1 [M+9H]%*, observed 1165.7 [M+5H]**, 971.6 [M+6H1°*, 832.9 [M+7H]"*, 728.9 [M+8H]®*,
648.0 [M+9H]®*). (Right — deconvoluted mass), calculated 5824.0, observed 5824.0.
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7.3.24. L-lacticin Q W23L (Met'-Lys®3)

Calculated MW: 5824.0
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Figure S7.59: LC trace at UV210nm (left) of isolated L-lacticin Q W23L (Met'-Lys®3) using a
20-99% gradient of A/B over 30 minute. Right - (ESI-MS (m/z): calculated 1165.8 [M+5H]%*,
971.7 [M+6H]*, 833.0 [M+7H]"™*, 729.0 [M+8HI®*, 648.1 [M+9H]*, observed 1165.5 [M+5H]%",
971.5 [M+6H]*, 832.9 [M+7H]™*, 728.9 [M+8H]*, 648.0 [M+9H]*).
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Figure $7.60: UPLC total ion chromatogram in ESI+ mode of isolated L-lacticin Q W23L
(Met'-Lys®?) [32.75 min].
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Figure S7.61: High-definition ESI+ mass spec of isolated L-lacticin Q W23L (Met'-Lys®?) (left),
(ESI-MS (m/z): calculated 1165.8 [M+5H]°>*, 971.7 [M+6H]®*, 833.0 [M+7H]™*, 729.0 [M+8H]®*,
648.1 [M+9H]%*, observed 1165.7 [M+5H]**, 971.6 [M+6H1°*, 833.0 [M+7H]"*, 729.0 [M+8H]®*,
648.1 [M+9H]®*). (Right — deconvoluted mass), calculated 5824.0, observed 5825.0.
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7.3.25. L-lacticin Q W32L (Met'-Lys®3)

Calculated MW: 5824.0
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Figure S7.62: LC trace at UV210nm (left) of isolated L-lacticin Q W32L (Met'-Lys®3) using a
20-99% gradient of A/B over 30 minute. Right - (ESI-MS (m/z): calculated 1165.8 [M+5H]%*,
971.7 [M+6H]*, 833.0 [M+7H]"™*, 729.0 [M+8HI®*, 648.1 [M+9H]*, observed 1165.6 [M+5H]*",
971.5 [M+6H]*, 833.0 [M+7H]™*, 728.9 [M+8H]*, 648.2 [M+9H]*).
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Figure S7.63: UPLC total ion chromatogram in ESI+ mode of isolated L-lacticin Q W32L (Met'-
Lys®?) [23.96 min] using a 5-95% gradient of A/B over 30 minutes.
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Figure S7.64: High-definition ESI+ mass spec of isolated L-lacticin Q W32L (Met'-Lys%?) (left),
(ESI-MS (m/z): calculated 1165.8 [M+5H]>*, 971.7 [M+6H]**, 833.0 [M+7H]"™*, 729.0 [M+8H]?",
648.1 [M+9H]%*, observed 1165.7 [M+5H]®*, 971.6 [M+6H]®*, 833.0 [M+7H]™*, 729.1 [M+8H]%",
648.1 [M+9H]®*). (Right — deconvoluted mass), calculated 5824.0, observed 5825.0.
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7.3.26. L-lacticin Q W41L (Met'-Lys®3)

Calculated MW: 5824.0
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Figure S7.65: LC trace at UV210nm (left) of isolated L-lacticin Q W41L (Met'-Lys®®) using a
20-99% gradient of A/B over 30 minute. Right - (ESI-MS (m/z): calculated 1165.8 [M+5H]%*,
971.7 [M+6H]®*, 833.0 [M+7H]™*, 729.0 [M+8H]*, 648.1 [M+9H]®*, observed 1165.8 [M+5H],
971.7 [M+6H]*, 832.8 [M+7H]™*, 729.0 [M+8H]*, 648.1 [M+9H]*).
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Figure $7.66: UPLC total ion chromatogram in ESI+ mode of isolated L-lacticin Q W41L
(Met'-Lys®?) [32.53 min].
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Figure S7.67: High-definition ESI+ mass spec of isolated L-lacticin Q W4 1L (Met'-Lys%?) (left),
(ESI-MS (m/z): calculated 1165.8 [M+5H]5*, 971.7 [M+6H]**, 833.0 [M+7H]"™*, 729.0 [M+8H]?",
648.1 [M+9H]%*, observed 1165.7 [M+5H]®*, 971.6 [M+6H]®*, 833.0 [M+7H]™*, 729.0 [M+8H]%",
648.1 [M+9H]®*). (Right — deconvoluted mass), calculated 5824.0, observed 5825.0.
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7.3.27. L-TNRCD2 (Ser’?-Ser?’) peptide hydrazide

Calculated MW: 1788.0

+4
|
447.4
+3
|
596.2
L ;
x
894.5
/\/ \JJ\A L _L—
1 1 1 1 1 T
8 10 12 14 16 Retention (min) 250 1000 miz

Figure S7.68: LC trace at UV210nm (left) of isolated L-TNRCD2 (Ser’?-Ser®’) peptide
hydrazide using a 0-60% gradient of A/B over 30 minutes. Right - (ESI-MS (m/z): calculated
895.0 [M+2H]?*, 597.0 [M+3H]*", 448.0 [M+4H]*, 894.5 [M+2H]**, 596.2 [M+3H]*", 447.4
[M+4H]*).

7.3.28. D-TNRCD2 (Ser’2-Lys?®) peptide hydrazide

Calculated MW: 1788.0
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Figure S7.69: LC trace at UV210nm (left) of isolated L-TNRCD2 (Ser’?-Ser®’) peptide
hydrazide using a 5-70% gradient of A/B over 30 minutes on a RP-C18 column (Zorbax SB,
2.1 mm x 100 mm, 300 A, 3.5 um). Right - (ESI-MS (m/z): calculated 895.0 [M+2H]?**, 597.0
[M+3H]**, 448.0 [M+4H]**, 894.5 [M+2H]?*, 596.2 [M+3H]**, 447.4 [M+4H]*").
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7.3.29. L-TNRCD2 (Cys®-Asn'') N-cysteine peptide

Calculated MW: 3586.0
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Figure S7.70: LC trace at UV210nm (left) of isolated L-TNRCD2 (Cys®-Asn''®) N-cysteine
peptide using a 5-70% gradient of A/B over 20 minutes on a RP-C18 column (Zorbax SB, 2.1
mm x 100 mm, 300 A, 3.5 ym). Right - (ESI-MS (m/z): calculated 1196.3 [M+3H]**, 897.5
[M+4H]**, 718.2 [M+5H]**, 598.7 [M+6H]*°, observed 1195.7 [M+3H]**, 897.3 [M+4H]**, 718.0
[M+5H]%", 598.6 [M+6H]*®).
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7.3.30. D-TNRCD2 (Cys?®-Asn''®) N-cysteine peptide

Calculated MW: 3586.0
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Figure S7.71: LC trace at UV210nm (left) of isolated D-TNRCD2 (Cys®-Asn''®) N-cysteine
peptide using a 5-70% gradient of A/B over 20 minutes on a RP-C18 column (Zorbax SB, 2.1
mm x 100 mm, 300 A, 3.5 um). Right - (ESI-MS (m/z): calculated 897.5 [M+4H]**, 718.2
[M+5H]°>*, 598.7 [M+6H]*¢, observed 897.3 [M+4H]**, 718.0 [M+5H]°*, 598.5 [M+6H]"°).
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7.3.31. D-TNRCD2 (Cys?®-Asn''6-Gly''7-Gly'?'-Lys(biotin)'??)
N-cysteine peptide
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Calculated MW: 4285.3
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Figure S7.72: LC trace at UV210nm (left) of isolated D-TNRCD2 (Cys®-Asn''6-Gly'""-Gly'?'-
Lys(biotin)'?%) N-cysteine peptide using a 5-70% gradient of A/B over 30 minutes on a RP-C18
column (Zorbax SB, 2.1 mm x 100 mm, 300 A, 3.5 um). Right - (ESI-MS (m/z): calculated
1072.3 [M+4H]**, 858.1 [M+5H]**, 715.2 [M+6H]', observed 1071.9 [M+4H]*", 858.0
[M+5H]%", 715.3 [M+6H]*®).

189



CHAPTER 7

7.3.32. L-TNRCD2 (Ser’?-Asn''®) reduced (not isolated)

Calculated MW: 5340.0
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Figure S7.73: LC trace at UV210nm (left) of reduced L-TNRCD2 (Ser’?-Asn''®) following
native chemical ligation (without isolation). Right - (ESI-MS (m/z): calculated 897.5 [M+4H]**,
718.2 [M+5H]%*, 598.7 [M+6H]"®, observed 897.3 [M+4H]**, 718.0 [M+5H]**, 598.5 [M+6H]*5).
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7.3.33. L-TNRCD2 (Ser?-Asn'1¢)

Calculated MW: 5334.0
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Figure S7.74: LC trace at UV210nm (left) of isolated L-TNRCD2 (Ser’>-Asn''®). Right - (ESI-
MS (m/z): calculated 1334.5 [M+4H]*, 1067.8 [M+5H]®*, 890.0 [M+6H]*, 763.0 [M+7H]*,
667.7 [M+8H]'®, observed 1334.6 [M+4H]*, 1067.7 [M+5H]*, 889.8 [M+6H]'s, 762.9
[M+7H]*7, 667.5 [M+8H]*?).
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7.3.34. D-TNRCD2 (Ser’2-Asn'"®)

Calculated MW: 5334.0
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Figure S7.75: LC trace at UV210nm (left) of isolated D-TNRCD2 (Ser’2-Asn'"®) using a 5-70%
gradient of A/B over 30 minutes on a RP-C4 column (ACE, 4.6 mm x 250 mm, 300 A, 5 um).
Right - (ESI-MS (m/z): calculated 1334.5 [M+4H]**, 1067.8 [M+5H]**, 890.0 [M+6H]*¢, 763.0
[M+7H]*", 667.7 [M+8H]*, observed 1334.2 [M+4H]*, 1067.6 [M+5H]**, 889.8 [M+6H]*,
762.9 [M+7H]*", 667.7 [M+8H]*®).
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7.3.35. D-TNRCD2 (Ser’2-Asn''¢-Gly'17-Gly'?'-Lys(biotin)'22)
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Figure S7.76: LC trace at UV210nm (left) of isolated D-TNRCD2 (Ser’?-Asn''6-Gly'""-Gly'2'-
Lys(biotin)'?2) using a 5-70% gradient of A/B over 30 minutes on a RP-C18 column (Zorbax
SB, 2.1 mm x 100 mm, 300 A, 3.5 um). Right - (ESI-MS (m/z): calculated 1207.7 [M+5H]",
1006.6 [M+6H]*6, 862.9 [M+7H]*/, 755.2 [M+8H]*®, observed 1207.9 [M+5HJ**, 1006.5
[M+6H]*8, 862.7 [M+7H]*7, 755.2 [M+8H]*®).
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7.3.36. L-TCPB-E-C1
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Calculated MW: 1442.7
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Figure S7.77: LC trace at UV210nm (left) of L-TCPB-E-C1 (isolated from solution-phase
oxidation) using a 5-70% gradient of A/B over 20 minutes on a RP-C18 column (Zorbax SB,
2.1 mm x 100 mm, 300 A, 3.5 ym). Right - (ESI-MS (m/z): calculated 722.4 [M+2H]*, 481.9
[M+3H]*3, observed 721.4 [M+2H]?*, 481.4 [M+3H]*3).
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Figure S7.78: LC trace at UV210nm (left) of isolated L-TCPB-E-C1 (prepared by solid-phase
oxidation) using a 5-70% gradient of A/B over 20 minutes on a RP-C18 column (Zorbax SB,
2.1 mm x 100 mm, 300 A, 3.5 ym). Right - (ESI-MS (m/z): calculated 722.4 [M+2H]*, 481.9
[M+3H]*3, observed 721.9 [M+2H]?**, 481.4 [M+3H]*3).
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7.3.317. L-TCPB-E-C4
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Figure S7.79: LC trace at UV210nm (left) of isolated L-TCPB-E-C4 (prepared by solid-phase
oxidation) using a 5-70% gradient of A/B over 20 minutes on a RP-C18 column (Zorbax SB,
2.1 mm x 100 mm, 300 A, 3.5 um). Right - (ESI-MS (m/z): calculated 722.4 [M+2H]**, 481.9
[M+3H]*3, observed 721.4 [M+2H]?*, 481.4 [M+3H]"3).
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7.3.38. L-TCPB-E-C11
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Figure $7.80: LC trace at UV210nm (left) of L-TCPB-E-C11 (isolated from solution-phase
oxidation) using a 5-70% gradient of A/B over 20 minutes on a RP-C18 column (Zorbax SB,
2.1 mm x 100 mm, 300 A, 3.5 um). Right - (ESI-MS (m/z): calculated 722.4 [M+2H]?*, 481.9
[M+3H]*3, observed 721.4 [M+2H]?*, 481.4 [M+3H]"3).

196



CHAPTER 7

7.3.39. L-TCPB-E-G1
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Figure S7.81: LC trace at UV210nm (left) of L-TCPB-E-G1 (isolated from solution-phase
oxidation) using a 5-70% gradient of A/B over 20 minutes on a RP-C18 column (Zorbax SB,
2.1 mm x 100 mm, 300 A, 3.5 um). Right - (ESI-MS (m/z): calculated 814.7 [M+2H]**, 543.5
[M+3H]*3, observed 814.4 [M+2H]?*, 543.4 [M+3H]"3).
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7.3.40. L-TCPB-E-G11
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Figure S7.82: LC trace at UV210nm (left) of L-TCPB-E-G11 (isolated from solution-phase
oxidation) using a 5-70% gradient of A/B over 20 minutes on a RP-C18 column (Zorbax SB,
2.1 mm x 100 mm, 300 A, 3.5 um). Right - (ESI-MS (m/z): calculated 814.7 [M+2H]**, 543.5
[M+3H]*3, observed 814.8 [M+2H]?*, 543.4 [M+3H]*3).
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7.3.41. L-TMPB-T2 (Arg'-Lys*)

Calculated MW: 5031.5
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Figure S7.83: LC trace at UV210nm (left) of isolated L-TMPB-T2 using a 5-70% gradient of
A/B over 20 minutes on a RP-C18 column (Zorbax SB, 2.1 mm x 100 mm, 300 A, 3.5 ym).
Right - (ESI-MS (m/z): calculated 1007.3 [M+5H]**, 839.6 [M+6H]°*, 719.8 [M+7H]™*, 629.9
[M+8H]®*, 560.1 [M+9H]"°, observed 1007.2 [M+5H]**, 839.5 [M+6H]°*, 719.8 [M+7H]"*, 629.9
[M+8H]®*, 560.1 [M+9H]*°).
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7.3.42. L-TMPB-T3 (Arg'-Lys*)

Calculated MW: 5054.6
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Figure S7.84: LC trace at UV210nm (left) of isolated L-TMPB-T3 using a 5-70% gradient of
A/B over 20 minutes on a RP-C18 column (Zorbax SB, 2.1 mm x 100 mm, 300 A, 3.5 ym).
Right - (ESI-MS (m/z): calculated 1011.9 [M+5H]**, 843.4 [M+6H]°%*, 723.1 [M+7H]"*, 632.8
[M+8H]?*, 562.6 [M+9H]"°, observed 1011.7 [M+5H]**, 843.3 [M+6H]°*, 723.0 [M+7H]"*, 632.8

[M+8H]?*, 562.6 [M+OH]*).
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7.3.43. L-TMPB-T4 (Arg'-Lys*®)

Calculated MW: 4999.6
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Figure S7.85: LC trace at UV210nm (left) of isolated L-TMPB-T4 using a 5-70% gradient of
A/B over 20 minutes on a RP-C18 column (Zorbax SB, 2.1 mm x 100 mm, 300 A, 3.5 ym).
Right - (ESI-MS (m/z): calculated 1000.9 [M+5H]**, 834.3 [M+6H]%*, 715.2 [M+7H]™*, 625.9
[M+8H]®*, 556.5 [M+9H]"°, observed 1000.8 [M+5H]**, 834.2 [M+6H]%*, 715.2 [M+7H]"*, 626.0

[M+8H]*, 556.5 [M+9H]*9).
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7.3.44. L-TMPB-Sc (Arg'-Leu®)

Calculated MW: 5178.8
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Figure S7.86: LC trace at UV210nm (left) of isolated L-TMPB-Sc using a 5-70% gradient of
A/B over 20 minutes on a RP-C18 column (Zorbax SB, 2.1 mm x 100 mm, 300 A, 3.5 ym).
Right - (ESI-MS (m/z): calculated 1036.8 [M+5H]**, 864.1 [M+6H]%*, 740.8 [M+7H]"*, 648.3
[M+8H]?*, 576.4 [M+9H]"°, observed 1036.6 [M+5H]°*, 864.0 [M+6H]°*, 740.8 [M+7H]"*, 648.4
[M+8H]?*, 576.5 [M+9H]*°).
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Crystallography data refinement statistics

Table S7.7: X-ray data collection, processing, and refinement statistics. [a] TNRCD2 not yet deposited in PDB.

AucA-SO4? AucA apo AucA-G3P AucA dimer LnqQ TNRCD2
PDB accession 8AVR 8AVS 8AVT 8AVU 7P5R [a]
Data collection
Space group C124 C124 C124 c12, P1 P1242
Cell dimensions
a, b, c(A) 72.7, 36.6, 106.2 73.1,37.3,114.0 73.7,37.2,114.1 79.6,23.1,52.6 24.2,27.8,70.5 20.4,50.5, 46.2
a, B,y () 90.0, 96.0, 90.0 90.0, 93.1, 90.0 90.0, 93.0, 90.0 90.0, 114.351, 90.0 95.0,904, 1154 90.0, 92.9, 90.0
. 36.17-1.13 (1.15 - 36.48 -1.21 (1.23 - 34.51-1.20 (1.22 - 21.99-0.89 (0.91 - 35.05-0.96 (0.98 — 34.06-1.40 (1.42 -
Resolution (A)
1.13) 1.21) 1.20) 0.89) 0.96) 1.40)
Rsym or Rmerge 0.060 (0.354) 0.051 (0.599) 0.119 (1.093) 0.030 (0.624) 0.024 (0.803) 0.090 (1.076)
I /ol 9.7 (1.4) 8.8 (1.0) 8.2 (1.3) 17.2 (1.0) 11.3 (1.0) 11.3 (1.0)
Completeness 86 (38.7) 96.6 (80.3) 99.9 (99.6) 92.7 (46.4) 93.0 (84.2) 100 (100)
Redundancy 3.0(1.2) 3.1(1.8) 13.4 (13.6) 5.9 (3.5) 3.5(3.0) 6.0 (5.7)
Refinement
Resolution (A) 36.2—-1.13 36.51-1.21 34.53-1.20 22.00-0.89 35.05-0.96 [a]
No. reflections 89417(4466) 90456(4505) 96947(4912) 63267(3106) 93924(4211) [a]
Rwork / Riree 0.183/0.209 0.187/0.221 0.176/0.203 0.194/0.211 0.185/0.211 [a]
No. atoms
Protein 1716 1710 1722 874 1733 [a]
Ligand/ion 50 56 35 43 21 [a]
Water 428 393 406 153 190 [a]
B-factors
Protein 13.94 19.5 18.61 10.59 13.60 [a]
Ligand/ion 14.26 21.71 19.06 11.05 23.10 [a]
Water 25.35 30.5 31.81 21.48 22.40 [a]
R.m.s deviations
Bond lengths (A) 0.0085 0.0100 0.0106 0.0099 0.0115 [a]
Bond angles () 1.404 1.339 1.703 1.713 1.817 [a]
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7.5. ROSETTA protein de novo protein design scripts

7.5.1. Example command line for running ROSSETA scripts in
Linux

Alex_lander_PC:~/Documents/Folder_containing_files$
rosetta_scripts.linuxgccrelease FlexDesign.xml @DesignFlag

7.5.2. Relax script

Text included in red italic are annotations and are not part of the script.

<ROSETTASCRIPTS>
<SCOREFXNS>
<ScoreFunction name="st" weights="ref2015_cst"/>
</SCOREFXNS>
<RESIDUE_SELECTORS>
</RESIDUE_SELECTORS>
<TASKOPERATIONS>
<IncludeCurrent name="IC" />
<RestrictToRepacking name="repack" />
</TASKOPERATIONS>
<FILTERS>

<PackStat name="packstat" threshold="0.58" confidence="0"/> ideally, ~0.65
is required for good packing

<BuriedUnsatHbonds name="buns" scorefxn="st" confidence="0"/>
</FILTERS>
<MOVERS>

<VirtualRoot name="root"/>
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<AtomCoordinateCstMover name="coord" sidechain="true"/>
<FastRelax name="relax" scorefxn="st" task operations="1C"/>
<MinMover name="min" scorefxn="st" chi="1" bb="1" cartesian="false"/>
</MOVERS>
<PROTOCOLS>
<Add mover_name="root"/>
<Add mover_name="coord"/>
<Add mover_name="relax"/>
<Add filter_name="packstat"/>
<Add filter_name="holes"/>
<Add filter_name="buns"/>
</PROTOCOLS>
<OUTPUT />
</ROSETTASCRIPTS>

7.5.3. Relax flag

-in:file:s scaffold_protein_5UOl.pdb

-parser:protocol relax_cst.xml
-nstruct 1

-relax:default_repeats 5

-out:prefix relaxed
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7.5.4. GlobalDock script

Text included in red italic are annotations and are not part of the script.

<ROSETTASCRIPTS>
<SCOREFXNS>
</SCOREFXNS>
<RESIDUE_SELECTORS>

Define the residues where we want binding. Here, the key residues for
TNF-alpha binding are listed

<Index name="targets" resnums="77B-80B,107B,110B,111B" />
Select the residues which are 'X' distance from the target residues
<Neighborhood name="neighbours" selector="targets" distance="7.0"/>
<Chain chains="A" name="scaffold"/> Chain of scaffold protein to add
<And name="near_residues" selectors="neighbours"/>
<Or name="interface1" selectors="targets,near_residues"/>
<Not name="not_interface1" selector="interface1"/>
</RESIDUE_SELECTORS>

<TASKOPERATIONS>

<OperateOnResidueSubset name="int2" selector="not_interface1">
<PreventRepackingRLT/>

</OperateOnResidueSubset>

</TASKOPERATIONS>

<FILTERS>
How well do the 3D shapes of protein and target pack together.

<ShapeComplementarity name="shape_complementarity"
min_sc="0.3" jump="1" confidence="0" />

Measure solvent accessible surface area, how much of the total
surface area is covered by the interface.

<Sasa name="sasa" threshold="1000"
upper_threshold="1000000000000000" jump="1" confidence="0" />
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<AverageDegree name="connectivity" threshold="0"
distance_threshold="7.0" task_operations="int2" confidence="0"/>

Total residues at binding interface, more residues is better (more
design possible).

<ReslInInterface name='InterfaceRes' confidence='0'/>

Total buried surface area of "targets”. The main filter referred to in
chapter 3. This defines which scaffold are interating with the TNF-alpha
face.

<BuriedSurfaceArea name="BurResTNF" filter_out_low="true"
cutoff buried_surface area="1600" atom_mode="all_atoms"
residue_selector="targets" confidence="0"/>

</FILTERS>
<MOVERS>

<DockSetupMover name="dockset" partners="A_B"/> these are the
chains corresponding to the docking and the scaffold.

<DockinglnitialPerturbation randomize1="1" randomize2="1"
center_at_interface="1" slide="1" name="initdockpert"/> randomize the
docking.

<Docking name="dockprot" score_low="score_docking_low"
fullatom="0" local_refine="0" jumps="1"/> This is where the GlobalDock
is differed from the FullDock.

</MOVERS>
<APPLY_TO_POSE>
</APPLY_TO_POSE>
<PROTOCOLS>
<Add mover_name="dockset"/>
<Add mover_name="initdockpert"/>
<Add mover_name="dockprot"/>
<Add filter_name="shape_complementarity"/>
<Add filter_name="connectivity"/>

<Add filter_name="sasa"/>
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<Add filter='InterfaceRes'/>
<Add filter="BurRes'/>

</PROTOCOLS>

<OUTPUT />
</ROSETTASCRIPTS>

7.5.5. GlobalDock flag

-in:file:s TNR_5uoi_relaxed.pdb
-out:file:silent docked_structure data.silent
-out:file:scorefile scores_for_docking.sc
-parser:protocol GlobalDock.xml

-nstruct 1000

-ex1

-ex2aro
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7.5.6. FlexDesign script

Text included in red italic are annotations and are not part of the script.

<ROSETTASCRIPTS>
<SCOREFXNS>
<ScoreFunction name="sfxn" weights="ref2015" />
<ScoreFunction name="sfxn_design" weights="ref2015_cst" >

<Reweight scoretype="approximate_buried_unsat_penalty" weight="5.0" />

</ScoreFunction>
<ScoreFunction name="vdw_sol" weights="empty" >
<Reweight scoretype="fa_atr" weight="1.0" />
<Reweight scoretype="fa_rep" weight="0.55" />
<Reweight scoretype="fa_sol" weight="1.0" />
</ScoreFunction>
</SCOREFXNS>
<RESIDUE_SELECTORS>

<Index name="good_target_res" resnums="77,79"
error_on_out_of bounds_index="true" reverse="true" /> Define the residues
involved in TNF-alpha binding that are "good" targets.

<Chain name="chainA" chains="A"/>

<Chain name="chainB" chains="B"/>

<Neighborhood name="interface_chA" selector="chainB" distance="8.0" />
<Neighborhood name="interface_chB" selector="chainA" distance="8.0" />
<And name="AB interface" selectors="interface_chA,interface _chB" />

<Not name="Not_interface" selector="AB interface" />
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<ResidueName name="pro_and_gly positions" residue_name3="PRO,GLY"
/> Used to ban substitutions, to avoid disruption of protein fold.

<l-- Layer Design --> Adapted from the literature. Here, the parts of the
protein are defined, so that allowed designable resiudes can be specified.

<Index name="Nter" resnums="1" error_on_out_of bounds_index="true"
reverse="false" />

<Index name="Cter" resnums="40" error_on_out_of bounds_index="true"
reverse="true" />

<Layer name="surface" select_core="false" select_boundary="false"
select_surface="true" use_sidechain_neighbors="true"/>

<Layer name="boundary" select_core="false" select_boundary="true"
select_surface="false" use_sidechain_neighbors="true"/>

<Layer name="core" select_core="true" select_boundary="false"
select_surface="false" use_sidechain_neighbors="true"/>

<SecondaryStructure name="sheet" overlap="0" minH="3" minE="2"
include_terminal_loops="false" use dssp="true" ss="E"/>

<SecondaryStructure name="entire_loop" overlap="0" minH="3" minE="2"
include_terminal_loops="true" use_dssp="true" ss="L"/>

<SecondaryStructure name="entire_helix" overlap="0" minH="3" minE="2"
include_terminal_loops="false" use dssp="true" ss="H"/>

<And name="helix_cap" selectors="entire_loop">
<PrimarySequenceNeighborhood lower="1" upper="0" selector="entire_helix"/>
</And>
<And name="helix_start" selectors="entire_helix">
<PrimarySequenceNeighborhood lower="0" upper="1" selector="helix_cap"/>
</And>
<And name="helix" selectors="entire_helix">

<Not selector="helix_start"/>
</And>
<And name="loop" selectors="entire_loop">

<Not selector="helix_cap"/>

</And>
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</RESIDUE_SELECTORS>
<TASKOPERATIONS>

<ProteinInterfaceDesign name="pack_long" design_chain1="0"
design_chain2="0" jump="1" interface_distance_cutoff="15"/>

###Rosetta recommended design task ops
<InitializeFromCommandline name="init" />
<IncludeCurrent name="current" /> dont throw away input rotamers

<LimitAromaChi2 name="limitchi2" chi2max="110" chi2min="70"
include_trp="True" /> Prevents unrealistic rotamers of F, Y, H and W(if True)

<ExtraRotamersGeneric name="ex1_ex2" ex1="1" ex2aro="1" />
<ExtraRotamersGeneric name="ex2" ex2="1" />
<ConsensusLoopDesign name="consensus_loop" />

#### Change a.a. preference of core layers ###it#
<DesignRestrictions name="layer_design">

<Action selector_logic="Nter AND chainA"
aas="ADEFGHIKLMNPQRSTVWY" />

<Action selector_logic="Cter AND chainA"
aas="ADEFGHIKLMNPQRSTVWY" />

<Action selector_logic="surface AND helix_start AND chainA"
aas="EHKPQRDNST"/>

<Action selector_logic="surface AND helix AND chainA"
aas="EHKQRDNTS"/>

<Action selector_logic="surface AND sheet AND chainA"
aas="DEHKNQRST"/>

<Action selector_logic="surface AND loop AND chainA"
aas="DEGHKNPQRST"/>

<Action selector_logic="boundary AND helix_start AND chainA"
aas="ADEIKLMNPQRSTVWY"/>

<Action selector_logic="boundary AND helix AND chainA"
aas="ADEFIKLMNQRSTVWY"/>

<Action selector_logic="boundary AND sheet AND chainA"
aas="DEFIKLNQRSTVWY"/>

21



CHAPTER 7

<Action selector_logic="boundary AND loop AND chainA"
aas="ADEFGIKLNPQRSTVWY"/>

<Action selector_logic="core AND helix_start AND chainA"
aas="AFILMPVWY"/>

<Action selector_logic="core AND helix AND chainA"
aas="AFILMVWYDENQTS"/>

<Action selector_logic="core AND sheet AND chainA"
aas="FILMVWYDENQST"/>

<Action selector_logic="core AND loop AND chainA"
aas="AFGILMPVWY"/>

<Action selector_logic="helix_cap AND chainA"
aas="DNST"/>

</DesignRestrictions>

#iHHHHErestrict to interface, we only want to design the residues of the
scaffold that are near the target.

<SelectBySASA name="PR_monomer_core" mode="sc" state="monomer"
probe_radius="2.2" core_asa="15" surface_asa="30" core="0" boundary="1"
surface="1" verbose="1" />

<OperateOnResidueSubset name="restrict_to_interface"
selector="Not_interface">

<PreventRepackingRLT/>

</OperateOnResidueSubset>

<OperateOnResidueSubset name="restrict_target" selector="chainB">
<PreventRepackingRLT/>

</OperateOnResidueSubset>

<OperateOnResidueSubset name="restrict_target2repacking"
selector="chainB">

<RestrictToRepackingRLT/>
</OperateOnResidueSubset>
<DisallowlfNonnative name="disallow_GLY" resnum="0" disallow_aas="G" />
<DisallowlfNonnative name="disallow_PRO" resnum="0" disallow_aas="P" />

<OperateOnResidueSubset name="restrict PRO_GLY"
selector="pro_and_gly_positions">
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<PreventRepackingRLT/>
</OperateOnResidueSubset>

<ProteinProteininterfaceUpweighter name="up_ppi" interface_weight="2"
skip_loop_in_chain="A" />

</TASKOPERATIONS>
<MOVERS>

<TaskAwareMinMover name="min" scorefxn="sfxn" bb="1" chi="1"
task_operations="pack_long" />

</MOVERS>
<FILTERS>
<Sasa name="interface_buried _sasa" confidence="0" />

Ddg is the commonly used filter discussed in Chapter 3, which provides a
simulated binding energy.

<Ddg name="ddg" threshold="-10" jump="1" repeats="3" repack="1"
relax_mover="min" confidence="0" scorefxn="sfxn" />

<ShapeComplementarity name="interface_sc" verbose="0" min_sc="0.55"
write_int_area="1" write_median_dist="1" jump="1" confidence="0"/>

<ContactMolecularSurface name="contact_area_target" verbose="0"
distance_weight="0.5" confidence="0" target_selector="chainB"
binder_selector="chainA"/>

<ContactMolecularSurface name="contact_area_binder" verbose="0"
distance_weight="0.5" confidence="0" target_selector="chainA"
binder_selector="chainB"/>

<BuriedUnsatHbonds name="vbuns_heavy_all" use_reporter_behavior="true"
report_all_heavy atom_unsats="true" scorefxn="sfxn"
residue_selector="AB_interface" ignore_surface_res="false"
print_out_info_to_pdb="true" confidence="0" use_ddG_style="true"
dalphaball_sasa="false" probe radius="1.1" atomic_depth_selection="5.5"
burial_cutoff="1000" burial_cutoff _apo="0.2" />

<BuriedUnsatHbonds name="vbuns_heavy_sc" use_reporter_behavior="true"
report_sc_heavy_atom_unsats="true" scorefxn="sfxn"
residue_selector="AB_interface" ignore_surface_res="false"
print_out_info_to_pdb="true" confidence="0" use_ddG_style="true"
dalphaball_sasa="false" probe_radius="1.1" atomic_depth_selection="5.5"
burial_cutoff="1000" burial_cutoff_apo="0.2" />
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<BuriedUnsatHbonds name="vbuns_heavy_bb" use_reporter_behavior="true"
report_bb_heavy_atom_unsats="true" scorefxn="sfxn"
residue_selector="AB_interface" ignore_surface_res="false"
print_out_info_to_pdb="true" confidence="0" use_ddG_style="true"
dalphaball_sasa="false" probe_radius="1.1" atomic_depth_selection="5.5"
burial_cutoff="1000" burial_cutoff_apo="0.2" />

</FILTERS>
<MOVERS>

<FavorSequenceProfile name="favour_seq" weight="1" use_current="true"
scaling="prob" matrix="MATCH"/> Penalize mutations, keep as much scaffold
native as possible!

<FastDesign name="FastDesign" scorefxn="sfxn_design" repeats="2"
task_operations="init,current,limitchi2,ex1_ex2,ex2,layer_design,restrict_to_inte
rface,restrict_target2repacking,disallow_GLY ,disallow_PRO,PR_monomer_cor
e,up_ppi,consensus_loop,restrict PRO_GLY" batch="false"
ramp_down_constraints="false" cartesian="false" bondangle="false"
bondlength="false" min_type="dfpmin_armijo_nonmonotone" >

<MoveMap name="MM" >
<Chain number="1" chi="true" bb="true" />
<Chain number="2" chi="true" bb="true" />
<Jump number="1" setting="true" />
</MoveMap>

</FastDesign>

<FastRelax name="FastRelax" scorefxn="sfxn" repeats="5" batch="false"
ramp_down_constraints="false" cartesian="false" bondangle="false"
bondlength="false" min_type="dfpmin_armijo_nonmonotone"
task_operations="restrict_target,limitchi2,init,current,ex2,ex1_ex2" >

<MoveMap name="MM" >
<Chain number="1" chi="true" bb="true" />
<Chain number="2" chi="true" bb="true" />

<Jump number="1" setting="true" />
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</MoveMap>
</FastRelax>
</MOVERS>
<APPLY_TO_POSE>
</APPLY_TO_POSE>
<PROTOCOLS>
<Add mover="favour_seq" />
<Add mover="FastDesign" />
<Add mover="FastRelax" />
<Add filter_name="interface buried_sasa" />
<Add filter_name="contact_area_target" />
<Add filter_name="contact_area_binder" />
<Add filter_name="ddg" />
<Add filter_name="interface _sc" />
<Add filter_name="vbuns_heavy_all" />
<Add filter_name="vbuns_heavy sc" />
<Add filter_name="vbuns_heavy bb" />
</PROTOCOLS>
<OUTPUT />
</ROSETTASCRIPTS>

7.5.7. Design flag

-in:file:s docked_TNR_5uoi.pdb

-out:file:scorefile scores_for_design.sc
-parser:protocol FlexDesign.xml

-nstruct 100
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7.5.8. FullDock script

Text included in red italic are annotations and are not part of the script.

<ROSETTASCRIPTS>
<SCOREFXNS>
<ScoreFunction name="sfxn" weights="ref2015" />
<ScoreFunction name="vdw_sol" weights="empty" >
<Reweight scoretype="fa_atr" weight="1.0" />
<Reweight scoretype="fa_rep" weight="0.55" />
<Reweight scoretype="fa_sol" weight="1.0" />
</ScoreFunction>
</SCOREFXNS>
<RESIDUE_SELECTORS>
<Chain name="chainA" chains="A"/>
<Chain name="chainB" chains="B"/>
<Neighborhood name="interface_chA" selector="chainB" distance="8.0" />
<Neighborhood name="interface_chB" selector="chainA" distance="8.0" />
<And name="AB_interface" selectors="interface_chA,interface_chB" />
<Not name="Not_interface" selector="AB interface" />
</RESIDUE_SELECTORS>
<TASKOPERATIONS>

<ProteinInterfaceDesign name="pack_long" design_chain1="0"
design_chain2="0" jump="1" interface_distance_cutoff="15"/>

###Rosetta recommended design task ops
<InitializeFromCommandline name="init" />
<IncludeCurrent name="current" /> dont throw away input rotamers

<LimitAromaChi2 name="limitchi2" chizmax="110" chi2min="70"
include_trp="True" /> prevents unrealistic rotamers of F, Y, H and W(if True)
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<ExtraRotamersGeneric name="ex1_ex2" ex1="1" ex2aro="1" />

<ExtraRotamersGeneric name="ex2" ex2="1" />
</TASKOPERATIONS>

###H# Same filters as design incl. task aware min mover for ddg (only use interface
to calculate ddg) #####

<MOVERS>

<TaskAwareMinMover name="min" scorefxn="sfxn" bb="1" chi="1"
task_operations="pack_long" />

</MOVERS>
<FILTERS>
<Sasa name="interface_buried_sasa" confidence="0" />

<Ddg name="ddg" threshold="-10" jump="1" repeats="3" repack="1"
relax_mover="min" confidence="0" scorefxn="sfxn" />

<ShapeComplementarity name="interface_sc" verbose="0" min_sc="0.55"
write_int_area="1" write_median_dist="1" jump="1" confidence="0"/>

<ContactMolecularSurface name="contact_area_target" verbose="0"
distance_weight="0.5" confidence="0" target_selector="chainB"
binder_selector="chainA"/>

<ContactMolecularSurface name="contact_area_binder" verbose="0"
distance_weight="0.5" confidence="0" target_selector="chainA"
binder_selector="chainB"/>

<BuriedUnsatHbonds name="vbuns_heavy_all" use_reporter_behavior="true"
report_all_heavy_ atom_unsats="true" scorefxn="sfxn"
residue_selector="AB_interface" ignore_surface_res="false"
print_out_info_to_pdb="true" confidence="0" use_ddG_style="true"
dalphaball_sasa="false" probe_radius="1.1" atomic_depth_selection="5.5"
burial_cutoff="1000" burial_cutoff_apo="0.2" />

<BuriedUnsatHbonds name="vbuns_heavy_sc" use_reporter_behavior="true"
report_sc_heavy_atom_unsats="true" scorefxn="sfxn"
residue_selector="AB_interface" ignore_surface_res="false"
print_out_info_to_pdb="true" confidence="0" use_ddG_style="true"
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dalphaball_sasa="false" probe radius="1.1" atomic_depth_selection="5.5"
burial_cutoff="1000" burial_cutoff_apo="0.2" />

<BuriedUnsatHbonds name="vbuns_heavy_bb" use_reporter_behavior="true"
report_bb_heavy_atom_unsats="true" scorefxn="sfxn"
residue_selector="AB_interface" ignore_surface_res="false"
print_out_info_to_pdb="true" confidence="0" use_ddG_style="true"
dalphaball_sasa="false" probe radius="1.1" atomic_depth_selection="5.5"
burial_cutoff="1000" burial_cutoff _apo="0.2" />

</FILTERS>
<MOVERS>
<DockSetupMover name="dockset" partners="A_B"/>

<DockinglnitialPerturbation randomize1="0" randomize2="0"
use_ellipsoidal_randomization="0" dock_pert="true" trans="3" rot="8" spin="0"
center_at_interface="0" slide="0" name="initdockpert"/>

<DockingProtocol name="Docking" docking_score_low="score_docking_low"
docking_score_high="sfxn" low_res_protocol_only="0" docking_local_refine=
"0" dock_min="1" ignore_default_docking_task="0"
task_operations="ex2,ex1_ex2" partners="A_B"/> This differs from
GlobalDock. Here, we first conduct docking in centroid mode, followed by
rounds off docking and minimization considering full amino acid side chains.

<FastRelax name="FastRelax" scorefxn="sfxn" repeats="5" batch="false"
ramp_down_constraints="false" cartesian="false" bondangle="false"
bondlength="false" min_type="dfpmin_armijo_nonmonotone"
task_operations="limitchi2,init,current,ex2,ex1_ex2" >

<MoveMap name="MM" >
<Chain number="1" chi="true" bb="true" />
<Chain number="2" chi="true" bb="true" />
<Jump number="1" setting="true" />
</MoveMap>
</FastRelax>
</MOVERS>
<APPLY_TO_POSE>
</APPLY_TO_POSE>
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<PROTOCOLS>
<Add mover="dockset" />
<Add mover="initdockpert" />
<Add mover="Docking" />
<Add mover="FastRelax" />
<Add filter_name="interface buried_sasa" />
<Add filter_name="contact_area_target" />
<Add filter_name="contact_area_binder" />
<Add filter_name="ddg" />
<Add filter_name="interface_sc" />
<Add filter_name="vbuns_heavy_all" />
<Add filter_name="vbuns_heavy_sc" />

<Add filter_name="vbuns_heavy bb" />
</PROTOCOLS>

<OUTPUT />
</ROSETTASCRIPTS>

7.5.9. FullDock flag

-in:file:s randomized_TMPB_T2 _and D-TNRCD2.pdb
-in:file:native designoutput TMPB_T2_ bound_to_D-TNRCD2.pdb

-out:file:scorefile TMPB_T2_FullDock results_for_ddg_vs RMSD.sc

-out:file:silent FullDock_coordinate data.silent
-parser:protocol FullDock.xml

-nstruct 10000
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