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Abstract

Aberrant protein-protein interactions often result in disease, and as such, effective protein-
protein interaction inhibitors are needed to mitigate the disease state. These interaction
interfaces often involve secondary structural motifs, for example, an a-helix or [3-sheet. Small
molecule drugs are not well suited to inhibit protein-protein interactions however constrained
peptides, have shown to have great therapeutic potential.""” Short peptides display little
secondary structure in aqueous solution and as such, peptide sequences derived from a
protein-protein interaction interface for use as a protein-protein interaction inhibitor, must be
constrained into the native secondary structure. This can be achieved by installing a linker
between the side-chains of two appropriately spaced amino-acids in the sequence. Many
different linker chemistries have been designed and implemented with good biological results.
However, these constrained peptide therapeutics are still restricted by traditional small-
molecule drug hurdles including cell permeability, protease degradation and the ability to
visualise and track a molecule intracellularly. Linkers such as the all-hydrocarbon metathesis
linker have shown great promise in reducing protease degradation and increasing cell
permeability,””'®*' however a fluorescent tag is still necessary to visualise a drug candidate.
Here, a bimane linker is proposed as a new peptide linker to help overcome these limitations.
Dibromobimane is reacted with thiol-containing amino-acid side chains to introduce a new
fluorescent constraint in a series of model peptides. The reaction conditions with
dibromobimane are optimised in solution to reveal that a buffered system is required for the
cyclisation to occur efficiently. Optimal reaction conditions, determined by monitoring the
increase of the fluorescent product, were 0.5 mg/ml peptide in 10 mM PBS with one
equivalent of dibromobimane. The reaction was shown to be facile and versatile; in this thesis
an array of peptides with varied sequence length, constraint length and amino-acid
composition were cyclised under the same conditions, all reaching reaction completion in
under 30 minutes. Additionally, these same conditions were applied successfully to react

monobromobimane with series of short peptides. Cyclisation on reaction with



dibromobimane, was also demonstrated on-resin with similar efficiency. The fluorescent
properties of the resultant peptides were then explored to reveal that pH does not affect the
observed fluorescence however a longer peptide length resulted in greater fluorescence
intensity. Furthermore, acyclic mono-bimane-functionalised peptides displayed lower
fluorescence intensity than the bimane-cyclised counterparts. The fluorescence of the bimane
cyclised peptide could be detected as low as 10 nM on a plate reader, which is expected to
further improve on a more sensitive instrument. The secondary structure of a series of tri- and
penta-peptides were investigated through CD and NMR techniques. It was deduced that the
bimane linker can induce [3-strand like structure in an i-i+2 constrained peptide; in contrast an
i-i+4 constrained pentapeptide with homocysteine in the 1 and 5 positions results in a 3,
helical like structure. 3-alanine containing analogues of these peptides were also synthesised

and showed minimal structure.

This work outlines the synthesis of macrocyclic peptides containing a peptide constraint, in
the form of a fluorescent bimane, both in solution and on-resin to produce cyclised peptides.
The fluorescent properties of the resultant peptides have been shown to be biologically
compatible with great fluorescence sensitivity. Furthermore, different secondary structure can
be introduced by simply alterations of the constraint length from i-i+2 to i-i+4. This work
provides a foundation on which to design new fluorescent bimane-cyclised peptide-based

protein-protein interaction inhibitors.
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Chapter 1: Introduction

1.1 Protein-protein interactions in disease

A large majority of diseases are the result of protein function gone awry.””®'®:***! This may
be a result of protein absence, over abundance, or an inability to carry out a designated role.
Each protein may have many interaction partners, each related to a separate biological
pathway.”>*" It is essential these interactions occur with a high level of specificity to allow
tight regulation of each individual pathway. Protein interactions are defined by protein shape,
thereby inherently linking the shape of a protein to its function.””>** *** Consequently,
alterations of protein shape result in modified, or loss of, function. Therefore, changes in
protein structure in turn often lead to disease; however exploiting these modifications can
provide an avenue to mitigate the disease state.®'>**** Through understanding the structure of

proteins involved in disease, therapeutics can be better designed.

Traditional small-molecule drugs are not well suited to target protein-protein interactions
(PPIs) as the protein-drug interface is small.”>*" Therefore, in a disease resultant from an
overabundant protein, a small-molecule inhibitor would be readily displaced from the
interaction site by the native partner protein. Furthermore, due to this small surface area of
contact, it is very difficult to design a small-molecule inhibitor that can specifically target one
protein site.”” **** Small-molecule PPI inhibitors target a limited area of contact, and
consequently there is a low probability that the amino-acid sequence involved in the
interaction is unique. Hence, small molecule PPI inhibitor specificity is inherently low,
thereby lowering drug efficacy while increasing the likelihood of side-effects. It should also
be noted that the exterior surface of a protein is relatively flat and featureless,” **** %
further increasing the difficultly to design an effective, reversible PPI inhibitor. Hence, for

many years, PPIs have been considered ‘undruggable’. Now, the development of PPI

inhibitors has expanded dramatically through the exploration of constrained peptides.



Constrained peptides provide a large interaction surface area thereby reducing the likelihood
to be readily displaced. Furthermore, by deriving the amino-acid sequence of a constrained
peptide from the native partner protein, a PPI inhibitor can provide enhanced specificity,
consequently reducing potential side effects.’” *» ** To understand the design of these
inhibitors, the nature of secondary structure must first be discussed, and its importance in

PPIs.

1.2 Protein structure

There are four levels of structure that define protein shape, as depicted in Figure 1. Primary
structure comprises the linear sequence of amino-acids covalently bound through amide
bonds. This first level of structure also encompasses all covalent crosslinking within the
sequence, for instance, disulphide bonds between cysteine residues. Secondary structure
arises from hydrogen bonding interactions between backbone amides, which result in small
segments of well defined structure such as an o-helix or B-sheet.””* These motifs form
integral binding domains for PPIs. The third level of protein structure, tertiary structure, arises
from a series of non-covalent interactions between amino-acid side chains. These secondary
bonds affect the three-dimensional shape of the polypeptide. Lastly, quaternary structure
describes the assembly of multiple poly-peptide subunits, associating to form a functional

protein complex. In this work, the focus will be on the secondary structure.



alpha helices beta strands

Figure 1: The four levels of protein structure which result in a functional protein complex (Ref. 26)

Secondary structural elements are of great importance in PPIs due to the defined
conformation of each motif.* Each turn of an a-helix, comprises an average of 3.6 amino-
acids, and is formed through hydrogen bonding interactions between residues two or three
amino-acids apart,” as shown in Figure 3. These interactions are described by specific
nomenclature. The initial residue in the motif is termed the i amino-acid and the following C-
terminal amino-acid the i+1 residue, then next the i+2 etc. Therefore, an o-helix is formed
through hydrogen bonding of the i" carbonyl and the amine of the i+4™ residue, the i+4"
carbonyl to the i+7" amine, then the i+7" carbonyl to the i+//" amine and so on until the
motif is terminated. Consequently, this results in the side chain of the i" residue to lie on the
same face of the helix as the i+4, i+7 and i+11 etc. side-chain as shown in Figure 2 where the
i+7, i+4, i+11 and i" residue are adjacent on the helix face. Protein-protein interactions may
occur through one or more faces of a helix. Therefore it is important to know which of the
amino-acids, within the linear sequence, are positioned in proximity when in the native 3D

conformation.
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Figure 2: Wheel diagram depicting the position of each successive amino-acid side-chain when looking down the
‘barrel’ of an a-helix. Consequently, the i, i+4, i+7 and i+11 residues lie on the same face of the a-helix. (Ref. 48)

B-Sheets also play an important role in protein interactions.* Hydrogen bonds are formed
between consecutive backbone amides, from different sections of the peptide, to result in a
sheet-like structure,” as shown in Figure 3. “Pleating” of this sheet results from the
tetrahedral arrangement of the «a-carbon. Multiple peptide strands can associate to
horizontally extend the B-sheet structure. Each of these peptide strands may be locally or
distally positioned in the amino-acid sequence relative to one another, or from a separate
polypeptide. Overall, this gives rise to a sheet-like structure comprised of two or more
strands, where the backbone amides lie in the face of the sheet. Every second amino-acid
side-chain, lies on the same side of the sheet, perpendicular to the sheet plane. That is, the i,
i+2 and i+4 residue side-chains (etc.) will lie on the same side of the B-sheet. A B-strand is

simply one-strand in the same conformation as if it were part of a B-sheet.
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Figure 3: The characteristic hydrogen bonding networks of the a-helix and B-sheet. The overall secondary

structure is represented in blue, and the hydrogen bonds are shown as red dashed lines. (Ref 50)

All other secondary structural elements, including the 3,, helix and various turns, can all be
defined in the same manner and also are characterised by specific side-chain orientations. For
example, a 3, helix is similar to an a-helix, however only comprises three amino-acids per
turn over a rise of 2.0 A, resulting in a much tighter helix. Therefore the side chains of the i,
i43, i+6 etc. residues lie on the same side of the helix. These structures are most commonly

found at the termini of a-helices.**>!

There are many types of turns just as there are many types of helices. Similarly, turns are
defined by the number of amino-acids between hydrogen-bonding residues. For example, an
a-turn is a result of hydrogen-bonding between the backbone of the i and i+4 residue (c.f. a-
helix); a B-turn is formed through the hydrogen bonding of the i and i+3 residue; and a y-turn
describes the hydrogen-bonding of the i and i+2 residues.” These secondary structures are not
extended, in contrast to a helix or sheet, and therefore do not form repeating units and only
comprise one hydrogen bond. The side-chains of the amino-acids within the turn are usually

positioned on the turn exterior.

In summary, secondary structural elements pre-arrange a unique sequence of amino-acid

residues into a defined conformation. This specific fixed configuration of the side-chain



residues lends to the importance of these motifs in protein-interactions. Consequently as these
structural elements, and the associated binding interactions, can be defined and are well

characterised, they present as a good target to exploit in the design of PPI inhibitors.***** 4"

46

1.3 Methods for determining secondary structure

There have been many techniques developed, in both biology and chemistry, to determine
which residues are involved at the interface of protein-protein interactions. Furthermore, the
secondary structure of the participating elements can be elucidated. Consequently, an a-helix
or [-strand (etc.) may be revealed at a PPI interface, and therefore identified as a lead
structure to develop a new therapeutic. However to develop a peptide-based PPI inhibitor,
with the same structure as this interface motif, the secondary structure of this compound
needs to be fully characterised. There are many ways this can be achieved. Here circular
dichroism (CD) and nuclear magnetic resonance (NMR) spectroscopy techniques will be

discussed as secondary structural analysis tools.

1.3.1 Circular Dichroism

In this technique, the compound of interest is irradiated with circularly polarised light from
the far-UV region of the Electromagnetic Resonance (EMR) spectrum. Peptides or proteins
show characteristic maxima or minima between 195-260 nm, related to the secondary
structural elements present. A helical protein will display minima at 208 and 222 nm, and a
maximum at 190 nm.”** It should be noted that for short peptides (< 40 residues) this second
minima occurs at 215 nm, as opposed to 222 nm.” The ratio between these two minima (0,5,
/0505) can indicate the nature of the helix. A 0 ;52205 Of approximately 0.90 is indicative
of an a-helix, whereas a ratio of 0.47 suggests 3,, helicity.”’ p-Sheet structure induces a
minimum at 214 nm and maxima at 195 nm, compared to a random coil structure where there
is a large minimum below 200 nm.”** These maxima and mimima are a result of specific

electronic transitions that occur in the characteristic secondary structure when irradiated with



UV light. The analyte in solution may be in equilibrium between structural states. A CD
spectrum represents the ‘average’ of all the structures present. Consequently, a dynamic or

not well defined structure may result in a uninformative or difficult to analyse spectrum.”>®

1.3.2 Nuclear Magnetic Resonance Spectroscopy

Coupling constants

The defined hydrogen bonding arrays of secondary
. . . O
structural motifs restrict the polypeptide backbone H
©__N JJ\
and consequently give rise to characteristic torsional b N
: - & H
angles described as w, ¢ and { as shown in Figure R
0O H
4. These angles can be experimentally measured by
NMR and are subsequently used as a diagnostic tool  Figure 4: Torsional angles of the amide
. backbone defined as w, ¢ and y.
to resolve the secondary structure present in a
peptide or protein. Each kink in the backbone forces both the protons directly attached, and on
the side-chains into different conformations. Coupling constants describe interactions
between two protons and can provide information about the similarity of the environments
these protons exist in. Consequently, information about the proton position in space can be
derived. The *Jy\. coupling can be easily determined via a well resolved 1D or 2D spectrum
of the a-hydrogen or NH amide signals. This value can be related to the ¢ angle by the
Karplus equation, below.”
*Junn, = 6.4cos? 0 — 1.4cos 6 + 1.9

Where 6 = |¢p — 60°|

Therefore, a *Jyq greater than 8 Hz indicates a ¢ angle corresponding to an extended P-
strand like structure.” An a -helical structure is indicated by a ¢ value of -57° which relates to
a *Jnue of 3.9 Hz, however it is generally accepted that a *J,y less than 6 Hz suggests a
helical structure.”’ The @ angle is more difficult to determine and most commonly requires the

preparation of a "N doped sample to allow collection of a "N-">C HSQC spectrum.



Nuclear Overhauser Effect NIR crosspeaks

The characteristic folding of secondary structural elements results in distinct nuclear
Overhauser effect (NOE) cross-peaks in a 2D NOESY (or ROESY) spectra. For an a-helix,
there are strong interactions between the a-hydrogen of the i" residue and the amide hydrogen
of the i+4 and i+3 residue (referred to as de(i,i+4) and d.(i,i+3) respectively), whereas for a
3,0 helix the dgy(i,i+4) is not observed. For a B-sheet structure only strong dgy(i,i+1)
interactions are evident, along with weak dyy(i,i+1) cross-peaks. A summary of the

anticipated interactions for various secondary structural elements are shown in Figure 5.% ¢"-%

[ | a-Helix I 3,0~ Helix Turn | Turn 1l ‘ Turnt' | Turnil! ‘; Holf-turn
| donliyish) | === \ I'
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Figure 5: The anticipated NOEs for various secondary structural elements along with the idealised JunHa values.

The thickness of an interaction line indicates increased strength of the NOE. (Ref 59)

Chemical Shift Index

Chemical shift has also been demonstrated as a useful technique to indicate the secondary
structural environment. For each individual amino-acid a standard random-coil chemical shift
for the o-hydrogen, a-carbon, B-carbon and carbonyl carbon have been experimentally
determined.”® It was elucidated that when an amino-acid was observed in a secondary
structural motif, the chemical shift would undergo a definable change. Particularly the a-
hydrogen, o-carbon and carbonyl carbon shifted in a very characteristic manner.”® That is,

for an a-helical structure, the o-hydrogen of an amino-acid will decrease by at least 0.1 ppm,



or increase by a minimum of 0.1 ppm for a B-sheet. All these shifts are summarised in Figure

6 .64

CHEMICAL SHIFT VALUES FOR BACKBONE ATOMS USED IN DETERMINATION OF
SECONDARY STRUCTURE"

Residue a-'H range 2-"C range 1-"C range
Ala 4.35 2 0.10 52.2(+0.8, <0.5) 177.6 = 0.5
Cys 4,65 = 0,10 56.8 (+0.8, ~0.5) 174.1 = 0.5
Asp 4,76 = 0.10 53.9(+0.8, <0.5) 176.8 = 0.5
Glu 4,29 £ 0.10 56.5 (+0.8, <0.5) 176.6 = 0.5
Phe 4.66 = 0.10 579 (+0.8, <0.5) 175.5 = 0.5
Gly 397 20,10 45.0 (+0.8, <0.5) 173.6 = 0.5
His 463 = 0.10 55.5(+0.8, <0.5) 1749 = 0.5
Ile 395 £ 0.10 61.2 (+0.8, -0.5) 176.5 + 0.5
Lys 4.36 = 0.10 56.5(+0.8, -0.5) 176.5 £ 0.5
Leu 417 = 0.10 55.0 (+0.8, =0.5) 176.9 + 0.5
Met 4.52 + 0.10 55.2(+0.8, -0.5) 177.0 = 0.5
Asn 4,75 = 0.10 52.7(+0.8, -0.5) 175.6 £ 0.5
Pro 4.44 = 0.10 63.0(+0.8, <0.5) 176.0 *+ 0.5
Gin 437 £ 0.10 56.0 (+0.8, ~0.5) 175.6 = 0.5
Arg 4.38 = 0.10 56.0 (+0.8, <0.5) 176.6 + 0.5
Ser 4.50 = 0.10 58.1 (+0.8, <0.5) 1747 = 0.5
Thr 435 = 0.10 62.0(+0.8, ~0.5) 175.5 = 0.5
Val 395 = 0.10 62.2 (+0.8, ~0.5) 176.0 x 0.5
Trp 4,70 = 0,10 576 (+0.8, -<0.5) 175.6 £ 0.5
Tyr 4.60 = 0.10 58.0 (+0.8, —<0.5) 175.9 = 0.5

“ Data are given in ppm, relative to DSS.

Figure 6: The expected random coil chemical shifts of a peptide in aqueous solution relative to DSS for the aH
(a-"H), aC (2-"*C) and CO (1-*C) carbon. Shifts which lie outside the specified variances indicate the probability
of secondary structure. That is, an aH of less than -0.10 ppm different to the random coil value, aC of more than
+0.8 and CO value of more than +0.5 ppm are indicative of a-helical structure, and vice versa for a 3-sheet
structure. At least four consecutive residues must display the same structural shift to identify a secondary

structural element. (Ref 64)

Temperature Coefficients

Lastly, to establish the strength of any apparent hydrogen bonds, amide-based temperature
coefficients (AS/T) can be calculated by conducting a variable temperature 1D 'H NMR
experiment. That is, if a hydrogen bond is held tightly in its conformation, directly or
indirectly, the chemical shift of the amide NH participating in this bond will not change by

more than -4 ppb/K.



1.4 Constrained peptides

Protein folding is a complex process that most often takes place in the presence of smaller
proteins referred to as chaperones or heat shock proteins. Chaperones help mediate the folding
of proteins by forcing specific side-chain interactions to occur in a controlled setting.”* > %7
It has been shown that without these complexes a polypeptide chain can very rarely fold
autonomously, in an aqueous environment, into a functional structure.'®**”*" Furthermore,
protein structure and folding is cooperative such that one section of a protein helps maintain
the structure in another area.””” Consequently, if a portion of the protein is excised then, in
most cases, the protein will no longer fold in the same manner. Therefore the protein will
display a loss of, or modified function. Similarly, if a section of an amino-acid sequence is
removed from its constituent protein, it will no longer exhibit the secondary structure that is

apparent when part of the parent protein. That is, an a-helical segment of a protein will not be

a-helical, in an aqueous environment, when removed from the native protein.

Structure can be reintroduced into a disordered peptide by exploiting the characteristic amino-
acid side chain orientations when part of a secondary structural element. By introducing an
appropriate constraint between the i and i+4/7" residue of a peptide, the signature hydrogen
bonding interactions of an o-helix can be reintroduced, thereby re-establishing structure
(Figure 7). Constraints can be introduced by incorporating appropriate amino-acids at the
required positions to allow cyclisation of the peptide. This may be through direct reaction of
the two (natural or unnatural) amino-acids, or by reacting a bifunctional linker precursor with
these residues. For example, an aspartic acid and lysine may be reacted to form a lactam
constraint,”® or two cysteines may be cyclised through the introduction of a perfluoro
moiety.” Unnatural amino-acids have also been incorporated; a prime example is the
introduction of terminal-olefin derivatized amino-acids which can undergo ring closing

metathesis. 2%
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a-Helix Hydrogen I | ..
bonding -i+4

| | | i-i+4
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constraint | | l | |

i-i+7

Figure 7: The hydrogen bonds of a natural a-helix form between the i and i+4 residues of a peptide sequence.
These can be reintroduced by constraining between the i and i+4 or i and j+7 (or i and i+11) residue side-chains

to re-establish a-helical structure in an unstructured peptide.

The cyclisation process can constrain the peptide and force the i and i+4/7 residues into close
proximity such that a hydrogen bond can be re-established and a-helical geometry re-
introduced. Similarly, it has been shown that links of appropriate length between the i and

i+2" residue side-chains produce B-strand structure.*'

Conformationally constrained peptides show great promise to act as therapeutics by inhibiting
or mediating PPIs related to disease. The amino-acid sequence of the peptide-based PPI
inhibitor is most often derived from the aberrant interaction interface. For example, if an a-
helix forms the primary interaction with a groove in the partner protein, the amino-acid
sequence of the helix will form the lead compound. Constraining this sequence into its native
secondary structure allows development of a new PPI inhibitor. These biologically-derived
constrained peptides show potential to overcome the inherent issues in targeting PPIs through
increased interface surface area, compared to small-molecule inhibitors, coupled with greater

specificity introduced by utilising conserved side chain interactions.”* 7% 101313 48,8284

Types of linkers

Many different linkers have been developed since the inception of this area of chemistry.**'*

20,21, 35,41,79-81, 85-92 18, 30,

and many reviews have compared the respective benefits and limitations.
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35.39,48,82.87.93 Here, only a few will be discussed to illustrate various factors which need to be

considered in designing a PPI inhibitor.

Inspired by the natural constraints within proteins, the disulphide bridge was one of the first
cross-linkers explored.” This cross-linker has been successfully implemented in the inhibition
of the oestrogen receptor a/cofactor interaction.” However, the disulphide bond can be
reduced in the oxidative environment of a stressed cell. This returns the cysteines to a free
thiol form and the PPI inhibitor to an unconstrained form, therefore eliminating PPI inhibitor

ability.

Another biologically inspired constraint, the lactam linker (Figure 8, 1), has proved to be very
effective at inducing helicity in short peptides.'””” *>* It is has been implemented in a
number of biologically relevant peptides and shown great promise for new therapeutics." > '*
However, as the amide of the lactam linker is also a common moiety in biology, specifically
in peptides, there are many mechanisms for its degradation. Therefore, similarly to the
disulphide bridge, the constraint can be eliminated in vivo and the function of the PPI
inhibitor removed. In comparison, metathesis reaction of terminal-olefin derivatized amino-
acids results in a very biologically stable all hydrocarbon constraint (Figure 8, 2). The
hydrocarbon linker has also been shown to induce helicity comparable to that introduced by

the lactam linker, in biologically relevant systems. *"*"%’

A study by de Araujo et. al.*® compared six linkers commonly implemented in the literature,
including the metathesis and lactam linker, on a simple alanine-rich sequence (Figure 8). This
study will be discussed in more depth in chapter 3, but is a good example of the many factors
at play in designing a system that can effectively induce secondary structure into a peptide. It
is demonstrated that helicity is not merely dictated by the linker length but also the chemistry
and position of the linker substituents as well as the flexibility and steric restrictions imposed
by the constraint. This statement is true of the design of any structural peptide constraint. For

example, by changing the position of the triazole within the linker of 3 can eliminate any
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helicity observed. This work testifies to the inherent complexity of designing a suitable linker,
and furthermore how difficult it may be to predict the effect of a linker on a relevant

biologically derived peptide sequence.

Figure 8: The six linkers above were applied to an alanine-rich pentapeptide sequence and their helicity
compared by NMR and CD. The linkers included the lactam (1), metathesis (2), click/triazole (3), m-xylene
thioether (4), perfluoro (5) and an alkyl thioether staple (6). (Ref. 86)

Biological considerations

Though many linker chemistries have been developed, the ability to predict the exact effect of
a linker, in general or on a specific sequence, is not yet possible. The position of a linker
within the peptide sequence can elicit different effects on the structure. Furthermore, the
position of the linker must be adjusted to allow optimal interaction with the partner protein in
vivo.”® As a result, when developing a new PPI inhibitor, multiple linkers may be trialled in

multiple positions in the sequence.

It has been shown that the introduction of a linker, over an amino-acid combination targeted
by proteases, can sterically inhibit the protease action and thereby increase the stability of a
constrained peptide. However, if a functional group such as the disulphide or lactam is

present in the linker, the biostability of the constrained peptide as a PPI inhibitor may be
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jeopardised. In contrast, many hydrocarbon stapled peptides have shown enhanced
biostability by reducing proteolysis.”* Not only does the constraint have the ability to protect
the backbone from digestion by proteases but additionally the alkyl chain itself is not readily

degraded.

Cell permeability, and consequently good bioavailability, is a significant hurdle that must be
addressed during the drug design and development process. Peptide fragments often show
very poor cell permeability due to their relatively large and polar nature.””* Some peptide
linkers have been shown to enhance the permeability of the constrained peptide fragment.*”*
7% For example, a hydrocarbon staple attached to a BH3 fragment produces a helical and cell
permeable product, a significant improvement on the unstructured impermeable linear

precursor.® The increased hydrophobicity is likely to be a contributing factor to this

observation.

Cell permeability and the localisation of any drug within a cell cannot be determined without
the ability to probe the molecule. That is, the compound must possess, or be attached to, a
fluorescent or radioactive probe to allow tracking and visualisation of the compound. Most
compounds are not themselves fluorescent or radioactive and consequently need to be
attached to a “tag”. Hence, although a hydrocarbon stapled peptide may address both
biostability and cell permeability hurdles, further modification of these compounds would still
be required to visualise intracellular localisation. Carboxyfluorescein (CF) and fluorescein
isothiocyanate (FITC) are two commonly employed fluorescent tags, show in Figure 9.
Despite the thorough characterisation and broad application of these substituents, the addition
of a large aromatic group may influence the properties of the compound of interest. Multiple
assays are often required to prove that cell permeability or biological activity is a result of the
designed compound and not induced by the addition of the tag. Furthermore, the assembly of
constrained peptides often requires unusual amino-acid derivatives which are often difficult to
synthesise. Therefore it is desirable to avoid additional synthetic or purification steps as
would be introduced when attaching a tag.

14



Figure 9: Two typical fluorescent tags, fluorescein isothiocyanate A) and carboxyfluorescein B), incorporated into

potential therapeutics to allow cellular tracking.

Although constrained peptides provide an avenue to target otherwise undruggable PPIs,
traditional drug design issues of stability to proteolysis, cell permeability and tracking ability,
still apply. Proposed here is a new linker as a potential avenue to design new therapeutics and

overcome these issues simultaneously.
1.5 An alternative constraint

Dibromobimane (7) is a thiol-selective fluorescent probe that has been utilised under
physiological conditions in vivo for the purpose of identifying accessible sulfhydryl groups.
The class of bromobimanes undergo second order reaction kinetics with thiolate anions to
displace the bromine entity and form stable thioether bonds, as shown in Figure 10. ' """ In a

biological environment this reaction most commonly occurs with hydrogen sulphide, cysteine

? P HS SH ? :%
il
\_N_/ + - + 2HBr
Peptide—NH
Br Br 0 g_g
’_éfPept/de NH

Figure 10: The reaction of dibromobimane with a generic peptide containing two peptide residues. Neither

or glutathione residues.'”"'*

dibromobimane or the peptide on the left-hand side of the equation are fluorescent, however on alkylation the
bimane-peptide entity fluoresces with an excitation of 380-390 nm and emission of 475-485 nm.
Both monobromobimane (Figure 11, 8) and dibromobimane (Figure 11, 7) are cell

103

permeable'” and therefore have been used to tag intracellular thiols.'”'”® Bromobimanes are
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themselves, not fluorescent. However, upon displacement of the bromo group by a thiol
nucleophile, the alkylated bimane becomes highly fluorescent with a reported emission
wavelength of 475-485 nm (dependent on the substituent bound).""'”’ It is reported that the
resulting bimane bound peptide/protein displays a high quantum yield and is resistant to
fluorescence bleaching upon irradiation. Furthermore it has been reported that the
bromobimanes are selective to thiol groups, and do not show a tendency to react with other

nucleophiles such as amines. '’

O O (0] (o]
N N
\_N_7/ \_N_/
Br Br Br
7 8

Figure 11: Bromobimanes: Dibromobimane (7) and monobromobimane (8).

1.5.1 Aims for this thesis

Bimane-constrained peptides present an opportunity to overcome the fundamental
biostability, permeability and tracking issues inherent in designing an effective therapeutic.
Specifically, the fluorescent nature, facile reaction and established in vivo application of
dibromobimane define it as a good candidate to produce a simple, fluorescent and permeable

peptide-based PPI inhibitor.

The initial aim was to optimise conditions for reaction of dibromobimane with short cysteine
containing peptides in an aqueous environment. Simple alanine-rich model peptides
incorporating the bifunctional bimane as an i-i+2, i-i+4 and i-i+7 cyclic constraint were
synthesised via solid-phase peptide synthesis (SPPS) and the optimised solution-phase
bimane-attachment conditions. Unmodified linear versions and acyclic bimane-attached
peptide analogues provide controls for NMR and CD studies into the secondary structural

changes induced through bimane attachment and cyclisation of the target peptides.
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Analogues of alanine-rich i-i+2, i-i+4 and i-i+7 bimane cyclised peptides are also proposed,
in which the central alanines are replaced with B-alanine, to investigate the effect of extended
backbone length on secondary structure. Similarly, analogues in which natural cysteine is
replaced by side-chain extended homocysteine are proposed to explore the effect of an
extended constraint size on the backbone secondary structure. The optimised bromobimane
reaction conditions were applied to longer alanine-rich 18mer peptides, and a biologically
relevant alIf3 integrin derived peptide to better define the scope of the bimane-attachment

chemistry and resultant secondary structure.

The peptides are characterised by RP-HPLC, MS, NMR, and CD, the fluorescence properties
were also investigated including the excitation and emission wavelength. A detection limit
was also defined, with explicit intention to prove the applicability of these structures in a

biological context for future development of new PPI inhibitors.
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Chapter 2: Synthesis and Fluorescent Properties

2.1 Synthesis

2.1.1 Optimisation of solution-phase reaction conditions

Bromobimanes alkylate thiolate anions via a Sy2 mechanism, and consequently generate
HBr,"”" as shown in Figure 12. Therefore, it is necessary to buffer the system to allow
continuous reaction of bromobimane with free thiols. Bromobimanes have been widely used
for the in vivo, ex vivo and in situ tagging of thiols.'”"'®” The conditions outlined in these
procedures were used as a starting point to optimise the reaction of bromobimanes with short
peptides, such as those presented here. Buffer was also employed in all the literature reactions
to stabilise the constituent proteins. Therefore buffer was deemed a necessary component of
the reaction mixture, and two different buffers were investigated. Other aspects of the reaction
were optimised, including the concentration of peptide and equivalents of bromobimane, to
develop a set of widely applicable and biologically relevant conditions for the reaction of

bromobimane.

Figure 12: The reaction of the linear peptide precursor 9 to give the fluorescent bimane cyclised peptide 9d and
HBr,

The fluorescent nature of the alkylated bimane was exploited in experiments to optimise the
reaction conditions. An alanine rich peptide sequence, 9 (Figure 12), was selected as a simple

model peptide for optimisation. The linear peptide 9 and dibromobimane displayed negligible
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fluorescence in comparison to the highly fluorescent bimane-linked peptide 9d, as shown both
qualitatively (A) and quantitatively (B) in Figure 13. Fluorescence increase was monitored for
the reaction of peptide 9 with dibromobimane to produce the fluorescent 9d. The set of

conditions with maximal fluorescence were chosen as the optimum combination.
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Figure 13: A) Under visible light (LHS) both a solution of dibromobimane (left tube) and solution of bimane
cyclised peptide (right tube) appear similar in colour. However under UV light (RHS) the bromobimane is
apparently non-fluorescent (left vial) as compared to the cyclised peptide (right vial) which glows blue. B) Relative
fluorescence of a 1mg/ml of a bimane cyclised peptide in 10 mM PBS at pH 7.4, compared to three sets of

control wells that display negligible levels of fluorescence. Control 1 -¢- 10 mM PBS + 1 mg/ml peptide; Control

2 -~ —10 mM PBS + 1 mg/ml dibromobimane; Control 3 -e- 10 mM PBS.
A preliminary 96-well plate experiment was designed to screen a series of reaction conditions
by monitoring the change in fluorescence intensity. PBS buffer at 10 mM was used here as it

is reported in literature bromobimane reactions,'®" '*> 7

and widely applied in biology. A
range of peptide concentrations (1, 2, 4 and 8 mg/ml in the final reaction solution) were
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examined using 1.5 equivalents of dibromobimane in each case. Three controls were also
plated for each peptide concentration. These controls were 1) PBS and peptide, 2) PBS and
dibromobimane, and 3) PBS alone. Control 1 was plated at 1, 2, 4 and 8§ mg/ml peptide
concentration, and control 2 plated with 1.5 equivalents of dibromobimane with respect to
each of these peptide concentrations, all in 10 mM PBS. The plate layout is displayed in
Table 1. All conditions, experimental and control, were conducted in triplicate. All reagents,
100 mM buffer stock solution, peptide stock solution in 50% aq. acetonitrile and
dibromobimane stock solution in methanol, were added to the wells and diluted to the correct
concentration with milliQ water. The same volume of acetonitrile and methanol was used in
all cases to remove any possible influence of solvent on fluorescence. Dibromobimane
solution was added last to all the wells and the fluorescence was monitored at an excitation
wavelength of 385 nm and emission of 477 nm."""'”” Fluorescence was not observed for any
of the control wells as shown in Figure 13B and qualitatively in Figure 13A. Fluorescence
was observed in all experimental wells, however it was higher for 1 mg/ml reaction solution
compared to the more concentrated wells. Precipitation of the peptide occurred in some wells
and was especially significant at peptide concentrations of 4 and 8 mg/ml, accounting for the
lower fluorescence observed in these cases. Therefore, lower peptide concentrations were

examined for a more complete optimisation experiment.

Table 1: Layout of a 96 well plate for the preliminary optimisation of peptide concentration (varied between 1 and
8 mg/ml) conducted in 10 mM PBS at pH 7.4, with 1.5 equivalents of dibromobimane. The codes given within
coloured cells reflect the wells for a given set of conditions. Intensity of coloured cells reflects the approximate
relative fluorescence intensity observed. Control 1: 10 mM PBS + peptide; Control 2: 10 mM PBS +
dibromobimane; Control 3: 10 mM PBS.

Concentration (mg/ml) > 1 2 4 8
Experimental A10-12
Control 1 B1-3 B4-6 B7-9 B10-12
Control 2 C1-3 C4-6 C7-9 C10-12
Control 3 D1-3 D4-6 D7-9 D10-12
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A second plate experiment was conducted in which an additional buffer (ammonium acetate
buffer (AAB)), four peptide concentrations and dibromobimane concentrations were
compared, as shown in Table 2. AAB buffers at a higher pH range (~7-9) compared to PBS,
which buffers best between pH 6 and 8. This provides an opportunity to investigate both the
effect of pH and the buffering system. Peptide concentrations of 0.1, 0.2, 0.5 and 1 mg/ml
were investigated, with four ratios of dibromobimane: 1.5, 1.3, 1.1 and 1 equivalent relative
to the peptide concentration in each case. 10% 2,2 2-trifluoroethanol (TFE) was also included

110,111

in all reactions to aid peptide folding and thereby reduce the likelihood of inter-peptide

cross-links.

Table 2: Layout of a 96 well plate for the optimisation of peptide concentration, bromobimane equivalents and
buffer type at pH 7.4. The codes given within coloured cells reflect the wells for a given set of conditions. Intensity

of coloured cells reflects the approximate relative fluorescence intensity observed.

Peptide concentration (mg/ml) >
1 0.5 0.2 0.1

Dibromobimane equivalents ¥
1.5 A1-3 A4-6 A7-9 A10-12

2 % 1.3

a 3 1.1

1.0
1.5 E1-3 E4-6 E7-9 E10-12
m o 1.3 F1-3 F4-6 F7-9 F10-12

< £

<3 1.1 G1-3 G4-6 G7-9 G10-12
1.0 Hi3 - H7-9 H10-12

As before, peptide stock solutions were made up in 50% aq. acetonitrile, and the
dibromobimane stocks in methanol. All combinations of buffer, peptide (9) concentration,
and dibromobimane equivalents were plated in triplicate, and the fluorescence averaged, as
shown in the plate layout in Table 2. Dibromobimane was added last over approximately
three minutes and fluorescence was immediately measured by the plate reader at an emission
wavelength of 477 nm (ex. 385 nm). The plate was scanned every two-minutes for a total of

1.5 hours. Samples were then taken and analysed by RP-HPLC and LCMS to confirm product
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identity. The effect of each variable (peptide concentration, dibromobimane equivalents, and

buffer system) on the amount of 9d produced was examined separately as described below.

Peptide concentration

As shown in Figure 14A, maximum fluorescence intensity and hence product formation, was
achieved at 0.5 mg/ml of peptide. The reaction with 1 mg/ml of peptide gave some
precipitation, which is reflected in a slightly lower observed fluorescence. Some aggregation
may also be occurring at the higher concentration, thereby limiting the reaction. This trend
was also apparent at the other concentrations of the dibromobimane as shown in Figure 14B.
Hence a reaction solution of 0.5 mg/ml of peptide provided the optimal concentration with

which to conduct the dibromobimane reaction.
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Figure 14: A) A snapshot of the relative fluorescence intensity (excitation: 385 nm, emission: 477 nm) for the
reaction of 9 with dibromobimane, 46 minutes since the addition of dibromobimane (arbitrary point after reaction
completion). Peptide concentration is varied (1.0, 0.5, 0.2 & 0.1 mg/ml) between reactions with 1.5 equivalents of
dibromobimane relative to the peptide, in 10 mM PBS at pH 7.4. B) Snapshot of the relative fluorescence intensity
(excitation: 385 nm, emission: 477 nm) for the reaction of 9 with dibromobimane (to produce 9d) at 46 minutes
since the addition of dibromobimane. All reactions are in 10 mM buffer at pH 7.4. Peptide concentration is varied
within each series: a) 1 mg/ml, b) 0.5 mg/ml, c) 0.2 mg/ml and d) 0.1 mg/ml. Dibromobimane concentration is
varied between series: PBS: 1.5 equiv; m 1.3 equiv; = 1.1 equiv; m 1 equiv; AAB: m 1.5 equiv, == 1.3 equiv;

m 1.1 equiv; m 1.0 equiv.
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Dibromobimane concentration

An increase in fluorescence was observed when the number of dibromobimane equivalents
was reduced from 1.5 to 1.3 to 1.1 to 1.0 equivalents, irrespective of the peptide
concentration. This is shown in Figure 14B, moving from left to right within each series (blue
or green), for a given concentration. The fluorescence is greater for reactions of lower
dibromobimane concentration, therefore with a lower ratio of dibromobimane to peptide,
more 9d is produced. This fluorescence intensity trend implies that the reaction of 9 with
dibromobimane may be inhibited in some way by higher concentrations of dibromobimane.
Therefore to mitigate this effect, and to conserve reagent, 1.0 equivalent of dibromobimane

was utilised in future reactions.

Buffer system

The fluorescence observed for the reactions conducted in PBS (blue series) was larger than
for AAB (green series), see Figure 15A. A plot of fluorescence intensity vs time, as shown in
Figure 15A, reveals that all the PBS reactions reach maximum fluorescence within five
minutes. In comparison, the AAB reactions take approximately an hour and 30 minutes to
achieve a maximum fluorescence. Reactions in PBS thus occur at a significantly faster rate
compared to those in AAB. The dibromobimane reactions were conducted at pH 7.4, which
better matches the buffering range of PBS. PBS is thus the optimum buffer and was used in

all future reactions.
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Figure 15: A) Monitoring the reaction of 9 with dibromobimane by fluorescence (excitation: 385 nm, emission:
477 nm) to yield 9d. Reactions were conducted in 10 mM buffer at pH 7.4 and one equivalent of dibromobimane
with respect to peptide 9. =#= PBS, 0.5 mg/ml peptide; PBS, 1 mg/ml peptide; =®= AAB, 0.5 mg/ml peptide;

AAB, 1 mg/ml peptide. B) Fluorescence of 9d taken ~10 minutes after the addition of dibromobimane to 9.
Reaction was conducted in 10 mM PBS and 1.5 equivalents of dibromobimane. pH 7.4: 1 mg/ml peptide; Il 2
mg/ml peptide; Il 4 mg/ml peptide; Il 8 mg/ml peptide. pH 7.8: 1 mg/ml peptide;" " 2 mg/ml peptide; == 4
mg/ml peptide; Bl 8 mg/ml peptide.

The initial plate experiment conducted at pH 7.4 (see Table 1) was repeated at pH 7.8 to
assess the effect of subtle pH changes on the rate of reaction. Reactions at pH 7.4 (Figure
15B, blue series), gave slightly lower fluorescence intensity compared to the pH 7.8 (Figure
15B, orange series) reactions at the same peptide concentration. This further emphasises that
the dibromobimane reaction requires a slightly basic pH, and that the reaction occurs at a

more efficiently at higher pH. However the effect here is minimal.

Time dependence

A small-scale reaction of 9 (10 mg) with dibromobimane, to produce 9d, was conducted in 10
mM AAB, at a peptide concentration of 0.5 mg/ml and 1.3 equivalents of dibromobimane and
the reaction monitored over time by HPLC to observe reaction progress. These conditions
were chosen, as opposed to the optimisation conditions, as this reaction occurs at a slower rate

per the fluorescence data. As soon dibromobimane was added to the reaction (‘time 0°), a
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sample was taken and immediately analysed by analytical HPLC to observe reaction progress.
Analysis by LCMS then identified which peaks corresponded to 9, 9d, dibromobimane or any
other by-products. Further samples were taken at 30 min intervals and analysed immediately

in order to monitor the progress of the reaction as shown in Figure 16.

The linear peptide 9 does not absorb at 254 nm and therefore is not observed in the spectrum
presented in Figure 15A. It should be noted that dibromobimane absorbs much more strongly
at 254 nm than bimane-cyclised peptide 9d, therefore it is not valid to directly compare the

peak heights to obtain a ratio of products. Instead the change in peak height is discussed.

As shown in Figure 16, the HPLC peak at 9.1 minutes corresponds to the cyclised peptide 9d,
and the peak at 14.5 min is due to dibromobimane. At ‘time 0’ the 9d peak is already quite
large given the sample was passed through the HPLC immediately after addition of
dibromobimane to the reaction solution. This reiterates how facile the dibromobimane
reaction is. As anticipated, the dibromobimane peak decreases in intensity over time, directly
correlating with an increase in the 9d peak. There is only a minimal increase in 9d between 30
minutes and 90 minutes, and almost no further increase after 90 minutes. This same trend is
revealed in the fluorescence data shown in Figure 15 for the AAB reaction which also shows
that the greatest product formation occurs over the first 30 minutes and the reaction slows and
reaches completion by 90 minutes. The consistency between HPLC and fluorescence data
confirms that it is valid to monitor the reaction by fluorescence, and therefore it can be

concluded that the PBS reactions were complete within 15 to 30 minutes.
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Figure 16: Analytical RP-HPLC spectrum, 0-100% aqg. ACN gradient over 15 minutes on a C18 column visualised
at 254 nm, for the reaction of 9 with dibromobimane to yield 9d. Reaction was carried out in 10 mM AAB, 10%
TFE, 0.5 mg/ml peptide and 1.3 equiv of dibromobimane. A sample of the reaction mixture were taken upon

addition of dibromobimane to the reaction and every 30 minutes thereafter for 2 hours, and immediately analysed

by HPLC. Time after addition of dibromobimane: =—— 0 min; = 30 min; 90 min; 120 min. The peak
at 9.1 minutes highlighted in green indicates the cyclised peptide 9d and the peak at 14.5 minutes correlates with

unreacted dibromobimane. Inset. a normalised zoom in of the peaks of interest.

Optimisation conclusion

It was established that buffer is essential for the dibromobimane to occur efficiently and the
reaction could be monitored via fluorescence of the bimane-cyclised product. The optimal
conditions for reaction of dibromobimane with short peptides is in 10 mM PBS with 10%

TFE, 0.5 mg/ml of peptide and one equivalent of dibromobimane over 30 minutes.

2.1.2 Applications of the solution-phase dibromobimane reaction

Tripeptides (i —i+2 constraint)

The optimised reaction conditions for the formation of bimane-cyclised peptides, as described
above, were used to prepare a series of i-i+2 constrained tripeptides (Figure 17, 10d, 11d and

12d). The reaction conditions were also used to react monobromobimane with single cysteine
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containing peptides to give 13m and 14m, shown in Figure 17. TFE was deemed unnecessary
in the synthesis of these five peptides, as the cysteines are not distal in 10d, 11d or 12d, and
only one cysteine is present in 13m and 14m. The successful synthesis of cyclic peptides 11d
(containing P-alanine) and 12d (with homocysteine) demonstrate that the i-i+2 cyclisations

are tolerant of amino-acid changes.

O s
L »\Wf 020
A ddm i)

13m 14m

IZ

Figure 17: Tripeptides with a i-i+2 bimane linker (10d, 11d, 12d) and a bimane attached in an acyclic manner
(13m, 14m) synthesised through the reaction of dibromobimane and monobromobimane, respectively, with linear

analogues of the tripeptides.

Pentapeptides (i —i+4 constraint)

Pentapeptides, with cysteine residues at the 1 and 5 positions, were synthesised and then
reacted with dibromobimane to form bimane cyclised 15d, 16d, 18d and 17d (Figure 18).
Acyclic bimane-bound analogues were synthesised using monobromobimane under the same
conditions described in section 2.1.1, with the omission of TFE, to give 19m and 20m. No
starting peptide remained in any of these syntheses after 30 minutes, as determined by HPLC.
Thus substitution of alanine at positions 2-4 in 15d for [-alanine, to give the longer and more
flexible 16d, did not affect the reaction efficiency. The peptide 18d, with homocysteine at the

1 and 5 positions underwent reaction as per the cysteine analogue. To investigate if the linker
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could be installed as an even longer constraint, an i-i+7 series was also developed as

discussed in the following section.
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Figure 18: Pentapeptides with a i-i+4 bimane linker (15d, 16d, 18d and 17d) and a bimane attached in an acyclic
manner (19m, 20m) synthesised through the reaction of dibromobimane and monobromobimane, respectively,

with linear analogues of the pentapeptides.

Octapeptides (i —i+7 constraint)

The cyclic octapeptides with cysteine, or homocysteine, at the 1 and 8 positions were
synthesised by cyclisation of the respective linear peptides with dibromobimane to give 21d
and 22d respectively (Figure 19). Neither the peptide length nor linker length affected the
synthesis. Reaction of monobromobimane with a single cysteine containing octapeptide, to

form acyclic 23m, was also performed with similar efficiency.
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Figure 19: Octapeptides with an i-i+7 bimane linker (21d, 22d) and a bimane attached in an acyclic manner
(23m) synthesised through the reaction of dibromobimane and monobromobimane, respectively, with linear

analogues of the octapeptides.

Alternate sequences

Two, more hydrophobic and sterically hindered peptides (24d and 25d, Figure 20), were
synthesised under the same optimised conditions described in section 2.1.1, again without
addition of TFE. Despite the fact that peptides 24d and 25d were hydrophobic, they remained
freely soluble in the aqueous conditions. Again starting material was not observed after 30

minutes of reaction time, despite the fact that they contained sterically hindered amino acids.
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N N
\_N_/ \_N_/
S S S
HoQ HoQ 2 H 9 H ¢
©ﬁo)LN N\.)]\N N\.)J\OH @ﬂoJ\N N\)I\N N\)LOH
H : H : H N
T U0 N
24d 25d

Figure 20: Hydrophobic tetrapeptides with an i-i+2 bimane linker synthesised by the reaction of dibromobimane

with the corresponding linear precursor in solution.
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Lastly, 18mer peptides, based on a sequence reported by de Araujo et al.*’, were similarly
synthesised and cyclised with dibromobimane to form i-i+4 (26d) and i-i+7 (27d) bimane

98,112,113

cyclised peptides (Figure 21). A peptide derived from the allf3 integrin protein was
also prepared (Figure 21, 28d) under the same conditions. All these longer peptides were

cyclised with high efficiency.

Side products were not observed, even in the presence of a C-terminal acid or an N-terminal
amine as in 24d and 25d (Figure 20) and 9d (Figure 12A), respectively. This reinforces that
the bromobimane reaction is thiol-selective.'”'**'™* The compounds reported in this section
form a basis to demonstrate the versatility of the bromobimane reaction as a means to

introduce a new peptide constraint in a variety of peptide sequences and constraint lengths.
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Figure 21: Extended alanine rich peptide sequences for i-i+4 (26d) and i-i+7 (27d) constraint with a bimane, as
derived from a sequence used by de Araujo et al. Bimane introduced as an i-i+4 constraint in a biologically

derived peptide sequence from the allB3 integrin protein interaction with talin (28d).

2.1.3 Cyclisation on solid support
Solid-phase peptide synthesis & protecting group strategies

The linear peptides 9-23 and 26-28 described in this thesis, shown in Table 3-
Table 6, were synthesised on-resin via solid-phase peptide synthesis (SPPS) protocols , on

Rink Amide PL resin, while 24 and 25 were synthesised on Wang resin. A representative
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synthesis of the literature peptide 15* is shown in Figure 22. All amino-acid side-chain
protecting groups were removed in the final cleavage step (92.5% TFA with scavengers),
which also removed the peptide from the resin. The linear precursor peptides synthesised in
this way, were then reacted with bromobimane in solution, per the method outlined in section

2.1.1.

Table 3: Amino-acid sequences for the unfunctionalised linear tripeptides synthesised by SPPS.

Residue
10 C A C
1 C BAla C
12 Ac Hcy A Hcy Am
13 A A C
14 BAla BAla C

Table 4: Amino-acid sequences for the unfunctionalised linear pentapeptides synthesised by SPPS

Residue
9 H>N C A A A C
15 C A A A C
16 C BAla BAla BAla C
17 Ac C A A BAla C Am
18 Hcy A A A Hcy
19 A A A A C
20 BAla BAla BAla BAla C
Table 5: Amino-acid sequences for the unfunctionalised linear octapeptides synthesised by SPPS
Residue
21 C R A A A R A C
22 Ac Hcy R A A A R A Hcey Am
23 A R A A A R A C

Table 6: Amino-acid sequences for the unfunctionalised linear 18mer peptides synthesised by SPPS

Compound Sequence
26

Ac-AARAARAARAARACARAC-Am
27 Ac-AARAARAARACRAAARAC-Am
28 Ac-HDRCEFACEEERARAKW-Am
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Figure 22: Reaction scheme for SPPS on Rink Amide resin of 15 using a Fmoc protecting strategy and

subsequent cyclisation by reaction with dibromobimane in solution to give 15d.
The peptides 15, 29 and 30 were prepared by on resin
cyclisation. The peptides were assembled on-resin as described
above, however in these cases using Fmoc-Cys(Mmt)-OH in
place of Fmoc-Cys(Trt)-OH (Figure 23A — without Fmoc) to
allow on-resin deprotection of the cysteine thiol; a general
scheme for the synthesis of 15/15d is shown in Figure 25. The
methoxytrityl (Mmt) protecting group, Figure 23B, was
removed using multiple additions of 2% TFA in DCM. This
avoids cleaving any peptide from the resin and the reaction is
followed by visually monitoring the yellow colour of the
liberated Mmt group (Figure 24). Resin was then thoroughly
washed with DCM and DMF to remove all traces of acid prior
to cyclisation. A solution of dibromobimane (2 equiv) and
DIPEA (4 equiv) in DMF was added to the resin and stirred
intermittently for 3 hours. This method has previously been

reported by de Araujo et al.*® for on-resin reaction of other
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dibromo-functionalised compounds with resin bound 15. After this time, the resin was
washed, dried and the peptide cleaved to give the final bimane cyclised peptide, as shown in
Figure 25. This synthesis was used to prepare 15d (Figure 18), 29d and 30d (Figure 26),

without modifications.

Figure 24: A) Deprotection of a methoxytrityl (Mmt) attached to a thiol can be achieved, while the peptide is
attached to the solid resin support, by one minute treatments of the resin with 2% TFA in DCM. Liberation of the
Mmt group to reveal a free thiol results in the production of a yellow chromophore. This allows a method by which
to monitor the reaction progress. B) A sample of resin treated with 2% TFA in DCM when —Cys(Mmt)- is present

results in an intense yellow colour.
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Figure 25: Reaction scheme for solid-phase peptide synthesis (SPPS) on Rink Amide resin of 15d using a Fmoc
protecting strategy to assemble the linear peptide. An alternate combination of cysteine protecting groups (Mmt in

favour of Trt) allows deprotection while attached to the resin and subsequent cyclisation with a bromobimane.
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The on-resin cyclisation protocol requires less isolation steps, compared to separately
synthesising the linear peptide and then cyclising off-resin, thereby streamlining the route.
Furthermore, the appropriate choice of protecting group allows selective deprotection of
cysteines, therefore the on-resin cyclisation method will be useful in reacting peptides which
contain more than one or two thiols for mono- or di-bromobimane reaction, respectively.
However, the on-resin reaction must be carried out on a larger scale compared to the solution

based experiments, and also requires more equivalents of bromobimane.
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Figure 26: Two hydrophobic tetrapeptides assembled and cyclised with a bimane linker in an i-i+2 manner on

Wang resin.

2.2 Purification

The polar nature of peptides makes purification by traditional silica chromatography difficult.
The unfunctionalised linear peptides 9-20, 24-25, dibromobimane cyclised peptides 9d-12d,
15-18d and 29d-30d, and acyclic bimane attached peptides 13m, 14m, 19m, and 20m could
not be purified by semi-preparatory RP-HPLC, despite separating well on the analytical RP-
HPLC. The compounds were not retained well on the semi-preparatory column above 100 ul
injections of a <1 mg/ml solution and consequently useable quantities of purified peptide
could not be obtained. This may be due to a combination of the short peptide length and lack
of a larger functional group to give strong interactions with the reverse-phase silica surface.
As purification by semi-preparatory RP-HPLC was low yielding and not time efficient, other

methods were sought.
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Solid-phase extraction (SPE) columns are most commonly used to desalt compounds,'*

however here the SPE columns were implemented as a purification technique, and set up as
shown in Figure 27. The purification system was placed under vacuum as the tightly packed
fine silica beads severely restricted elution by gravity. The peptides were purified by eluting
the compound using, a gradient of aqueous acetonitrile (5-10%, or 10-40% for 29d and 30d).
Furthermore, a three-way tap was introduced to allow the system to be easily isolated from
the vacuum source, such that a new fraction could be placed under the column as shown in
Figure 27. Significantly improved yields (20-90%) and purity were achieved by SPE column
purification. Figure 28 A and B shows a HPLC spectrum of a crude peptide mixture, in which
the desired cyclised compound 16d and another peptide (16d with an alanine deletion) that
are separated by less than 1 minute in the spectrum. Figure 28 A and B are the HPLC spectra

of column fractions in which the peptides were isolated from one another.

Figure 27: A) Purification set up of an RP pre-packed SPE column under vacuum. Elution is controlled by a
PTFE stopcock and fractions collected in 15 mL falcon tubes. The system is easily isolated from the vacuum by
the introduction of a three-way tap in the vacuum hosing. B) The yellow cyclised peptide can be seen loaded in a
band below the top frit before an acetonitrile gradient is begun to initiate elution.
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Figure 28: A) Zoomed region of the cyclised product peaks where the peak at 12.6 min is 16d and at 12.3 min is
16d with an alanine deletion B) 16d purified from the reaction mixture on an SPE C18 column eluted at 7% aq.
ACN.

2.3 Fluorescent Properties

A plate experiment was designed to investigate the effect of pH on fluorescence, determine a
detection limit and elucidate any differences in the fluorescent properties of bimane-cyclised
peptides with an i-i+2 (10d), i-i+4 (15d), and i-i+7 (21d) constraint length. The fluorescence
of these compounds was then compared to the acyclic bimane-containing peptides 13m, 19m
and 23m, respectively. Solutions of these peptides at 10 uM and 50 uM in 10 mM PBS at pH

7 were prepared and plated in triplicate in a 96-well plate.

Fluorescence spectra, for all six peptides, were collected by irradiating the sample with 300-
450 nm light at 5 nm intervals, to determine the excitation wavelength that generated
maximum fluorescence emission, as detected at 477 nm. Conversely, the samples were
irradiated at 385 nm and a spectral scan from 300-700 nm was conducted to determine the
wavelength at which maximum fluorescence intensity was detected, as shown Figure 29. The

six peptides analysed had a maximum fluorescence excitation and emission at very similar
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wavelengths, shown in Figure 29 and Table 7. These values centred around an excitation at
389 nm and emission at 479 nm. The literature reports variation in the fluorescence excitation

d 100, 101, 103, 107
s

and emission wavelengths of the bimane dependent on the substituent boun as

observed

here. However, the different excitation and emission wavelengths for each peptide here were
not statistically different. As a consequence, a full fluorescence characterisation scan, such as
this, should not need to be conducted prior to investigations of new bimane-bound peptides in
biology. However, this observation must first be confirmed on more diverse peptide

sequences.

The fluorescence intensity is lower for all acyclic bimane bound peptides (13m, 19m, and
23m) compared to the analogous bimane-cyclised peptide (10d, 15d, and 21d, respectively).
For example, the fluorescence of 21d is greater than 23m as shown in Figure 29. This may be
a result of a smaller conjugated system in the mono-functionalised bimane. Peptides of longer
length resulted in greater fluorescence intensity, for example the octapeptide 21d displayed
greater fluorescence than pentapeptide 15d, which was greater than the fluorescence of the
tripeptide 10d. This is an interesting observation that may impact precise quantification of
bimane-bound peptide by fluorescence, without a robust control group. Further studies are

required to confirm these two trends on more diverse sequences and elucidate the origin.

Table 7: Wavelength maxima for the fluorescence excitation (when emission is read at 477 nm) and fluorescence
emission (when excited at 385 nm). The mean average and standard deviation (SD) of these values is also

shown.

10d 13m 15d 19m 21d 23m Mean SD
Excitation
2 1.97
Wavelength (nm) 386 390 389 390 39 389 389 9
Emission
482 47 482 481 474 482 479 3.56
Wavelength (nm) 8 ®
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Figure 29: Fluorescence excitation and emission curves for a series of alanine-rich peptides attached to bimane
moieties at 50 uM in 10 mM PBS at pH 7. 13m; = 10d;"**- 19m; ==15d; <+ <+ 23m; == 21d.

Effect of pH on fluorescence

Solutions of peptides 15d and 19m were prepared at 50 pM in 10 mM PBS at pH 6, 7 and 8
to observe any variation in fluorescence due to changes in pH, within a biologically relevant
context. The fluorescence intensity did not alter between pH 6 and 8 for 15d nor 19m, as
shown in Figure 30. Therefore it is known that any pH fluctuations within a biological system
will not effect the fluorescence observed and hence will not impact the ability to quantify the
amount of bimane-bound peptide present, including pH changes which may arise from a more

diverse peptide sequence.
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Figure 30: Fluorescence of 50 pM solutions of El19m and Hl 15d in 10 mM PBS at varied pH.

Detection Limit

A fluorescent probe must be clearly distinguishable from background fluorescence at low
nano- or pico- molar concentrations to be utilised as tag for potential therapeutics in a pre-
clinical or clinical setting. The peptide 15d was prepared at lower concentrations, to help
establish a detection limit of the fluorescent bimane-bound peptide. As shown in Figure 31,
fluorescence can still be differentiated from a PBS-only control with good accuracy at 10 nM
concentration. This is a very encouraging result, as 15d is not the most fluorescent system as
shown in Figure 29, and furthermore the plate reader is not the most sensitive instrument with
which to detect fluorescence. Most clinical studies, in which drug candidates are monitored
within cells, are not conducted on plate readers. This is due to low sensitivity inherent in the
plate reader system. Fluorescence studies with drug candidates are most often conducted via
confocal microscopy or fluorescence-activated cell sorting (FACS) analysis, which incur
greater sensitivity through laser excitation. Therefore, the detection limit of 10 nM on a plate
reader would be expected to be significantly reduced when analysed by a more precise
system. This study demonstrates the sensitivity of the bimane cyclised peptide/protein at a
lower concentration that reported in the literature.'” "' Hence, there is good scope for

application of bimane-bound peptides to biologically relevant peptide therapeutics.
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Figure 31: Fluorescence of varied concentrations of 15d in 10 mM PBS at pH 7 compared to a blank of only 10
mM PBS. Fluorescence was read at an excitation of 385 nm and emission of 477 nm using a H4 Synergy Plate
reader with a Xenon source. Even greater sensitivity, and therefore lower detection limit, would be anticipated for

a more sensitive and high excitation energy source such as a confocal microscope.

2.4 Chapter conclusions

The optimal conditions for reaction of dibromobimane with short peptides is in 10 mM PBS
at 0.5 mg/ml of peptide and one equivalent of dibromobimane over 30 minutes. 10% TFE can
be added to the solution to aid folding of the peptide and further reduce the likelihood of
inter-peptide  crosslinks. Alternate concentrations of peptide (0.1-8 mg/ml) and
dibromobimane (1.1-1.5 equivalents) still let the reaction proceed, however the reaction will
slow significantly with removal of buffer from the reaction conditions. These conditions have
been utilised to react both dibromobimane and monobromobimane with a series of peptides.
Furthermore the cyclisation by reaction with dibromobimane was conducted on-resin, per a

literature method.*

The reaction conditions used here, both in solution and on-resin, are versatile and allow the
preparation of a variety of peptides as per the methods described above. Peptides of varied
solubility, length and constraint length were all reacted under the conditions described above

without further modification.

The fluorescent properties of the alanine rich peptides were investigated to reveal that the

fluorescence excitation and emission wavelengths do not change with peptide sequence.
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Longer peptides fluoresce with greater intensity, and furthermore, the bimane-cyclised
peptides showed greater intensity than an analogous acyclic bimane-attached peptide. pH did
not effect the fluorescence of the bimane-bound peptides therefore they were determined to be
applicable for use in a biological setting and furthermore the fluorescence could be detected
as low as 10 nM concentration on a plate reader. This detection limit is expected to be further

improved when analysed on a more sensitive instrument.
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Chapter 3: Secondary structural characterisation of

bimane-bound peptides

3.1 Introduction

A study by de Araujo et al.* directly compared six literature peptide linker types which were
the configurations deemed ‘the best’ of the respective class of linker for an i-i+4 constraint.
‘Configuration’ refers to both the linker length and position of any rigid substituents (such as
the triazole or double bond). The linkers, depicted in Figure 32, include a lactam bridge, all-
hydrocarbon metathesis staple, a ‘click’/triazole linker, an alkyl thioether bridge, a perfluoro
staple and finally a m-xylene thioether. The six linkers were applied to a simple pentapeptide
sequence: Ac-X,;AAAX,-NH,, where X, and Xy were appropriate natural or unnatural amino-
acids to facilitate cyclisation, and the helical structure of the cyclised peptides (shown in
Figure 32) were directly compared by CD and NMR techniques. The lactam-constrained
peptide 1 (Figure 32) performed the best out of the six as indicated by two symmetrical
minima at 207 and 215 nm in the CD spectra. This was accompanied by Jyyu« Of less than 6
Hz for all residues except the position 5 aspartate residue, accompanied by strong ROE cross-
peaks for the aN(i-i+2), aN(i-i+3) and aN(i-i+4) interactions, indicative of an a-helical
structure. 2,2 2-Trifluoroethanol (TFE) has been shown induce helicity in aqueous-solubilised

110,111

peptides, consequently a CD spectrum of the lactam peptide was run with 50% TFE in
10 mM PBS. This spectrum did not differ from the 10 mM PBS spectrum and thereby
indicated that 1 had already reached maximal helicity. As such, the lactam-constrained
peptide was defined to have 100% helicity. Relative to this, the hydrocarbon (2, Figure 32)
and triazole-linked (3, Figure 32) peptides showed 62% helicity, while the thioether

constrained peptide showed notably less a-helical character in the CD spectrum.
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The L- or D- nature of the propargylglycine residue used to assemble 3 (Figure 32), was
found to have an effect on the helicity achieved, specifically the D-Pra analogue displayed

only 48% helicity as measured by CD, as compared to the L-Pra with 62% helicity.
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Figure 32: The alanine-rich pentapeptides constrained by a variety of linkers and linker analogues as presented
by de Araujo et al. (Ref 86)

As the lactam linker of 1 results in maximal helicity and contains one less atom than the
metathesis (2) and triazole linkers (3), the paper also detailed an investigation into the effect
of linker length on helicity. Therefore, peptide analogues of the hydrocarbon and triazole
linkers with only seven atoms were synthesised. The position of the double bond in the
hydrocarbon staple and the location of the triazole within the linker were also investigated and
revealed that helicity was eliminated in both 7-atom analogues of 3 (3a and 3b, Figure 32),
which was also the case for the metathesis 7-atom analogue 2a when the double-bond was
positioned in the C3-C4 position. However helicity was maintained in the 7-atom analogue of
2b with the double bond in the C4-C5 position. This section of the study by de Araujo et al.*
is a good example of the many factors at play in designing a constrained-peptide system that
can effectively induce secondary structure into a peptide. It demonstrates that helicity is not
merely dictated by the linker length but also the chemistry and position of the linker
substituents as well as the flexibility and steric restrictions imposed by the constraint.
Furthermore, the position of a linker within a peptide sequence can also drastically impact the

observed structure.” This work testifies to the inherent complexity of designing a suitable
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linker, and furthermore how difficult it may be to predict the effect of a linker on a relevant
biologically derived peptide sequence, hence a comprehensive study on how a linker induces

structure into a peptide must be conducted to aid the design process.

Here the secondary structure of a series of bimane-constrained peptides, in which the linker
length and peptide backbone length was varied, was analysed by CD and NMR. Simple
alanine-rich peptides, based on those utilised by de Araujo et al.,** were chosen for the study.
[-Alanine was substituted for alanine in some of these sequences, as a means to analyse the
effect of an extended backbone on secondary structure. -Amino-acids have also proved to
have many other benefits when incorporated into biologically relevant constrained-peptides.
[-Amino-acids have been shown to introduce interesting structural changes in peptides that
cannot be accessed by o-peptides.'”"'® Furthermore, by substituting [3-amino-acids for a-
amino-acids in a peptide sequence, similar chemical properties can be maintained but intra-

cellular degradation can be limited as proteases are unable to recognise the isostere.'”'*

The effect of a bimane linker on secondary structure was studied through a series of peptides
to provide a good knowledge base with which to design future biologically-relevant bimane-
bound compounds. The alanine-rich bimane-cyclised tripeptides (10d-12d) and pentapeptides
(15d-18d), were studied by CD and NMR, in order to investigate the effect of the bimane
linker on secondary structure, with a constraint distance of i-i+2 and i-i+4 for the tripeptides
and pentapeptides, respectively. Alanine was chosen to avoid complicating the spectra.
Furthermore, within each of these series, P-alanine was substituted into the sequence of 11d,
16d and 17d to investigate the effect of an extended backbone length. Homocysteine replaced
cysteine in 12d and 18d to observe the effect of an increased linker length on the secondary
structure. All of the bimane-cyclised peptides were analysed by CD and NMR to determine
the secondary structure. Analogous acyclic bimane-attached tri-, penta- and octa- peptides
(13m, 14m, 19m, and 20m), were synthesised to investigate if changes in the CD and NMR
spectra are due to the macrocyclisation or the bimane entity itself. Consequently, comparisons

of spectral features for the bimane-cyclised peptides, the acyclic bimane-bound peptides and
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the linear precursor peptides were drawn, to deduce if changes in the CD or NMR were due to
1) chemical changes caused by attaching a bimane to the peptide; 2) structural changes in the

peptide induced by bimane attachment; or 3) structural changes as a result of cyclisation.

3.2 Tripeptides (i-i+2)

The bimane-cyclised tripeptide 10d (Figure 33) was designed to investigate the effect of an i-
i+2 bimane linker on secondary structure. The position 2 alanine of 10 was substituted with {3-
alanine to give 11, and similarly the position 1 and 3 cysteines in 10 were substituted with
side-chain extended homocysteine to give 12, as shown in Figure 33. Linear peptides 11 and
12 were then cyclised through reaction with dibromobimane as previously discussed (in
section 2.1.2), to give 11d and 12d (Figure 33). Peptide 11d was included to investigate the
effect a longer backbone may have on the secondary structure when constrained by an i-i+2
bimane linker. In contrast, 12d allows a longer bimane linker (larger macrocycle) to be
investigated and its effect on secondary structure observed. Two acyclic analogues (13m and
14m, Figure 33) were synthesised by the reaction of 13 and 14 (Figure 33), respectively, with
monobromobimane. These analogues act as pseudo-controls, in which the effect of the
bimane on the secondary structure could be observed, without cyclisation of the peptide.
Therefore, conclusions can be drawn as to whether structural changes observed were an effect
of the bimane itself, or the cyclisation. NMR and CD analysis is separated into two groups for
simplicity, such that the effect of the amino-acid sequence changes can be individually
evaluated. Specifically, 10d and 12d are compared directly to 13m and 10, then 11d is

compared to 14m and 11.
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Figure 33: Chemical structures of the linear tripeptides, the acyclic bimane-attached counterparts and the cyclic

bimane tripeptides.
CD was conducted using samples of 150 uM concentration in 10 mM aq. PBS at pH 7.2
NMR spectroscopy was conducted in d-DMSO and Jyy, coupling constants were extracted

from NH splitting, and chemical shifts of key residues compared to literature values.”*

3.2.1 The effect of bimane cyclisation and increased linker length: A study of
10d and 12d

Circular Dichroism

The CD spectrum of the linear peptide 10 (Figure 34) shows a single large minimum at 197
nm (Figure 35) suggesting a lack of secondary structure. The acyclic peptide 13m (Figure 34)
with a bimane bound at position 3 exhibited a near identical CD spectrum (to 10) with a
minimum at 196 nm, and it was therefore inferred that introduction of the bimane did not
dramatically influence the secondary structure of 10. Neither the spectra of 10 or 13m display
any maxima, further supporting the conclusion that significant secondary structure is not

present in these peptides.
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It was anticipated that the bimane itself may display additional absorbance in the far-UV
region analysed in CD, as reported for the perfluoro linker.” However, no additional maxima
or minima were observed in the spectrum of bimane-attached 13m compared to the linear 10
over the range of 190-260 nm, therefore it can be concluded that the bimane does not

complicate the CD analysis.

The CD spectrum for bimane cyclised 10d showed minima at 221 and 199 nm, and maximum
at 186 nm (Figure 35, Table 8). The presence of the minimum at 221 nm suggests some
secondary structure is induced in the peptide when cyclised, specifically B-strand type
structure. The CD of peptide 12d was similar to that of 10d, however the minimum at 226 nm
in 12d is greater in intensity (more negative) than the 221 nm minimum of 10d, which is
consistent with enhanced [3-strand like structure in 12d, which is further supported by a strong

maximum at 186 nm.

o SHH OHS o) s O s
)LN N\)LN NH, )J\N N\)LN NHz
H o : H o H o H

H o
10 10d
0 o]
N
N\ N7/
S
H SH S
0 0
o) H
/JLN/[j(H NH, /JLN N - N/E;(NHZ
H :H H o = H o

12 12d

o) 0

N
N\ _N_7
S
o) y ©
/JLN/LW(N\{JLN NH,
H o : H
13m

Figure 34: The tripeptide 10d allowed investigation of bimane-cyclisation on the effect on secondary structure,
12d allowed investigation into an extended linker length. These structures are presented here compared to the

analogous unfunctionalised linear and acyclic bimane-attached peptides
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Figure 35: CD spectra for =10, == 13m, == 10d and — 12d collected on a Jasco J-810 spectropolarimeter

at 150 uM in 10 mM PBS at pH 7.2.

Table 8: Summary of the maxima and minima observed in the CD spectra presented in Figure 35.

10 10d 12d 13m
Minima 197 199 198 196
221 226
Maximum - 186 186 -

JunHa Coupling constants

The Jynu, coupling constants for 10 all lie within the random coil region of 6-8 Hz, as shown
in Figure 36, which supports the CD observations. This is also the case for 12 and 13m in
which only one Jy., 1n €ach peptide, lies just outside of the random coil region. The bimane-
cyclised peptide 10d shows increased Jyy, values relative to 10. However this observed
increase only places one Jyy, for 10d within the (-strand region. The Jy, values for
bimane-cyclised peptide 12d, similarly, are larger than those of the linear 12 Jyy, values.
This difference places the two modified-cysteine residues of 12d within the -strand region
(>8 Hz), implying increased B-strand character compared to 10, which is consistent with the

CD data.
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10 10d 12 12d 13m

Figure 36: The JunHa for a series of bimane-bound tripeptides and the acyclic analogues, determined from a H'’
NMR spectra in de-DMSO.  B-strand region (>8 Hz), " helical region (< 6 Hz).

NMR Chemical Shift

Defined secondary structure gives rise to characteristic NMR chemical shifts of key residues
relative to random coil literature values.*””* The change in chemical shift relative to random

coil literature values (Ad, where Ad = & 0;,,), were calculated for 10, 12, 10d, 12d and

exp ~
13m, as displayed graphically in Figure 37-Figure 39. All cysteines in 10, 12, 10d, 12d and
13m show notably negative a-proton AJ, particularly in comparison to the position 2
alanines, and therefore the cysteine Ad were discounted from structural analysis. This shift is
less prominent when the cysteine is bound to a bimane, i.e. the Ad is less negative in 10d,
12d and 13m compared to 10 and 12. In the linear peptides 10 and 12, the position 2 alanine

also shows a negative shift, but this is still within the random coil window, in agreement with

the CD data discussed above.

The a-proton Ad values for acyclic bimane-bound 13m all lie well within the random coil
window of 6-8 Hz, indicating a random coil structure, in line with the Jy,, values (Figure
37). The A values calculated relative to the linear 10 (Adj.. = Ocyetised - Otinear)» fOI the position
3 modified-cysteine o-proton of 13m shows a significantly larger change than the position 1
and 2 alanines. This implies that attachment of a bimane to an amino-acid induces a notable
chemical shift change in these resonances, independent of any secondary structural changes

observed in the peptide. The Ad of the a-carbon (Figure 38) for the modified cysteine
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(position 3) of 13m, is larger than the two alanines. This Ad is more pronounced when
observing the position 3 AJ,;., which lies well within the 3-strand region, further confirming
that bimane attachment leads to a change in chemical shift. The Ad values are much less

significant or conclusive for the carbonyl carbon (Figure 39).

The alanine a-proton A for the bimane cyclised peptide 10d is positive — suggesting
enhanced f-strand structure, in agreement with the Jy,, and CD. However the Ad does not
lie within the defined [-strand region. Both the a-carbon and carbonyl carbon Ad for the 10d
position 2 alanine residue are quite negative, suggesting B-strand structure. However, the

Ad,,.., (relative to 10) for the position 2 alanine residue shows a much smaller value such that

linear

the Ady;,.,. lies within the random coil region. This implies that some of the observed structure

linear

is likely defined by the peptide sequence.

The Ad for the position 2 alanine a-proton of 12d is positive, representing a shift toward f3-

strand This shift is more prominent when the a-proton Ad is calculated, relative to 12, in

linear

which the alanine AJy;,, lies within the B-strand region, as shown in Figure 37. Similarly, the

linear

a-carbon and carbonyl carbons Ad for the alanine of 12d show a strong negative Ad (see

Figure 38 and 39) indicating a [B-strand like structure.

Both bimane cyclised peptides 11d and 12d show evidence of [-strand like structure. The
CD spectra suggest that 12d is slightly more structured that 10d due to the greater intensity of
the maximum at 186 nm and 226 nm minimum. That is, a i-i+2 bimane linker within a

tripeptide induces [-strand like structure.

Table 9: Sequence summaries for the o-alanine tripeptides, where Ac indicates an acetyl group and Am

indicates an amide. Residues with a *’ are bimane bound.

Residue
10 C A C
10d c* A c*
12 Ac Hcy A Hcy Am
12d Hey* A Hey*
13m A A c*
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3.2.2 The effect of increased backbone length: A study of 11d

The effect of an increased backbone length on an i-i+2 bimane-constrained tripeptide, as
compared to 10 (all standard a-amino-acids), was investigated through structural studies of f3-
alanine peptide 11d, shown in Figure 40. The acyclic peptide 14m (Figure 40), with a bimane
at position 3, was also investigated and compared to the unfunctionalised linear peptide 11,

such that any chemical or structural effects incurred by the bimane itself could be elucidated.

(@) (o]
N
N\ _N_7/
S

s
o) H o]
H H H H
PN N N )LJ:(N N
07 “NH, O™ "NH,
11 11d
o) o]
N
\_N_7/
o) o) o)
07 NH,

14m

Figure 40: Chemical structure of the three B-alanine containing tripeptides which were studied to investigate the

effect of a longer backbone in an i-i+2 bimane constrained peptide.

Circular dichroism

The CD spectra presented in Figure 41 were collected in 10 mM PBS at pH 7.2. The observed
minima and maxima are summarised in Table 10. The combination of a minimum at 196 nm
and the absence of a maximum, in the CD spectrum of the linear unfuctionalised peptide 11,
coupled with the weak intensity of the spectrum indicates that there is very little to no
secondary structure in the peptide. The acyclic bimane-bound peptide 14m shows only one
intense minimum at 198 nm, characteristic of a random coil structure. The [3-alanine bimane-
cyclised peptide 11d similarly shows a very intense minimum at 194 nm, however plateaus
between 215 and 220 nm before forming a distinct maximum at 237 nm. This spectrum is

3

somewhat similar to a poly-Glu CD spectrum reported in literature,”” which infers the

structure adopts a conformation similar to a Poly-Pro II helix.
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Figure 41: CD spectra for— 11, — 11d and — 14m collected on a Jasco J-810 spectropolarimeter at 150

UM in 10 mM PBS at pH 7.2.

Table 10: Summary of the wavelengths of the CD maxima and minima shown in Figure 41.

11 11d 14m
Minimum (nm) 196 194 198
Maximum (nm) - 237 -

Coupling constants

NMR structural studies for the tripeptides were carried out in d,-DMSO, the Jy\y, were
determined and are displayed in Figure 42. The J,y, for 11 could not be determined as the
NH resonances all overlapped, which was also the case for the a-protons. The position 1 and
2 alanine J,,y, for 14m are well below 6 Hz and suggest a helical structure, unlike the CD
data. The position 3 modified-cysteine Jyyy, 1 anomalously large. The position 2 alanine
Junne for bimane-cyclised 11d lies within the random coil region, and the bimane-bound
cysteine residues at position 1 and 3 are slightly higher and lie within the -strand region.
This data does not correlate with the observations made in the CD. New H' NMR data in 10%
D,0 in water were collected and J,;y, €xtracted in order to determine if the solvent induced a

structural change in the peptides to account for the disparity between the NMR and CD data.
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The NH and a-proton NMR resonances for the three tripeptides 11, 11d and 14m in water
were shifted notably compared to the spectrum in d,-DMSO. The Jy\y, in 10% aq. D,O are
also presented in Figure 42. The position 1 and 2 (3-alanine Jy;y, values in 10% D,O in water,
for the linear peptide 11, lie within the helical region which agrees with the observations
made in the CD. The B-alanine Jy,, for 14m are significantly larger in 10% aq. D,O such
that all Jyy, lie within the random coil region of 6-8 Hz, better matching the CD data.
However, the Jyy, for bimane-cyclised 11d are smaller in 10% aq. D,O compared to those in
DMSO. The position 2 alanine Jy;y, for 11d lies below 6 Hz and is therefore in the helical
region, although the position 1 and 3 modified-cysteine Jyyy, values still lie within the
random coil region, in comparison to the 11d Jyy,, values in 10% D,O in water are much
smaller and indicate slight helical structure. This Jjy, in water matches the CD data much
more closely than the DMSO J,,,;, values. This is a good example of the effect solvent can
induce on secondary structure, here bimane-cyclised 11d appears somewhat f3-strand like in
DMSO, however takes on a helical or turn-type structure 10% D,O in water. The remaining

NMR chemical shift data discussed was conducted in DMSO, and as such, cannot be

compared to the CD.
101 B-strand
N 8 B
<
o _
I
£
S 6
4 helical

11 11d 14m 11 11d 14m
(dmso) (dmso) (dmso) (water) (water) (water)

Figure 42: JunHa coupling constants for a series of tripeptides 11, 11d and 14m (Figure 40), determined in ds-
DMSO and 10% D20 in water at pH ~5.  B-strand region (> 8 Hz), " helical region (< 6 Hz).

NMR Chemical shift

The change in chemical shift (Ad) for the cysteine a-protons and the [-alanine o- and f3-

protons are collectively referred to as proton AJ in this section, as opposed to a-proton Ad. A
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reliable literature source for °C chemical shifts of 3-alanine in a known random-coil structure
could not be found, therefore carbon AJ relative to literature sources could not be calculated.
As such the a-carbon and carbonyl-carbon A are only calculated relative to the linear
peptide 11 (AJ,,,..,). Furthermore, as discussed above, the cysteine Ad cannot be included in
the structural analysis due to the bimane altering the observed resonances, independent of

structural changes. The amino-acid sequences for 11, 11d and 14m are summarised in Table

I11.

The linear peptide 11 shows negative proton Ad for all residues, as shown in Figure 43,
which suggests helical structure. The proton A of the acyclic bimane-bound 14m, are all

negative and lie within the helical region. However, the Ady,.,, are small for 14m, implying

linear
that there is limited secondary structure in 14m and any observed structure is likely a
characteristic of the analogous linear peptide 11. This is supported by the a-carbon and
carbonyl-carbon Ad

which shows very small Ad,,.,, values indicating that the structure of

linear linear

14m is very similar to 11. This implies that introduction of the bimane into 14m does not alter

the secondary structure of the tripeptide.

The observable proton A0 for bimane-cyclised peptide 11d are also negative, suggesting a
slight tendency toward helical structure. However the Ad are quite small, which implies very

little secondary structure present which is further supported by very small Ady,.,, (Figure 43).

linear
The a-carbon A, are negative, indicating B-strand like structure, however only one of the
two [-alanine carbons lie within the [3-strand region. Conversely, the observable position 2 f3-
alanine carbonyl-carbon Ad,,.,. (Figure 44) lies within the random coil region (position 1
cysteine is excluded). This NMR data is inconclusive and suggests that, in DMSO, 11d does
not exist in any defined secondary structure. The NMR spectrum itself however is quite
intriguing, every proton (except the bimane and acetyl methyls) in the structure appears as a
separate resonance, that is there are no signals which integrate for more than one proton.

Furthermore, only two resonances overlap — this is shown by the signal at ~2.75 ppm which

represents two 1H signals, correlated to one bimane methylene proton from each side of the
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bridge. The splitting pattern of all these resonances suggest that the 11d structure is in a
restricted conformation induced by the bimane in a way which isolates each proton to a
separate chemical environment. However it is not clear from the NMR chemical shift exactly

what this structure is and further studies are needed to elucidate this.

Table 11: Sequence summaries for the B-alanine tripeptides, where Ac indicates and acetyl group and Am

indicates an amide. Residues with a * are bimane bound

Residue
Compound 1 2 3
1 C BAla C
11d Ac c* BAla c* Am
14m BAla BAla c*
0.3 p-strand  E 0.3 B-strand
0.2 § 0.2-
— =
g- 0.14 8 0.1
2 0.0- = 0.0
3 E
% -0.1- & -0.14
I ]
-0.2- < -0.24
<
-0.34 helical £ -0.3 helical
1 2nh 2co 3 1nh 1co 2nh 2co 3 1 2nh 2co 3 :1 2rl1h 2Ico :; 1:1h 12;0 2Inh éco I3

Figure 43: The change in a-proton (left) relative to literature values' and the relative to the unfunctionalised
linear peptide 11 (right). B0 11, Il 114, Bl 14m;  B-strand region (> 0.1 Hz), " helical region (< -0.1
Hz).

17 helical 0.59
_— 0- —
£ £
g g
& ~ 00-
& s
£ £
2 2
00 . .
g a 0.5
3 (o]
O _34 (&)
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-4 1 1 1 1 1 1 1 |3 1 1 '1 -c L] L] L] B L] L]
1 2nh 2co 3 1nh 1co 2nh 2co 3 12 3 1 2 3

Figure 44: The change in a-carbon (left) and carbonyl carbon (right) chemical shift relative to the unfunctionalised

linear peptide 11. Il 11d, B 14m;  B-strand region (< -0.7 Hz), " helical region (> 0.7 Hz).
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3.3 Pentapeptides (i-i+4)

The linear pentapeptide 15, which contains cysteines at position 1 and 5, was cyclised on
reaction with dibromobimane to give 15d (Figure 46). Studies on the secondary structure of
this compound form a base for an extended investigation into the use of a bimane linker as an
i-i+4 constraint. 3-alanine and homocysteine were substituted into the sequence of 15 to give
16, 17 and 18, which were then cyclised on reaction with dibromobimane to give 16d, 17d
and 18d respectively, shown in Figure 46. Peptide 16d contains [-alanine at positions 2-4, in
place of alanines at these positions in 15d. This provides an opportunity to investigate the
effect of a longer, more flexible backbone on the secondary structure of an i-i+4 linked
bimane peptide. Bimane-cyclised peptide 17d with a single 3-alanine at position 4 provides
an intermediate backbone length to allow comprehensive investigation into the effect of
increasing backbone length. The peptide 16d has bimane-modified homocysteine at position 1
and 5 to provide an opportunity to investigate the effect that a longer linker has on secondary

structure.

Peptide 19m contains a-alanines at position 1-4 and a bimane functionalised cysteine at
position 5, in contrast peptide 20m employs B-alanine at positions 1-4. The acyclic bimane-
bound peptides, 19m and 20m (Figure 46) were synthesised to determine if introducing the
bimane alone into a pentapeptide induced a chemical change, independent of any structural
changes, as discussed at the beginning of this chapter. The CD and NMR data of 19m and
20m were compared to the linear precursor peptides 19 and 20 (Figure 46), respectively, to
achieve this. Once it was determined if the bimane had induced a chemical shift in the acyclic
pentapeptides 19m and 20m, these peptides were then compared to the cyclised peptides 15d
and 16d respectively. The bimane-cyclised peptide 18d, with central a-alanines and
homocysteines at positions 1 and 5, was deemed more similar to 15d (than 16d) and was
therefore also compared to 19 and 19m. It was concluded peptide 17d was more similar to the

[-alanine containing peptides (on inspection of the CD and NMR data) and was therefore
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compared to 20 and 20m. The CD and NMR data for these two sets of peptides [15, 15d, 18d,

19m] and [16, 16d, 17d, 20m] were evaluated separately to simplify the analysis.

s

O
15d 16d
SH HS. SH
N "N -~ N 2 N
H :OH POH H \/\“/\/\I(Wf
(0] = (0] = (0] (o] O (0] (o]
07 NH,
15 16

18d

HS
T AT e A R T
N N N ZYWWWWf
(0] = (o] = (0] (0] (@] (0] (0] OO NH,

19 20

o ©

3 B

P H H H H HoS
)LHJ\IJN;QLHJ\[JNE)L%JNHz \ng\[ng\[gN\/\gN\/TN

19m 20m

Figure 46: Chemical structures of the linear peptides, the acyclic bimane attached counterparts and the cyclic

bimane pentapeptides.

CD was conduced with samples at 150 pM concentration in 10 mM PBS at pH 7.2. NMR
spectroscopy was conducted in 10% D,O in H,O at pH ~5, and referenced to DSS. Jiynua
coupling constants were extracted, and chemical shifts of key residues compared to literature

values where applicable.

60



3.3.1 The effect of bimane cyclisation and increased linker length: A study of
15d and 18d

JunHa Coupling constants

The Jypu, coupling constants, extracted from the 'H 1D NMR, for the alanine rich peptides
15, 15d, 18d and 19m (Figure 47) are represented in Figure 48. The linear pentapeptide 15
appears to adopt a helical structure as the position 2 and 3 alanine Jyy, coupling constants
are below 6 Hz and the position 4 alanine is only 6.1 Hz. Alanine is known to enhance a-

helical structure™ ">’

,and as 3 of 5 residues in 15 are alanine, it is not surprising this linear
peptide naturally displays some helical structure. The Jy;y, for the 1 and 5 position cysteines
of 15 are larger in magnitude compared to the central alanine residues, which may imply
some flexibility at the peptide termini. A Jyy, could not be determined for all residues in 15d

and 19m due to overlapping NH resonances and overlap of the a-protons resonances with the

broad D,0O/HDO peak.

The cysteine Jyy, for 15, 15d and 18d are all notably higher than other alanine residues,
which suggests the bimane may influence the Jyy;,. The acyclic bimane-bound peptide 19m,
appears to adopt some helical structure with the position 1 and 2 alanine Jj;,, coupling
constants well below 6 Hz. Furthermore, the observable Jj;y, for position 2 and 3 alanines of
15d are also within the helical region. The position 1 cysteine and position 2 and 4 alanines in

18d are also below 6 Hz, similarly implying the presence of some helical structure.
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Figure 47: The pentapeptides structures which were analysed by CD and NMR in section 3.3.1
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Figure 48: Junha coupling constants for a series of pentapeptides 15, 15d, 18d and 19m, determined in 10% D->0O

in water at pH ~5;  B-strand region (> 8 Hz),

NMR Chemical Shift

helical region (< 6 Hz).

The change in chemical shift (Ad) relative to random coil literature values was calculated for

15, 15d, 18d and 19m, and these are displayed graphically in Figure 49 and Figure 50. The

amino-acid sequences of 15, 15d, 18d and 19m are summarised in Table 12. As seen for the

tripeptides discussed above, the bimane-bound cysteines show a dramatically different Ad

compared to the alanine residues, which is likely due to the attachment of the bimane itself.

Therefore the cysteine A are discounted from the structural analysis.
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The linear peptide 15 shows negative A0 for all five residues (Figure 50A), in which two
have shifted enough to lie within the helical region, therefore suggesting a somewhat helical
structure, in agreement with the Jy,. A °C 1D spectrum of 15 was not obtained, as 15 could

not be solubilised in D,0O in sufficient concentration.

The a-proton A of all residues in the acyclic bimane-bound 19m have shifted negatively,
however all Ad are still within the random coil region. The a-proton Ady,., plot for 19m

(Figure 49B) shows a very small Ad which implies that the bimane attachment has not

linear»
significantly altered the peptide structure. Both the oa-carbon and carbonyl carbon Ad

(excluding the position 5 cysteine) are very small, reinforcing that 19m has little to no

secondary structure.

The A for the a-protons in the bimane-cyclised 15d are slightly negative and well within the

random coil window. Furthermore the Ad relative to 15, are also within the random coil

linear»
range suggesting that there is very minimal secondary structure in 15d. The alanine a-carbon
Ad (Figure 50A) for 15d are all at least 0.7 ppm which suggests a somewhat helical structure,
however the A for the position 2-4 alanine carbonyl-carbons are well within the random coil

range. Therefore it is concluded that although there may be a slight tendency for helical

structure, there is no strong, regular secondary structure in 15d.

Compound 18d, cyclised with a bimane through the position 1 and 5 homocysteines, shows
negative a-proton Ad values, of which the alanine residues 3 and 5 have shifted by at least -

0.1 ppm, therefore suggesting helical structure. However, when the a-proton Ad are

linear

calculated, relative to the linear 15, the Ad is very small. This implies some or all of the

linear
structure observed in 18d may be inherent in the linear amino-acid sequence and not a result
of the cyclisation. The Ad for the alanine a-carbons (Figure 50A) is positive, also implying
helical structure in line with the Jyy;,, however only the position 2 alanine lies in the helical
region. The carbonyl Ad are strongly positive, reinforcing the suggestion of helical structure

in 18d. Therefore it can be said that the NMR data for 18d suggests this bimane-cyclised

homocysteine peptide is somewhat helical.
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Table 12: Summary of the peptide sequence for 15, 15d, 18d and 19m. Ac represents an acetylated N-terminus,
and Am indicates a C-terminal amide. Hcy represents a homocysteine residue and * indicates attachment to a

bimane.
Residue
Compound 1 2 3 4 5
15 C A A A C
15d Cc* A A A c*
Ac Am
18d Hcy* A A A Hcy*
19m A A A A c*
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Figure 49: o-Protons chemical shifts relative to literature random coil values (left) for a series of pentapeptides
and relative to the linear unfunctionalised peptide 15 (right). EEl15, B 15d, 1 18d, B8 19m,  B-strand region

(> 0.1), I helical region (< -0.1 Hz)..
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Figure 50: The change in a-carbon (left) and carbonyl carbon (right) chemical shift relative to literature random
coil values. B 15d, 1 18d, B8 19m,  B-strand region (< -0.7 Hz), I helical region (> 0.7 Hz).

Circular Dichroism

The CD spectrum of the linear peptide 15, shown Figure 51, reveals a distinct minimum at
198 nm accompanied by a minimum at 222 nm, which suggests the formation of some helical

structure, in agreement with the NMR data. However the weak intensity of this spectrum
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suggests that the helical structure is not very prominent, that is, 15 is not structured. The
acyclic bimane bound peptide 19m, with a bimane attached to position 5, similarly shows a
large minimum at 197 nm and a slight plateau near 222 nm. This indicates that the bimane
itself does not induce any secondary structure. The minimum at 197 nm in 19m is at
significantly greater intensity than in 15 which suggests that 19m has no secondary structure,

in line with the NMR data.

The CD spectrum of the bimane-cyclised peptide 15d (Figure 51) shows a large minimum at
199 nm. There is a plateau at 218 nm, as for acyclic bimane-bound 19m, and at low
wavelengths (186 nm) the intensity has increased suggesting the formation of a maximum
outside the observed wavelength range. This combination of maxima and minima may
indicate weak helical structure, however interestingly there is also a maximum at 242 nm
present. This combination of maxima and minima does not represent any of the CD spectra
reported in literature.™ > ' The NMR and CD data combined suggest that there is not a
defined secondary structure present in 15d, however it may be hypothesised that the bimane

linker has contorted the peptide into a restricted irregular structure.

A large minimum is shown at 200 nm in the CD spectrum for the bimane-cyclised peptide
with homocysteine at positions 1 and 5 (18d). This minimum has shifted to a higher
wavelength and therefore nearer to the 208 nm minimum expected for helical structure, as
compared to linear 15 and acyclic bimane-bound 19m, in agreement with the NMR data. A
maximum at 186 nm further supports the formation of a helical secondary structure. There is
a slight inflection in the spectrum around 221 nm, where the plateau is observed in 15 and
19m. Therefore the combined CD and NMR data predict the presence of helical structure in
bimane-cyclised 18d. The relative ratio of this slight plateau at 221 nm and the minimum at

200 nm suggest the formation of a 3, helical structure (as opposed to a-helical structure).
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Figure 51: CD spectra for == 15, — 15d, = 18d and = 19m collected on a Jasco J-810

spectropolarimeter at 150 pM in 10 mM PBS at pH 7.2.

Table 13: Summary of CD maxima and mimima as shown in Figure 51, accompanied by %helicity calculated

from the MRE intensity at 215 nm.

15 15d 18d 19m
Minima 198 199 - -
222 200 197
Maximum - 242 186 -
215/208 1.18 0.56 0.49 0.47
% a-Helicity'? 29 42 52 35

In conclusion, CD and NMR data revealed that the bimane-attached acyclic peptide 19m and

linear peptide 15 showed no distinct secondary structure, therefore implying that introduction

of the bimane into a peptide does not significantly alter the pentapeptide structure. The

structure of bimane-cyclised peptide 15d appeared to be restricted (i.e. not freely flexible),

however this restriction did not result in a defined secondary structure. In comparison, the

homocysteine-bimane linker of 18d appeared to induce 3,, helicity in the pentapeptide, a 38%

increase in helicity compared to the unmodified 15.
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3.3.2 The effect of bimane cyclisation and increased backbone length: A study
of 16d and 17d

JunHa coupling constants

The Jynu. coupling constants for all alanine residues in peptides 16, 16d, 17d (positions 2-4),
and 20m (positions 1-4) were below 6 Hz (except for position 2 in 16 at 6.1 Hz), which
suggests some helical structure in all four peptides. The Jyy, for both 16 and 16d at the
position 1 and 5 cysteine residues were larger in comparison to the central alanine residues,
which may suggest some flexibility at the peptide termini. The Jyyy, of the linear 16 and
bimane-cyclised 16d are very similar suggesting that introduction of the bimane linker did not

induce a significant effect on the secondary structure of the peptide.

D
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Figure 52: The structures of pentapeptides 16, 16d, 17d and 20m which were analysed by CD and NMR

techniques in section 3.3.2
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Figure 53: Junha coupling constants for a series of pentapeptides 16, 16d, 17d and 20m, determined in 10% D->0O

in water at pH ~5.  B-strand region (> 8 Hz), | helical region (< 6 Hz).

NMR Chemical shift

The change in carbon chemical shift, shown in Figure 57, are Ad,,,.,, calculated relative to 16.
As discussed in the Tripeptides section, a reliable literature source for -alanine carbon
chemical shifts could not be found and as such only Ad,,., are discussed here. Furthermore,
as both the a- and (-protons in [-alanine are located in the peptide backbone, and therefore
structurally relevant, proton Ad (as opposed to a-proton AJ) is discussed in this section.

Proton A8 encompasses the cysteine o-protons and all 3-alanine protons.

The proton Ad for linear 16, shown in Figure 55, transitions from negative N-terminal values
through to positive Ad values at the C-terminal. The lack of a trend in the proton Ad suggests
random coil type structure. Similarly for bimane-cyclised 16d and 17d, a wide variety of Ad
values are observed with no trend, thereby indicating no secondary structure. However in the
acyclic bimane-bound 20m, all bar one resonance shifts negatively as shown in the proton Ad
in Figure 55A. This same trend is observed for the Ad,,., (relative to 16) of 20m. This
suggests a tendency toward helical structure induced by attachment of the bimane linker,
however, all these values still lie within the random coil window. Hence the proton Ad

suggests that none of the four peptides, 16, 16d, 17d, or 20m, display any secondary
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structure. [3-Alanine is quite flexible due to the sp>-hybridised carbons in comparison to the
sp’-hybridised a-carbons in o-amino-acids, accounting for the very random Ad for these

peptides.

The acyclic bimane-bound 20m shows one negative a-carbon Ad,,.,. (excluding the cysteine
at position 5) (Figure 13) in the position 2 -alanine. The remainder of the residues show very

small AJ, indicating random coil structure. Similarly, the carbonyl-carbon Ady;,.,. (Figure 14)

linear
show almost no change. This suggests that 20m is in a random coil state, the same as 16, and

therefore that the bimane does not incur any structural changes in the peptide, in agreement

with the observable Jyy,-

The a-carbon AJy,., for bimane-cyclised peptide 17d, with mixed o/ 3-alanine backbone, are

linear
all quite negative (Figure 57) suggesting 3-strand structure. The Ad,,., for the carbonyl-

carbons are instead positive, and this inconsistency between the different Ad suggests that

there is no defined secondary structure for 17d.

The B-alanine bimane cyclised peptide 16d shows a-carbon A9y, values which all lie within
the random coil window (excluding the position 1 and 5 cysteines). This is also the case for

the carbonyl-carbon Ad Therefore the NMR data suggests that 16d is not structured.

linear*

Table 14: Sequence summaries for the p-alanine pentapeptides, where Ac indicates and acetyl group and Am

indicates an amide. Residues with a * are bimane bound

Residue
Compound 1 2 3 4 5
16 C BAla BAla BAla C
16d Ac Cc* BAla BAla BAla Cc* Am
17d c* A A BAla c*
20m BAla BAla BAla BAla Cc*
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Figure 54: Backbone proton chemical shifts relative to literature random coil values <" for a series of $-alanine

containing pentapeptides. The residues are labelled on the x-axis where 2n represents the protons on the (-
alanine carbon neighbouring the NH, and 2o represents the protons on the (-alanine carbon next to the CO etc.
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Figure 55: Backbone proton chemical shifts relative to the unfunctionalised linear peptide 16, for a series of 3-
alanine containing pentapeptides. The residues are labelled on the x-axis where 2n represents the protons on the
B-alanine carbon neighbouring the NH, and 2o represents the protons on the -alanine carbon next to the CO etc.

=1 16d, =m17d, mm20m;  (-strand region (> 0.1 Hz), ©  helical region (< -0.1 Hz).
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Figure 56: Backbone carbon chemical shifts relative to the unfunctionalised linear peptide 16, for a series of 3-
alanine containing pentapeptides. The residues are labelled on the x-axis where 2n represents the protons on the
B-alanine carbon neighbouring the NH, and 2o represents the protons on the -alanine carbon next to the CO etc.
= 16d, =m17d,mm20m;  (-strand region (< -0.7 Hz), I helical region (> 0.7 Hz).
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Figure 57: Backbone carbonyl carbonchemical shifts relative to the unfunctionalised linear peptide 16, for a
series of 3-alanine containing pentapeptides. The residues are labelled on the x-axis where 2n represents the
protons on the B-alanine carbon neighbouring the NH, and 2o represents the protons on the B-alanine carbon
next to the CO etc. =1 16d, =m17d, mm20m;  [(-strand region (< -0.7 Hz), I helical region (> 0.7 Hz).
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Circular Dichroism

The CD spectrum for the linear peptide 16 shows only a very weak minimum at 196 nm,
strongly suggesting that this compound is not structured, in agreement with the NMR
chemical shift data. The spectrum of the acyclic bimane-bound (3-alanine pentapeptide 20m
shows two minima, one at 199nm and another at 215 nm. This suggests some helical structure

apparent in the peptide, confirming the observations made in the proton Ad data.

The (-alanine bimane-cyclised peptide 16d has a CD spectrum which shows minima at
similar wavelengths to 20m, at 198 and 209 nm. However these minima have shifted further
away from the 208 and 215 nm minima expected for helical structure and furthermore the 198
nm minimum is greater in intensity than the corresponding minimum (199 nm) in 20m
indicating that 16d is more random-coil like than 20m. This agrees with the chemical shift
data, which showed very small Ad. However a maximum at 242 nm in the CD spectrum of
16d, in combination with the 209 minimum somewhat resembles a Poly-Pro II type helix
reported in literature.'” Poly-Pro type helices are very tight turns, which would support the

low Jy\yq Observed.

The mixed o/ (3-alanine bimane-cyclised peptide 17d, a minimum at 198 nm and a notable
maximum 238 nm suggest slightly less structured Poly-Pro II helix.'” However, it must be
noted for all four peptides, 16, 16d, 17d, and 20m the MRE intensity is quite low which
implies any structure observed is quite weak. This is reflected in the percentage helicity

values shown in Table 2.

In conclusion, the -alanine bimane-attached peptides, 16, 16d, 17d and 20m show much
more flexible structure than the a-alanine analogues, 15, 15d, 16d and 19m. This is reflected
in both the NMR and CD data, and although 16 and 20m are all quite disordered, the CD data
for 16d and 17d shows similarities to a Poly-Pro II helix which suggests a tight coiled

structure.
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Figure 58: CD spectra for — 16, — 16d, — 17d and — 20m collected on a Jasco J-810 spectropolarimeter
at 150 uM in 10 mM PBS at pH 7.2.

Table 15: A summary of the observed maxima and minima observed in the CD, and %helicity values calculated

from the CD spectrum shown in Figure 58.

16 16d 17d 20m
Minima 196 209 198 215
198 199
Maximum - 242 238 -
215/208 0.90 0.80 0.43 1.21
% a-Helicity'?® 13 17 11 27

3.4 Chapter conclusions

The secondary structure of a series of bimane cyclised tri- and penta- peptides were
investigated through CD and NMR techniques. It was determined that by introducing a
bimane i-i+2 linker, 3-strand structure could be induced in a tripeptide. In a pentapeptide the
i-i+4 bimane linker did not induce any defined secondary structure, however when the
cysteines were replaced by homocysteines at the 1 and 5 positions, to give a longer bimane

linker, a somewhat 3,, helical structure was observed. B-Alanine was also substituted in the
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peptide backbone in place of the central alanines, particularly the (3-alanine bimane-cyclised
pentapeptides displayed very little secondary structure. Although the CD spectrum somewhat
resembled that of a poly-pro II helix implying a tightly coiled structure, this structure is likely

flexible and transient.

It should be noted that no distinct NOE patterns were observed for any of the peptides
discussed in Chapter 3, which suggests that any secondary structure observed is somewhat
transient. However, as these are quite short peptides there is a limited number of NOEs which
could be observed in a peptide with secondary structure. Furthermore, amide-derived
temperature coefficients (shown in the Appendix) were all above -4 ppb/K which further

supports the hypothesis that the secondary structure is slightly fluid.

The structure of alanine-rich octapeptides i-i+7 bimane-cyclised peptides 21d and 22d were
also studied by NMR and CD however the analysis was only partially complete by the time of
submission so were omitted. However preliminary results suggest a somewhat helical

structure for 21d in aqueous solution.

This study demonstrates that the bimane-cyclisation can induce secondary structure in short
peptides, in which an i-i+2 constraint results in [-strand structure and an extended bimane

linker (through use of homocysteine) in a i-i+4 conformation can lead to a helical structure.
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Chapter 4: Thesis conclusions & future directions

This work demonstrates that the reaction of dibromobimane with short peptides can be carried
out on a wide variety of peptide sequences, constraint lengths and on peptides of varied length
in a facile manner. Monitoring the fluorescence increase over time allowed optimisation of
the solution phase reaction conditions, to show that 0.5 mg/ml of peptide in 10 mM PBS with
one equivalent of dibromobimane gives a complete reaction in under 30 minutes. This
revealed that buffer is essential for the reaction to occur efficiently and furthermore that high
peptide concentrations, or more than one equivalent of dibromobimane, can limit the reaction
efficiency. These conditions were also applied to react monobromobimane with peptides with
similar efficacy. This method was applied to cyclise a variety of peptides which varied from 3
to 18 amino-acids in length, with constraint distances of i-i+2, i-i+4 and i-i+7, and a wide

array of amino-acid combinations to show that the reaction is not limited by the peptide.

Furthermore, cyclisation on reaction with dibromobimane was carried out while the peptide
was attached to a resin-support. This reaction route allows a method with which to selectively
deprotect and react a specific cysteine with a bromobimane in a sequence which may contain

additional thiols.

The fluorescent properties of a set of alanine-rich peptides (10d, 13m, 15d, 19m, 21d and
23m) were investigated through 96-well plate experiments. It was determined that these six
peptides, although of varying length and different constraint distances, displayed the same
maximum excitation and emission wavelength. The i-i+2 bimane-cyclised peptide displayed
lower fluorescence than the i-i+4 cyclised peptide that in turn showed lower intensity than the
i-i+7 constrained peptide, furthermore, the bimane-cyclised peptides displayed greater
fluorescence intensity than the analogous mono-functionalised bimane peptide. A detection
limit for the fluorescence of a representative bimane-peptide 15d was determined to be 10
nM, as detected by a plate reader. This limit is expected to be further improved upon when

analysed on a more sensitive instrument such as a confocal microscope. Additionally,
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variations in pH around a physiological range did not affect the observed fluorescence,
therefore the bimane-cyclised peptides have been shown to be well suited to use in a

biologically relevant setting, specifically in the application to PPI inhibitors.

The secondary structure of bimane-attached tri- and penta- peptides were analysed through
CD and NMR techniques. It was revealed that by implementing a bimane linker, in an i-i4+2
fashion into a tripeptide, in which the central atom was alanine, 3-strand structure could be
induced, shown by 10d and 12d. However, if the position 2 residue is instead the backbone-
extended P-alanine, as in 11d, a restricted turn-like structure is produced in which every
proton in the structure appears as a separate resonance in the NMR spectrum. Helical
structure was induced in 18d which was cyclised in an i-i+4 manner through the 1 and 5

position homocysteine residues.

This work lays a foundation to allow bimane-cyclised peptides to be implemented as protein-
protein interaction inhibitors. The bimane linker can be readily installed in a variety of
sequences, and the facile nature of this reaction can allow a variety of analogues to be
efficiently synthesised when probing the best linker position in a protein-protein interaction. It
has been shown that the fluorescence of these compounds can be detected at suitably low
concentration to establish biological applicability and the pH does not influence the
fluorescence therefore reinforcing that it will be simple and effective to implement bimane-
attached peptides in a biological setting, thereby providing an avenue to begin overcoming
one of the traditional small molecule hurdles, and avoid introducing an additional fluorescent

tag into a potential therapeutic.

Along with further secondary structural optimisation, future work would include examining
how well a bimane linker can inhibit protease degradation of a set of biologically relevant
peptides. Furthermore, as dibromobimane has been implemented ex vivo and in vivo it is
hypothesised that the bimane moiety may aid cell-permeability of the bimane-attached
peptide. Demonstrating increased permeability of a biologically-relevant bimane-attached

peptide in vitro would be the first step in fulfilling this third drug-design hurdle.
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Lastly, the bimane fluoresces in the blue-region of the spectrum, in which cell-auto-
fluorescence also emits. It is desirable to chemically modify the bimane moiety to red-shift
the fluorescence such that it is more easily distinguishable from the background fluorescence.

However, this modification would have to be carefully considered.

Through this work we have proven the usefulness of a fluorescent bimane-linker as a means
to begin to overcome some of the inherent issues in designing an effective constrained-

peptide PPI inhibitor and provided good data with which to begin this process.
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Chapter 5: Experimental Methods

5.1 Materials:

All reagents and solvents were obtained from Sigma Aldrich unless specifically listed below.
All Fmoc-protected amino-acids and coupling agents (HATU, HCTU & PyBOP) used were
obtained from Chem-Impex International. Dibromobimane and monobromobimane were
purchased from Frontier Scientific. The solvents N,N-dimethylformamide (DMF),
dichloromethane (DCM), acetic anhydride (Ac,0O) and piperidine were obtained from Merck
& Co. Inc.; methanol was obtained from Scharlau; and acetone & ethyl acetate from Chem
Supply. N,N’-Diisopropylethylamine (DIPEA) was obtained from Alfa Aesar. Compounds for
buffer solutions, disodium hydrogen phosphate dihydrate and sodium dihydrogen

orthophosphate were obtained from Merck & Co. Inc. and Univar respectively.

5.2 Methods:

5.2.1 Stock Solutions

Solution A (Deprotection: 20% piperidine with 0.1 M HOBt in DMF)

Piperidine (10 mL) and 0.72 g HOBt in DMF (10 mL) were combined with DMF (30 mL).

Solution B (Coupling: 0.5 M HATU in DMF)

HATU (1.9 g,0.5 M) was dissolved in DMF (10 mL).

Solution C (Cleavage: Acidolysis — TFA with scavengers)

TFA (9.25 mL) was combined with DODT (250 uL), TIPS (250 pL) and H,O (250 pL).
Solution D (Capping: Acetylation)
Ac,0 (870 pL) and DIPEA (470 pL) were combined with DMF (10 mL).

Solution E; (TNBS/Free amine Test)

5% aq. TNBS (200uL, 50 pg/mL) was added to DMF (800 uL).
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Solution E; (TNBS/Free amine Test)

DIPEA (50 puL) was added to DMF (950 pL).

5.2.2 General Method 1a: Coupling of standard amino-acids

Rink amide PL resin (500 mg, 0.4 mequiv/g) was combined with 1:1 DCM/DMF (10 mL) and
stirred intermittently for 15 min to allow swelling. The solution was removed by filtration and
the resin washed with DMF (3 x 10 mL). The N-terminal Fmoc group was removed by
addition of solution A (10 mL) to the resin and stirred intermittently for 15 min. The mixture
was again filtered and the resin washed with DMF (5 x 10 mL), DCM (2 x 10 mL) and DMF
(5 x 10 mL). Fmoc-Protected amino acid (5 equiv) for coupling was dissolved in a mixture of
DIPEA (10 equiv, 348 uL), solution B (5 equiv, 2 mL) and DMF (8 mL). The mixture was
added to the resin and stirred intermittently for 1 h. The resin was isolated by filtration and
washed with DMF (5 x 10 mL), DCM (2 x 10 mL) and DMF (5 x 10 mL). This sequence was
repeated using the appropriate Fmoc protected amino-acid to give the final peptide sequence.
The N-terminal Fmoc was removed by addition of solution A (10 mL) to the resin and stirred
intermittently for 15 min. The solution was removed and the resin was washed with DMF (5 x

10 mL), DCM (2 x 10 mL) and DMF (5 x 10 mL).

After each deprotection and coupling step, a small amount of resin (micro spatula-full) was
transferred from the bulk reaction and tested for the presence of a free amine by addition of
solution E; (50 pL) and solution E, (50 pL). Free amine is indicated by the resin undergoing a

colour change to red within 1 min.'”

5.2.3 General Method 1b: Coupling of unusual amino-acids

Fmoc-Protected amino acid (2 equiv) was dissolved in a mixture of DIPEA (4 equiv, 138 pL),
solution B (2 equiv, 0.8 mL) and DMF (8 mL). The mixture was added to the resin and stirred

intermittently for 16 h. The solution was then removed and the resin washed with DMF (5 x

10 mL), DCM (2 x 10 mL) and DMF (5 x 10 mL).
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5.2.4 General Method 2: Acetylation

Solution D (10 mL) was added to the N-terminal deprotected peptide on resin and stirred
intermittently for 15 min. The solution was removed and the resin washed with DMF (5 x 10
mL), DCM (2 x 10 mL) and DMF (5 x 10 mL). A small amount of the resin (micro spatula-
full) was transferred from the bulk reaction and tested for the presence of a free amine by
addition of solution E, (50 pL) and solution E, (50 pL). Free amine is indicated by the resin

undergoing a colour change to red within 1 min

5.2.5 General Method 3: Cleavage of peptide from the resin

The resin with attached peptide was dried by washing with DMF (5 x 10 mL), DCM (2 x 10
mL), DMF (2 x 10 mL), DCM (5 x 10 mL) and diethyl ether (3 x 10 mL); any remaining
ether was allowed to evaporate overnight. The resin was added to solution C (10 mL) and
agitated on a rocker for 2 h. The TFA solution was removed from the resin by pipette and
then concentrated to ~1-0.5 mL under a N, stream. Diethyl ether (10 mL) was added, and the
solution refrigerated overnight at 4°C. The mixture was spun down (7800 rpm, 10 min) and
the supernatant decanted from the precipitate. The precipitate was dried under a stream of N,
dissolved in 50% aq. ACN (~5 mg/mL) and then lyophilised to give the crude product as a
white fluffy solid. The process was repeated for a further 4 h to improve the yield in some

cases as specified below.

5.2.6 Method 4: On resin cyclisation®

Mmt protecting groups were removed from cysteine sulfhydryl groups from N-terminally
protected peptides attached to resin by the addition of 2% TFA in DCM (5 mL) with standing
for 1 min. Following each treatment with 2% TFA the resin was washed with DCM (3 x 5
mL), and the treatments repeated until the solution no longer turned yellow on addition to the
resin. The resin was washed successively with DCM (3 x 10 mL) and DMF (5 x 10 mL). The
peptide was reacted with dibromobimane (2 equiv, 140 mg) and DIPEA (4 equiv. 138 pL) in
DMF (10 mL) for 3 h, the resin was then washed with DMF (5 x 10 mL), DCM (2 x 10 mL)

and DMF (5 x 10 mL) to give the cyclic peptide.
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5.2.7 Method 5a: Off resin cyclisation with dibromobimane

Linear peptide (10 mg, 22.9 pumol, 5.73 mM) in 50% aq. ACN (4 mL) and dBB (8.01 mg, 1
equiv., 22.9 pmol, 5.73 mM) in MeOH (4 mL) was combined with 100mM pH 7.2-7.8
phosphate buffer solution (2 mL), TFE (2 mL) and milliQ water (8 mL) and agitated on a
rocker for 45 min. The solution was diluted with milliQ water and lyophilised to give the

crude product as a fluffy yellow solid.

5.2.8 Method 5b: Off resin cyclisation with monobromobimane

Linear peptide (10 mg, 229 pmol, 573 mM) in 50% aq. ACN (4 mL) and
monobromobimane (6.22 mg, 1 equiv., 22.9 umol, 5.73 mM) in MeOH (4 mL) was combined
with 100mM PBS (2 mL), TFE (2 mL) and milliQ water (8 mL) and the mixture agitated on a
rocker for 20 min. The solution was diluted with milliQ water and lyophilised to give the

crude product as a fluffy yellow solid.

5.2.9 Method 6: Automated Purification

Purification was carried out on a Gilson Semi-preparatory RP-HPLC using a Phenomenex

Luna C18(2) column.

Linear peptides were purified using a gradient of 0-60% aq. ACN over 20 min. Appropriate

fractions were combined and lyophilised to give the purified product as a white fluffy solid.

Bromobimane cyclised peptides were purified using a gradient of 20-50% aq. ACN over 15
min. Appropriate fractions were combined and lyophilised to give the purified product as a

pale yellow fluffy solid.

The peptides 28 and 28d were purified using a gradient of 25-50% aq. ACN over 20 min.
Appropriate fractions were combined and lyophilised to give the purified product as a pale

yellow fluffy solid.

5.2.10 Method 7: Manual Purification

A DSC SPE-C18 2 g column was activated with methanol (10 mL) for 15 min and then
washed with water (5 x 10 mL). Crude cyclised peptide (4 mL, 5 mg/ml) in aq. ACN (< 5%)
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was loaded onto the column, and the products eluted over a gradient of 5-50% aq. ACN.
Desired fractions were identified by analytical RP-HPLC and the appropriate fractions

combined and lyophilised to give product as a pale yellow fluffy solid.

5.3 Analysis

5.3.1 Analytical Methods

Product purity was confirmed by RP-HPLC on a Phenomenex Luna C18(2) column over a
gradient of 0-100% aq. ACN over 15 min. Product identity was confirmed by High

Resolution mass spectrometry on an Agilent 6230 ESI-TOF LCMS.

5.3.2 NMR Spectroscopy

Characterisation spectra were acquired on an Agilent 500 MHz spectrometer or Oxford 600
MHz Spectrometer as specified in the appropriate compound experimental detailed as
follows. All 2D structural characterisation data for the penta- and octa-peptides was acquired
in 10% D,O in H,0O at ~pH 5 and 298 K on a Oxford 600 MHz spectrometer using ES

suppression sequences unless otherwise specified.

5.3.3 Circular Dichroism

Samples were prepared from aqueous peptide stock solutions of concentration determined by
NMR. Concentration was determined using the “Determine Concentration” function in
Agilent VnmrJ software using a caffeine reference standard. Final concentrations of the CD
samples were confirmed by analytical HPLC and readjusted as necessary. CD samples were
prepared at 150 uM concentration at pH 7.2 in a) 10 mM phosphate buffer or b) 10 mM
phosphate buffer in 50% TFE. Circular dichroism spectra were acquired on a Jasco J-810
spectropolarimeter at the UniSA Biophysical Characterisation Lab. Spectra were recorded at
298 K in a 1 mm quartz cell over a wavelength range of 260-185 nm. A scan rate of 20
nm/min was employed, with a bandwidth of 1.0 nm, D.I.T. of 1 sec and data pitch of 1.0 nm,

excepting the 8-mers in which a 0.5 nm data pitch was used. All spectra presented represent
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the averaging over 5 accumulations and then processed using the associated Spectral Analysis

program and smoothed using the ‘Savitzy-Golay’ function.

5.3.4 Plate Reader Experiments

All fluorescence values were measured (from the bottom) at an excitation wavelength of 385
nm and emission wavelength of 477 nm unless otherwise specified, on a H4 Synergy Plate
Reader, with Xenon light source and a slit width of 9.0. Gain was varied dependent on the

concentration of the samples analysed.

Optimisation Experiments

Peptide stock solutions were prepared in 50% aq. ACN, and dibromobimane stock solutions
prepared in methanol with 10% the volume of the final reaction solution. A stock solution of
100 mM PBS or 100 mM AAB was prepared. The reagents were added in the required ratio,
however dibromobimane was always the final reagent added to each well and the 96-well
plate scanned by the plate reader immediately after addition of dibromobimane to the last

well. The fluorescence was measured as described above with a gain of 60.

Fluorescence Experiments

Bimane cyclised peptides were prepared at the desired concentration in 10 mM PBS at pH 7,
and the fluorescence measured at 477 nm, with an excitation wavelength of 477 nm. Gain was

varied from 50 to 80 dependent on the concentration of wells analysed.
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5.4 Syntheses

Compound 9 — H,N-CAAAC-NH;

SH HS

Hof Hof

N N NH
o - o * o)

9

The peptide was synthesised with Fmoc-Cys(Trt)-OH and Fmoc-Ala-OH as per Method 1a,
and then cleaved off the resin by Method 3 to give 9 as a white fluffy solid. Analytical HPLC:
0-100% over 15 min, R, = 6.1 min; HRMS (ESI+) [M+H]" calculated for [C,sH,sN(OS,]:
436.1562; observed: m/z 437.1676; '"H NMR (500 MHz, 10% aq. D,0) 6 4.48 (dd, J = 5.62,
6.85 Hz, 1H), 4.18 - 440 (m, 4H), 301 - 3.17 (m, 2H), 2.86 - 2.99 (m, 2H), 1.34 - 1.46 (m,

6H) ppm.

Compound 10 — Ac-CAC-NH;

HS
o SHH o
)LN N\Z)LN NH,
HoDooow ]
10

The peptide was synthesised with Fmoc-Cys(Trt)-OH incorporated at the 1 and 3 positions.
The peptide was synthesised per Method 1a, capped per Method 2; then cleaved off the resin
by Method 3., to give 10 as a white fluffy solid. Analytical HPLC: 0-100% over 15 min, R, =
7.1 min; HRMS (ESI+) [M+H]" calculated for [C,,H,,N,O,S,]: 337.1006; observed: m/z
337.1015;'H NMR (500 MHz, DMSO-d¢) 6 8.28 (d,J = 6.85 Hz, 1H), 8.11 (d, J = 7.82 Hz,
1H), 7.85 (d,J =8.07 Hz, 1H), 7.33 (br. s., 1H), 7.20 (br. s., 1H), 4.38 (dt, J/ = 5.62, 7.58 Hz,
1H), 4.30 (dt, J = 5.01, 7.64 Hz, 1H), 4.25 (dq, J = 7.09, 7.10 Hz, 1H), 2.60 - 2.87 (m, 4H),
2.36 (t,J = 8.10 Hz, 1H), 2.25 (t, J = 7.30 Hz, 1H), 1.87 (s, 3H), 1.24 (d, J = 6.85 Hz, 3H)
ppm; "C NMR (151 MHz, DMSO-d,) 6 171.9, 171.2, 169.8, 169.4, 54.9, 54.5, 48.6, 26.1,

26.0,22.4,17.4 ppm.

85



Compound 10d- Ac-(cyclo-1,3-dBB)CAC-NH;
0 o)
pas
S S

o e
)LN/EWNQLNHNHZ
H § ¢ H §

10d

Zz-Z

The linear peptide precursor was prepared as detailed in ‘Compound 10°. The crude linear
peptide 10 was cyclised by Method 5a. The peptide was also synthesised with Fmoc-
Cys(Mmt)-OH in place of Fmoc-Cys(Trt)-OH and cyclised per Method 6. The crude cyclised
peptide was purified per Method 7 and eluted at 7% aq. ACN over a gradient of 6-9% aq.
ACN increasing in 1% increments to give 10d as a yellow fluffy solid. Analytical HPLC: O-
100% over 15 min, R, = 7.9 min; HRMS (ESI+) [M+H]" calculated for [C,,H,;N.O(S,]:
525.1592; observed: m/z 525.1582; '"H NMR (599 MHz, DMSO-d;) & 8.68 (d,J = 7.56 Hz,
1H), 8.18 (d,J =792 Hz, 1H),7.77 (d, J = 8.58 Hz, 1H), 7.34 (s, 1H), 7.23 (s, 1H), 4.52 (dt,
J=624,796 Hz, 1H), 4.45 (dt,J =4.03, 8.36 Hz, 1H), 4.38 (dq, /= 7.20,7.20 Hz, 1H), 3.87
-4.04 (m, 4H), 291 - 3.03 (m, 4H), 1.83 (s, 3H), 1.82 (s, 3H), 1.79 (s, 3H), 1.20 (d, J = 7.04
Hz, 3H) ppm; "C NMR (151 MHz, DMSO-dy) & 171.5, 171.3, 170.0, 168.8, 160.1, 159.9,

1489, 148.3,113.8,113.7,51.8,51.7,48.1,34.8,34.7,25.6,254,22.2,169,7.1, 6.8 ppm.

Compound 11 — Ac-CBAlaC-NH;
SH
)OLN/(WH H SH
07 “NH,
1

The peptide was synthesised using Fmoc-Cys(Trt)-OH and Fmoc-3-alanine-OH as per
Method 1a, capped per Method 2; then cleaved off the resin by Method 3, to give 11 as a

white fluffy solid. Analytical HPLC: 0-100% over 15 min, R, = 6.5 min; HRMS (ESI+) [M]*
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calculated for [C,;H,N,0,S,]: 336.0926; observed: m/z 336.0888; '"H NMR (500 MHz, 10%
aq. D,O) 0 8.39 (d, J = 7.34 Hz, 1H), 8.30 (d, J = 7.34 Hz, 1H), 8.22 (t, J = 5.62 Hz, 1H),
7.72 (br. s., 1H), 7.19 (br. s., 1H), 3.44 - 3.57 (m, 2H), 2.84 - 2.94 (m, 4H), 2.50 - 2.63 (m,
2H), 2.06 (s, 3H) ppm; "C NMR (126 MHz, DMSO-d,) 6 171.7, 170.5, 169.7, 169.4, 55.0,

54.7,353,35.0,26.1,26.1,22.5 ppm.

Compound 11d- Ac-(cyclo-1,3-dBB)CBAlaC-NH;

The linear peptide precursor was prepared as detailed in ‘Compound 11°. The crude linear
peptide 11 was cyclised by Method 5a. The crude cyclised peptide was purified per Method 7
and eluted at 8% aq. ACN over a gradient of 5-10% aq. ACN increasing in 1% increments to
give 11d as a yellow fluffy solid. Analytical HPLC: 0-100% over 15 min, R, = 7.6 min;
HRMS (ESI+) [M+H]" calculated for [C,;H,sN.O,S,]: 525.1592; observed: m/z 525.1581;'H
NMR (599 MHz, DMSO-d;) § 8.26 (dd, J = 5.03, 7.08 Hz, 1H), 8.10 (d, J = 8.29 Hz, 1H),
8.06 (d,J=8.14 Hz, 1H), 741 (s, 1H), 7.16 (s, 1H),4.54 (q, /= 7.60 Hz, 1H), 4.41 (ddd, J =
293,8.18,1097 Hz, 1H),4.01 (d,J = 1497 Hz,0H),4 .01 (d,J = 14.31 Hz, 1H),3.94 (d, J =
14.38 Hz, 1H), 3.75 (d,J = 1497 Hz, 1H), 3.48 (dtd, J = 3.81, 7.24,9.85 Hz, 1H), 3.17 (dd, J
=297,13.09 Hz, 1H), 3.06 - 3.12 (m, 1H), 2.87 (dd, J = 7.15, 13.02 Hz, 1H), 2.78 (dd, J =
10.82,13.09 Hz, 1H), 2.75 (dd, J = 7.59, 13.02 Hz, 1H), 2.21 (ddd, J = 2.49,4.22, 15.81 Hz,
1H), 1.83 (s, 2H), 1.81 (s, 3H), 1.81 (s, 3H) ppm; °C NMR (151 MHz, DMSO-d,) 6 171.9,
170.8, 169.9, 168.9, 160.1, 159.9, 149.0, 1480, 113.0, 1129, 51.9, 51.1, 35.5, 35.0, 34 4,

34.4,254,24.7,22.3,7.0,6.7 ppm.
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Compound 12 — Ac-HcyAHcy -NH;

SH SH
0 e
)LH N\)LH NH,
o ° o
12

The peptide was synthesised using Fmoc-Hcy(Trt)-OH and Fmoc-Ala-OH as per Method 1a,
however the Hcy residue at position 1 and 3 were coupled as follows per Method 1b. After
coupling the final amino-acid, the deprotected peptide was capped per Method 2; then cleaved
off the resin by Method 3 to give 12 as a white fluffy solid. Analytical HPLC: 0-100% over
15 min, R, = 7.6 min; HRMS (ESI+) [M+H]" calculated for [C,;H,,N,O,S,]: 365.1319;
observed: m/z 365.1639;'H NMR (599 MHz, DMSO-dy) & 8.14 (d, J = 7.04 Hz, 1H), 8.08
(d,J =792 Hz, 1H), 7.81 (d, J = 8.22 Hz, 1H), 7.26 (s, 1H), 7.08 (s, 1H), 4.32 (dt, J = 5.58,
8.07 Hz, 1H), 4.27 (dt, J = 4.70, 8.66 Hz, 1H), 4.21 (dq, J = 7.00, 7.00 Hz, 1H), 2.40 - 2.50
(m, 4H), 1.69 - 1.95 (m, 7H), 1.22 (d, J = 7.04 Hz, 3H) ppm; "C NMR (151 MHz, DMSO-d;)

0172.8,171.9,171.1,169.4,51.6,51.2,48.3,36.4,36.4,22.4,20.3,20.2, 17.4 ppm.

Compound 12d- Ac-(cyclo-1,3-dBB)HCyAHCy-NH

o o
N
\_N_//
S s
0 e
)LN N;QLN NH,
Rl R I

12d

The linear peptide precursor was prepared as detailed in ‘Compound 12°. The crude linear
peptide 12 was cyclised by Method 5a. The crude cyclised peptide was purified per Method 7
and eluted at 10% aq. ACN over a gradient of 7-11% aq. ACN increasing in 1% increments to
give 12d as a yellow fluffy solid. Analytical HPLC: 0-100% over 15 min, R, = 8.5 min;

HRMS (ESI+) [M+Na]* calculated for [C,;H;,N,O,S,]: 575.1723; observed: m/z 575.1710;'H
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NMR (599 MHz, DMSO-d,) & 8.52 (d, J = 7.56 Hz, 1H), 8.07 (d, J = 8.07 Hz, 1H), 7.92 (d, J
= 8.29 Hz, 1H), 747 (s, 1H), 7.17 (s, 1H), 441 (td, J = 6.40, 7.90 Hz, 1H), 4.34 - 4.40 (m,
2H), 4.10 (d, J = 12.62 Hz, 1H), 4.02 (d, J = 12.76 Hz, 1H), 3.97 (d, J = 12.98 Hz, 1H), 3.96
(d, J = 12.62 Hz, 1H), 2.60 - 2.79 (m, 4H), 1.85 (s, 3H), 1.79 (s, 6H), 1.70 - 2.06 (m, 4H),
1.19 (d, J = 6.97 Hz, 3H) ppm; °C NMR (151 MHz, DMSO-d,) & 1722, 171.6, 170.8, 169.0,
159.7, 159.6, 1462, 146.1, 113.5, 1134, 513,512, 47.8, 32.6, 32.0, 29.1, 28.5, 250, 24 4,

224,165,6.5,6.5 ppm.

Compound 13 - Ac-AAC-NH;

o y OHS
ANJ\[(NQLN NH,
H (@] : H (0]

13

The peptide was synthesised with Fmoc-Cys(Trt)-OH and Fmoc-Ala-OH as per Method 1a,
capped per Method 2; then cleaved off the resin by Method 3, to give the 13 as a white fluffy
solid. Analytical HPLC: 0-100% over 15 min, R, = min; 6.4; HRMS (ESI+) [M]" calculated
for [304.1205]; observed: m/z 327.1122; '"H NMR (500 MHz, DMSO-d,) 6 8.13 (d, J = 6.85
Hz, 1H), 8.08 (d, J = 7.09 Hz, 1H), 7.77 (d, J = 8.07 Hz, 1H), 7.30 (br. s., 1H), 7.20 (br. s.,
1H), 4.14 - 4.32 (m, 3H), 2.57 - 2.86 (m, 2H), 2.20 - 2.31 (m, 1H), 1.19 (d, J = 7.09 Hz, 3H)
ppm; “C NMR (126 MHz, DMSO-d,) 6 172.6, 172.1, 171.4, 169.3, 54.6, 48.5, 48.3, 26.0,

22.5,17.9,17.5 ppm.
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Compound 13m — Ac-AAC(3-mBB)-NH-

6]
N
\_N_/
S
(0] H (0]
I
H § ¢ H §
13m

The linear peptide precursor was prepared as detailed in ‘Compound 13°. The crude linear
peptide 13 was cyclised by Method 5b. The crude cyclised peptide was purified per Method 7
and eluted at 7% aq. ACN over a gradient of 6-9% aq. ACN increasing in 1% increments to
give 13m as a yellow fluffy solid. Analytical HPLC: 0-100% over 15 min, R, = min; HRMS
(ESI+) [M+Na]*calculated for [C,,H;N,O.S]: 517.1846; observed: m/z 517.1826; 'H NMR
(500 MHz, 10% aq. D,0) d 8.19 (d,/J=7.09 Hz, 1H), 8.17 (d,J=7.58 Hz, 1H), 8.04 (d, J =
8.31 Hz, 1H), 745 (s, 1H), 7.34 (br. s., 1H), 4.47 (dt, J = 5.87, 8.10 Hz, 1H), 4.24 - 437 (m,
2H), 4.03 (s, 2H), 3.08 (dd, J = 5.50, 13.33 Hz, 2H), 2.89 (dd, J = 8.19, 13.33 Hz, 2H), 1.92
(s, 3H), 1.89 (s, 3H), 1.82 (s, 3H), 1.31 (d, /= 7.09 Hz, 3H), 1.28 (d, J = 6.85 Hz, 3H) ppm;
“C NMR (126 MHz, 10% aq. D,0) d 172.5, 172.1, 171.5, 169.3, 147.6, 146.9, 110.7, 66.2,

53.3,51.8,48.5,48.3,33.6,224,179,17.7,11.2,6.7,6.4 ppm.

Compound 14 — Ac-BAlaBAlaC-NH

H H oo
WN\/\H/N\/\H/N r
° ° °6 NH,
14
The peptide was synthesised with Fmoc-Cys(Trt)-OH and Fmoc-Ala-OH as per Method 1a,
capped per Method 2; then cleaved off the resin by Method 3, to give the 14 as a white fluffy

solid. Analytical HPLC: 0-100% over 15 min, R, = min; HRMS (ESI+) [M]" calculated for

[C,;H,0N,0,S,]: 304.1205; observed: m/z 304.1179.

90



Compound 14m — Ac-BAlaBAlaC(3-mBB)-NH:

(@] (@]
N
R
YWWf
© © oO NH,
14m

The linear peptide precursor was prepared as detailed in ‘Compound 14°. The crude linear
peptide 14 was cyclised by Method 5b. The crude cyclised peptide was purified per Method 7
and eluted at 7% aq. ACN over a gradient of 6-9% aq. ACN increasing in 1% increments to
give 14m as a yellow fluffy solid. Analytical HPLC: 0-100% over 15 min, R, = 6.4 min;

HRMS (ESI+) [M]* calculated for [C,;H;,N,O.S,]: 494.1948; observed: m/z 494.1948.

Compound 15 - Ac-CAAAC-NH;

SH HS
0 L0 -
)LN/Q(N\)LN%(N\)LN%NHZ
S I
15

The peptide was synthesised with Fmoc-Cys(Trt)-OH and Fmoc-Ala-OH as per Method 1a,
capped per Method 2; then cleaved off the resin by Method 3, to give 15 as a white fluffy
solid. Analytical HPLC: 0-100% over 15 min., R, = 7.5 min; HRMS (ESI+) [M+Nal+
calculated for [C,;H;,N,O,S,]: 501.1566; observed: m/z 461.1618; 1H NMR (599 MHz, 50%
d;-ACN/D,0) & 8.20 (d,J =5.35 Hz, 1H),7.97 (d,J = 7.13 Hz, 1H), 7.90 (br. s., 1H), 7.85 (d,
J=6.06Hz,1H),7.77 (d,J = 8.02 Hz, 1H), 7.24 (br. s., 1H), 6 .91 (br. s., 1H), 2.80 - 2.99 (m,

4H),2.01 - 2.01 (m, 3H, under solvent), 1.33 - 1.43 (m, 9H) ppm.
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Compound 15d — Ac-(cyclo-1,5-dBB)CAAAC-NH-

O
N
\_N_//
S S
o} H 0} H (0]
A A ML
H § ¢ H § ¢ H §
15d

Off resin cyclisation: The linear peptide precursor 15 was prepared as detailed above. The

crude linear peptide was cyclised by Method 5a.

On resin cyclisation: The linear peptide precursor 15 was synthesised per Method 1a using
Fmoc-Cys(Mmt)-OH, and capped by Method 2. Following this the peptide was cyclised with

dibromobimane per Method 4 and cleaved per Method 3.

The crude cyclised peptide was purified by Method 7 and eluted at 11% aq. ACN over a
gradient of 5-12% aq. ACN increasing in 1% increments. The final product was isolated as a
fluffy pale yellow solid. Analytical HPLC: 0-100% over 15 min., R, = 8.0 min; HRMS (ESI+)
[M+H]* calculated for [C,,;H;NO,S,]: 667.2334; observed: m/z 667.2332; '"H NMR (500
MHz, 10% aq. D,0O) & 8.58 (d, J = 5.62 Hz, 1H), 8.44 (d, J = 7.09 Hz, 1H), 8.12 - 8.16 (m,
2H),8.08 (d,J =5.38 Hz, 1H), 7.54 (s, 1H), 7.28 (s, 1H), 4.51 - 4.55 (m, 1H),4.23 - 435 (m,
4H),3.90 - 4.11 (m, 4H), 3.21 (dd, J =5.14,13.94 Hz, 1H), 3.09 - 3.17 (m, 2H), 3.02 (dd, J =
7.34,14.18 Hz, 1H), 2.03 (s, 3H), 1.89 (s, 3H), 1.87 - 1.89 (m, 3H), 1.35 - 1.48 (m, 9H) ppm;
“C NMR (151 MHz, 10% aq. D,0) d 177.7, 177.6, 177.5, 177.1, 176.8, 174.7, 165.7, 165 4,
1654, 165.1, 159.6, 151.7, 151.7, 1219, 118.0, 117.5, 117.3, 110.1, 57.0, 56.2, 56.0, 53.0,

52.9,529,43.2,364,36.3,284,24.4,21.8,19.1,184,184,9.1,9.1,9.0, 3.6 ppm.
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Compound 16 — Ac-CBAlaBAlaBAlaC-NH-

SH
N
2

16

The peptide was synthesised per Method la using Fmoc-Cys(Trt)-OH and Fmoc-f-alanine,
capped per Method 2; and cleaved off the resin by Method 3 to give 16 as a white fluffy solid.
Analytical HPLC: 0-100% over 15 min, R, = 5.7 min; HRMS (ESI+) [M]" calculated for
[C,;H;N(O,S,]: 478.1668; observed: m/z 478.1620; 'H NMR (500 MHz, 10% aq. D,0) &
840 (d,J =709 Hz, 1H), 8.30 (d, J = 6.85 Hz, 1H), 8.21 (t, J = 5.38 Hz, 1H), 8.05 (t,J =
5.38 Hz, 1H), 8.00 (t, J = 5.26 Hz, 1H), 7.73 (br. s., 1H), 7.19 (br. s., 1H), 3.37 - 3.53 (m,
6H), 2.82 - 2.99 (m, 4H), 2.49 - 2.61 (m, J = 6.00, 6.00, 6.00 Hz, 2H), 2.43 (s, 4H), 2.06 (s,
3H) ppm; "C NMR (126 MHz, 10% aq. D,0) & 177.7, 177.4, 177.3, 1769, 176.8, 174.9,

58.9,58.5,39.1,39.1, 38.8,38.4, 38.3,38.0, 28.5,24.8 ppm.

Compound 16d — Ac-(cyclo-1,5-dBB)CRBAlaBAlaAlaC-NH;

T

A4 Wwf

The linear peptide precursor was prepared as detailed in ‘Compound 16’. The crude linear
peptide 16 was cyclised by Method 5a. The crude cyclised peptide was purified as per
Method 7 and eluted at 9% aq. ACN over a gradient of 5-10% aq. ACN increasing in 1%
increments to give 16d as a fluffy pale yellow solid. Analytical HPLC: 0-100% over 15 min,
R, = 7.4 min; HRMS (ESI+) [M+H]" calculated for [C,;H;4N;O,S,]: 667.2334; observed: m/z
667.2325; '"H NMR (500 MHz, 10% aq. D,0) 8 8.51 (d, J = 7.58 Hz, 2H), 8.37 (d, J = 7.09

Hz, 2H), 8.29 (t, J = 5.38 Hz, 2H), 8.08 (t, J/ = 5.38 Hz, 2H), 8.04 (t, J = 5.38 Hz, 2H), 7.71
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(br.s., 1H),7.20 (br.s.,2H),4.50 - 4.56 (m, 1H),4.44 - 449 (m,J =7.10 Hz, 1H), 3.93 - 4.09
(m, 4H), 3.35 - 3.64 (m, 6H), 3.17 (dd, J = 4.03, 13.82 Hz, 1H), 3.03 (dd, J = 7.09, 13.94 Hz,
1H), 2.87 - 2.97 (m, 2H), 2.39 - 2.64 (m, 6H), 2.03 (s, 3H), 1.89 (s, 3H), 1.87 (s, 3H) ppm; °C
NMR (151 MHz, 10% aq. D,O) & 177.1, 177.1, 176.6, 176.5, 176.4, 1744, 165.1, 165.1,
1509, 150.8,117.3,117.3,55.8,55.3,39.0, 38.8,38.7,38.4,38.1,37.9,35.5,27.8,27.6, 24 4,

9.1,9.0 ppm.

Compound 17d — Ac-CAABAlaC(5-mBB)-NH:

o (e}
N
\_N_7

A, ¢L*mwf

The peptide was synthesised using Fmoc-Cys(Trt)-OH and Fmoc-[3-alanine as per Method 1a,
capped per Method 2; and finally cleaved off the resin by Method 3 to give the linear
precursor as a white fluffy solid. This material was cyclised per Method 5a and the crude
cyclised peptide purified per Method 7 and eluted at 9% aq. ACN over a gradient of 5-10%
aq. ACN increasing in 1% increments, to give 17d as a fluffy pale yellow solid. Analytical
HPLC: 0-100% over 15 min, R, = 7.7 min; HRMS (ESI+) [M]" calculated for [C,,H;,N;O,S,]:
666.2254; observed: m/z 666.2220; 'H NMR (599 MHz, 10% aq. D,0) 6 8.60 (d, J = 5.28
Hz, 1H), 8.40 (d,J =7.34 Hz, 1H), 8.09 (d, J =4.99 Hz, 1H), 7.79 (t,J = 5.58 Hz, 1H), 7.73
(br.s., 1H), 7.23 (br. s., 1H), 4.56 - 4.60 (m, 1H), 4.50 - 4.55 (m, 1H), 4.25 - 4.32 (m, 1H),
412 - 4.18 (m, 1H), 3.90 - 4.09 (m, 4H), 3.29 - 3.67 (m, 2H), 3.19 (dd, J = 5.14, 13.65 Hz,
1H),3.11 (s, 1H),2.99 (dd, J = 6.46, 14.09 Hz, 1H), 2.38 - 2.61 (m, 2H), 2.03 (s, 3H), 1.88 (s,
6H), 1.42 (d, J = 7.04 Hz, 3H), 1.36 (d, J = 7.34 Hz, 3H) ppm; "C NMR (151 MHz, 10% aq.
D,0) 8 176.4,176.3,176.0, 175.8, 175.6, 173.6, 150.5, 150.2, 116.4, 116.4, 54.9, 54.6, 52.0,

51.8,374,36.7,35.1,35.1,27.3,18.1, 18.0, 8.0, 7.9 ppm.
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Compound 18 — Ac-HcyAAAHcy -NH;

SH SH
o) y o y
)J\N N\_)LNJ}(N\.)J\N NH;
H § ¢ H § ¢ H §
18

The peptide was synthesised with Fmoc-Hcy(Trt)-OH and Fmoc-Ala-OH as per Method 1a,
however the Hcy residues at positions 1 & 5 were coupled per Method 1b. After coupling the
final amino-acid the deprotected peptide was capped per Method 2; then cleaved off the resin
by Method 3 to give 18 as a white fluffy solid. Analytical HPLC: 0-100% over 15 min, R, =
min; 7.1, HRMS (ESI+) [M]" calculated for [C,,H;,N(OS,]: 506.1981; observed: m/z
506.1957; '"H NMR (500 MHz, 10% aq. D,0) 8 8.15 (d, J = 5.62 Hz, 1H), 8.09 (d, J = 6.60
Hz, 1H),7.98 (d,J =5.62 Hz, 1H), 794 (d,J = 6.11 Hz, 1H), 790 (d, J = 7.58 Hz, 1H), 7.29
(br.s., 1H), 6.93 (br. s., 1H), 4.10 - 4.22 (m, 1H), 2.36 - 2.71 (m, 4H), 1.80 - 2.02 (m, 5H),

1.19 - 1.35 (m, 9H) ppm.

Compound 18d - Ac-(cyclo-1,5-dBB)HcyAAAHcy -NH

o) o}
N
\_N_7
) s
o} y O y ©
. N\)LN/HrN\)LN NH,
H o = H o = H o
18d

The linear peptide precursor was prepared as detailed in ‘Compound 18’. The crude linear
peptide 18 was cyclised by Method 5a. The crude cyclised peptide was purified per Method 7
and eluted at 18% aq. ACN over a gradient of 12-21% aq. ACN increasing in 3% increments
to give 18d as a yellow fluffy solid. Analytical HPLC: 0-100% over 15 min, R, = 8.7 min;
HRMS (ESI+) [M]*calculated for [CyH,,N;O,S,]: 694.256706; observed: m/z 694.2523; 'H
NMR (500 MHz, 10% aq. D,0O) & 8.32 (d, J = 5.87 Hz, 1H), 8.16 (s, 2H), 8.01 (d, J = 5.62

Hz, 1H), 798 (d, J = 6.85 Hz, 1H), 7.37 (br. s., 1H), 7.20 (br. s., 1H), 4.46 (d, J = 6.11 Hz,
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1H), 4.28 (td, J = 6.21, 12.29 Hz, 3H), 4.10 - 4.24 (m, 1H), 3.83 - 4.08 (m, 4H), 2.80 - 2.94
(m, 3H), 2.73 (td, J = 6.94, 13.76 Hz, 1H), 2.15 - 2.27 (m, 2H), 1.95 - 2.09 (m, 5H), 1.88 (s,
3H), 1.87 (s, 3H), 1.40 (s, 9H) ppm; "C NMR (151 MHz, 10% aq. D,0) & 178.5, 178.0,
1779,177.0, 1770, 165.3, 152.1, 1520, 151.3, 55.7, 554, 53.6, 52.8, 52.7,49.9, 33 .3, 32.9,

31.1,30.6,28.2,27.9,24.2,19.3,18.6,18.5,9.0, 8.8 ppm.

Compound 19 — Ac-AAAAC-NH;
HS
(0] H (0] H (0]
)LN/H(NQLN/H(N_JLN NH,
H : H E
(0] - (0] - O
19

The peptide was synthesised with Fmoc-Cys(Trt)-OH and Fmoc-Ala-OH as per Method 1a,
and capped per Method 2. The linear peptide was cleaved from the resin by Method 3 to give
19 as a white fluffy solid. Analytical HPLC: 0-100% over 15 min, R, = 7.0 min; HRMS

(ESI+) [M]" calculated for [C,;H;)N,O(S]: 446.1948; observed: m/z 446.1966.

Compound 19m — Ac-AAAAC(5-mBB)-NH;

o o)
N
\_N_/
S
o} y O y O
H o = H o = H g

19m

The linear peptide precursor was prepared as detailed in ‘Compound 19°. The crude linear
peptide 19 was cyclised by Method 5b. The crude cyclised peptide was purified as per Method
7 over a gradient of 5-10% aq. ACN increasing in 1% increments to give 19m which was
isolated as a fluffy pale yellow solid. Analytical HPLC: 0-100% over 15 min, R, = 8.1 min;
HRMS (ESI+) [M+H]" calculated for [C,,H,N;O.S]: 637.2770; observed: m/z 637.2784;'H
NMR (599 MHz, 10% aq. D,0) & 8.31 (d,J = 5.58 Hz, 2H), 8.26 (d, J = 5.58 Hz, 1H), 8.14 -

8.21 (m, 3H), 7.46 (s, 1H), 7.23 (s, 1H), 4.46 (dt, J = 5.58,7.60 Hz, 1H), 4.17 - 4.34 (m, 4H),
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394 (d,J=1497Hz, 1H),391 (d,J=14.97 Hz, 1H), 3.19 (dd, J = 5.28, 13.79 Hz, 1H), 2.98
(dd, J = 8.80, 14.09 Hz, 1H), 2.43 (s, 3H), 2.02 (s, 3H), 1.86 (s, 3H), 1.78 (s, 3H), 1.33 - 1.43
(m, 12H) ppm; “C NMR (151 MHz, 10% aq. D,0) & 8.3, 8.8, 13.8, 18.8, 18.8, 18.9, 19.1,
243,275, 356,525,554, 1142, 116.2, 150.8, 1524, 1650, 165.7, 176.8, 1769, 1775,

177.7,177.8, 178.0 ppm.

Compound 20 — Ac-BAlaBAlaBAlaBAlaC-NH;

SH
H H H H H
WNV\WNWNWN\/\WNr
o) 0 o) 0 o)
07 NH,
20
The peptide was synthesised using Fmoc-Cys(Trt)-OH and Fmoc-3-alanine per Method 1a,
capped per Method 2; and cleaved off the resin by Method 3 to give 20 as a white fluffy solid.
Analytical HPLC: 0-100% over 15 min, R, = 6.5 min; HRMS (ESI+) [M+H]" calculated for
[C,,H;,N(O.S]: 447.4720; observed: m/z 447.2021; '"H NMR (500 MHz, 10% aq. D,0) & 8.06
(d,J =709 Hz, 1H), 7.69 - 7.84 (m, 4H), 7.46 (br. s., 1H), 6.92 (br. s., 1H), 3.55 - 3.79 (m,
2H), 3.28 - 3.45 (m, 8H), 2.61 - 2.96 (m, 4H), 2.49 (t, J = 6.11 Hz, 2H), 2.32 - 2.40 (m, J =

6.50, 6.50 Hz, 6H), 1.91 (s, 3H) ppm.
Compound 20m — Ac-BAlaBAlaAlaBAlaC(5-mBB)-NH;
(o] (o]
2SS
\_N_/
" s

e e e e

20m

H,

The linear peptide precursor was prepared as detailed in ‘Compound 20°. The crude linear
peptide 20 was cyclised by Method 5b. The crude cyclised peptide was purified per Method 7
and eluted at 8% aq. ACN over a gradient of 5-9% aq. ACN increasing in 1% increments. The
final product 20m was isolated as a fluffy pale yellow solid. Analytical HPLC: 0-100% over

15 min, R, = 7.6 min; HRMS (ESI+) [M+H]" calculated for [C,,H,)N;O.S]: 637.2770;
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observed: m/z 637.2768; '"H NMR (599 MHz, 10% aq. D,0) 6 8.49 (d,J = 7.63 Hz, 1H), 8.00
- 8.07 (m, 3H), 7.97 (br.s., 1H), 7.72 (br.s., 1H), 7.21 (br. s., 1H), 4.51 (dt, J = 4.84,7.85 Hz,
1H),3.94 (d,J=14.97 Hz, 1H), 390 (d, J = 14.67 Hz, 1H), 3.31 - 3.51 (m, 8H), 3.15 (dd, J =
5.28,13.79 Hz, 1H), 3.09 - 3.20 (m, 1H), 2.94 (dd, J = 8.66, 13.94 Hz, 1H), 2.49 (t, J = 6.60
Hz, 2H),2.43 - 2.45 (m, 3H), 2.37 - 2.42 (m, 6H), 1.95 (s, 3H), 1.86 (s, 3H), 1.76 - 1.80 (m,
3H) ppm; “C NMR (151 MHz, 10% aq. D,0) & 177.2, 176.8, 176.7, 176.6, 176.6, 176.5,
165.8, 165.1, 152.5, 150.8, 116.3, 114.3, 554, 38.8, 38.7, 38.6, 38.1, 38.1, 38.0, 37.8, 35.9,

27.6,24.6,13.9,8.8, 8.4 ppm.

Compound 21 - Ac-CRAAARAC-NH;

SH
(0] o O (0] (0]
)J\N/Q(H\_)LN/R(H\_)J\N/H(H\_)J\N/H(H\_)LNHQ
o5 :\LH o " 9 :W\H o} :\SH

NH NH

HoN" S NH HoN" SNH
21

The peptide was synthesised with Fmoc-Cys(Trt)-OH, Fmoc-Arg(Pbf)-OH and Fmoc-Ala-
OH as per Method 1a, capped per Method 2; then cleaved off the resin by Method, to give 21
as a white fluffy solid. Analytical HPLC: 0-100% over 15 min, R, = 6.9 min; [HRMS (ESI+)

[M+H]" calculated for [C,,H;,N,50,S,]: 862.414164; observed: m/z 862.4052.

Compound 21d - Ac-(cyclo-1,8-dBB)CRAAARAC-NH;

(0] [e]
N
N\ _N_/
S
S

0 0 0 0
H H H H
P NJNHNJN%{NJNHNf
H :OH :H POOH
o o ° o o
\L i 07 “NH,
NH NH
HzN/gNH HZN/KNH
21d

The linear peptide precursor was prepared as detailed in ‘Compound 21°. The crude linear

peptide 21 was cyclised by Method 5a. The crude cyclised peptide was purified per Method 6

98



to give 21d as a fluffy pale yellow solid. Analytical HPLC: 0-100% over 15 min, R, = 7.3
min; HRMS (ESI+) [M+2H]* calculated for [C,,HN;0,,S,]: 526.2444; observed: m/z

526.237.

Compound 22 - Ac-HcyRAAARAHcy-NH;

SH
(e} H o} H o} H (e} HHS
Ay N\)LN/H(N\)kN/H(N\)J\N%er
A L L
\L \L 07 “NH,
H

NH N

HaN" S NH HaN" SNH
22

The peptide was synthesised with Fmoc-Hcy(Trt)-OH, Fmoc-Arg(Pbf)-OH and Fmoc-Ala-
OH as per Method 1a, however the Hcy residues at positions 1 & 5 were coupled per Method
1b. After coupling the final amino-acid the deprotected peptide was capped per Method 2;
then cleaved off the resin by Method 3 to give 22 as a white fluffy solid. HRMS (ESI+)

[M+H]" calculated for [C,,H;N,50,S,]: 890.4455; observed: m/z 890.4424.

Compound 22d — Ac-(cyclo-1,8-dBB)HcyRAAARAHcy-NH;

N

NH N

S
NS SUERES S
T uj\w”f
(0] B o = o ’W\ OO NH,
H

HaN" SNH HaN" NH
22d

The linear peptide precursor was prepared as detailed in ‘Compound 22°. The crude linear
peptide 22 was cyclised by Method 5a. The crude cyclised peptide was purified per Method 6
to give 22d as a fluffy pale yellow solid. Analytical HPLC: 0-100% over 15 min, R, = 7.8
min; HRMS (ESI+) [M+H]" calculated for [C,H;N;,0,,S,]: 1077.4960; observed: m/z

1077.4861.
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Compound 23 - Ac-ARAAARAC-NH;

AN A AN A
0 \L o * 0 \L 0 gy

NH NH

HoN" S NH HoN" SNH
23

The peptide was synthesised with Fmoc-Cys(Trt)-OH, Fmoc-Arg(Pbf)-OH and Fmoc-Ala-
OH per Method 1a, capped per Method 2; then cleaved off the resin by Method 3., to give 23
as a white fluffy solid. Analytical HPLC: 0-100% over 15 min, R, = 7.0 min; HRMS (ESI+)

[M+H]" calculated for [C;,Hs,N,50,S,]: 829.4341; observed: m/z 829.4254.

3t

NH N

Compound 23m — Ac-ARAAARAC(8-mBB)-NH;

Ho,N7 NH H,N" SNH
23m

The linear peptide precursor was prepared as detailed in ‘Compound 23’. The crude linear
peptide 23 was cyclised by Method 5a. The crude cyclised peptide was purified per Method 6
to give 23m as a fluffy pale yellow solid. Analytical HPLC: 0-100% over 15 min, R, = 7.6
min; HRMS (ESI+) [M]* calculated for [C,,H,N,,0,,S,]: 1019.5083; observed: m/z

1019.4972.
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Compound 24d - Z-(cyclo-1,3-dBB)HcyLHcyF-OH

Wang resin (2 g) was loaded with Fmoc-Phe-OH (5 equiv) by reacting with HATU (5 equiv.)
and DIPEA (10 equiv) for 2 h. The resin was then washed with DMF (5 x 10 mL), DCM (2 x
10 mL), and DMF (5 x 10 mL). A sample of the Wang resin (500 mg, 0.33 mequiv/g) was
then reacted with Fmoc-Hcy(Trt)-OH at position 1 & 3 using Method 1b and Method 1a to
attach Fmoc-Leu-OH at position 2. The N-terminally deprotected linear peptide was Cbz-
protected by reaction with benzyl chloroformate (5 equiv, 121 pL) and DIPEA (10 equiv, 294
pL) in DMF (10 mL) for 30 min. The linear peptide was then cleaved per Method 3 and the
crude peptide then cyclised per Method 5a. The crude cyclised peptide was purified per
Method 6 to give 24d as a yellow fluffy solid. Analytical HPLC: 0-100% over 15 min, R, =
13.6 min; HRMS (ESI+) [M]" calculated for [C,;H,NsO,S,]: 834.3045; observed: m/z

834.3081.

Compound 25d - Z-(cyclo-1,3-dBB)HcylL HcyG-OH

(0] (0]
<
\_N_7/
S S
(@] H (@] H (e}
OJ\N N\)]\N N\)J\OH
@ Ho g < H §

Y

25d

Wang resin (2 g) was loaded with Fmoc-Gly-OH (5 equiv) by reacting with HATU (5 equiv)
and DIPEA (10 equiv) for 2 h. The resin was then washed with DMF (5 x 10 mL), DCM (2 x

10 mL), and DMF (5 x 10 mL). A sample of the Wang resin (500 mg, 0.33 mequiv/g) was
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then reacted with Fmoc-Hcy(Trt)-OH at position 1 & 3 using Method 1b and Method 1a to
attach Fmoc-Leu-OH at position 2. The N-terminally deprotected linear peptide was Cbz-
protected by reaction with benzyl chloroformate (5 equiv, 121 pL) and DIPEA (10 equiv, 294
pL) in DMF (10 mL) for 30 min. The linear peptide was then cleaved per Method 3 and the
crude peptide then cyclised per Method 5a. The crude cyclised peptide was purified per
Method 6 to give 25d as a yellow fluffy solid. HRMS (ESI+) [M]" calculated for

[C, H NO,S,]: 744.2611; observed: m/z 744.2573.

Compound 26 — Ac-AARAARAARAARACARAC-NH;

SH HS
NH,
Ac - AARAARAARAARA —N ARA—N
Hol Ho g

26

Rink amide resin (250 mg, 0.4 mequiv/g) was loaded with Fmoc-Cys(Trt)-OH per Method 1a.
The peptide strand was assembled on this resin by a CEM Liberty Microwave Synthesiser,
with Fmoc-Cys(Trt)-OH, Fmoc-Ala-OH and Fmoc-Arg(Pbf)-OH. The final capping step was
carried out per Method 2 and cleaved per Method 3 to give 26 as a white fluffy solid.
Analytical HPLC: 0-100% over 15 min, R, = 8 min; HRMS (ESI+) [M]" calculated for

[C,,H,3N3,0,0S,]: 1826.9693; observed: m/z 1826.9691.

Compound 26d — Ac(cyclo-14,18-dBB)-AARAARAARAARACARAC-NH;

o) o]
N
\_N_7/
S S

NH
Ac - AARAARAARAARA—N /(HfARA—N )ﬁf 2
H H
0 (0]
26d

The linear peptide precursor was prepared as detailed in ‘Compound 26’°. The crude linear
peptide was cyclised by Method 5a. The crude cyclised peptide was purified per Method 6 to

give 26 as a fluffy pale yellow solid. Analytical HPLC: 0-100% over 15 min, R, = 7.8 min;
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HRMS (ESI+) [M+H]" calculated for [CgH ;3N340,,S,]: 2015.0278; observed: m/z 2015.0288.

Compound 27- Ac-AARAARAARACRAAARAC-NH;

SH HS
NH,
Ac - AARAARAARA—N RAAARA-N
Ho U Ho g

27

Rink amide resin (250 mg, 0.4 mequiv/g) was loaded with Fmoc-Cys(Trt)-OH per Method 1a.
The peptide strand was assembled on this resin by a CEM Liberty Microwave Synthesiser,
with Fmoc-Cys(Trt)-OH, Fmoc-Ala-OH and Fmoc-Arg(Pbf)-OH. The final capping step was
carried out per Method 2 and cleaved per Method 3 to give 27 as a white fluffy solid.
Analytical HPLC: 0-100% over 15 min, R, = 7.2 min; HRMS (ESI+) [M+H]" calculated for

[C,,H,3N3,0,,S,]: 1826.9693; observed: m/z 1826.9678.

Compound 27d- Ac-(cyclo-11,18-dBB)-AARAARAARACRAAARAC-NH;

O O
N
N\ _N_/
S S

NH,
Ac - AARAARAARA—N /gr RAAARA-N )ﬁ(
H H
o) O
27d

The linear precursor was prepared as detailed in ‘Compound 27°. The crude linear peptide
was cyclised by Method 5a. The crude cyclised peptide was purified per Method 6 to give
27d as a pale yellow fluffy solid. Analytical HPLC: 0-100% over 15 min, R, = 7.8 min;

HRMS (ESI+) [M+H]" calculated for [CyH ;3N340,,S,]: 2015.0278; observed: m/z 2015.0272.
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Compound 28 — HN-HDRCEFACFEEERARAKW-NH;

SH HS
EEERARAKW-CONH,
Ac-HDR—N EFA-H
H o o

28

Rink amide resin (250 mg, 0.4 mequiv/g) was loaded with Fmoc-Trp(Boc)-OH per Method
la. The peptide strand was assembled on this resin by a CEM Liberty One Microwave
Synthesiser, with Fmoc-Cys(Trt)-OH, Fmoc-Ala-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Glu(OtBu)-
OH, and Fmoc-Phe-OH up until position 16. The final two amino acids were coupled
manually per Method 1a. The final capping step was carried out per Method 2 and cleaved per
Method 3 to give 28 as a white fluffy solid. Analytical HPLC: 0-100% over 15 min, R, = 8.4
min; HRMS (ESI+) [M+4H]* calculated for [CoH,,,N;,05S,]: 571.2647; observed: m/z

571.2688.

Compound 28d - H,N-(cyclo-4,8-dBB)HDRCEFACFEEERARAKW-NH,

(e} (6]
N
\ _N_/
S

S
EEERARAKW-CONH,
Ac-HDR—N EFA—N
H H
(e} O
28d

The linear precursor was prepared as detailed in ‘Compound 28’ The crude peptide was then
cyclised per Method 5a and cleaved per Method 3. The crude cyclised peptide was purified
per Method 6 to give 28d as a pale yellow fluffy solid. Analytical HPLC: 0-100% over 15
min, R, = 8.2 min; HRMS (ESI+) [M+4H]" calculated for [C,,sH,s,N3,05,S,]: 618.6830;

observed: m/z 618.6842.
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Compound 29d - Z-(cyclo-1,3-dBB)CLCF-OH

pae

*%¢%%H
T

Wang resin (2 g) was loaded with Fmoc-Phe-OH (5 equiv) but reacting with HATU (5 equiv)
and DIPEA (10 equiv) for 2 h. The resin was then washed with DMF (5 x 10 mL), DCM (2 x
10 mL), and DMF (5 x 10 mL). The linear peptide was assembled on Wang resin (500 mg,
0.33 mequiv/g) using the same coupling/deprotection protocol as in Method 1a with Fmoc-
Cys(Mmt)-OH and Fmoc-Leu-OH. The N-terminal deprotected linear peptide was Cbz-
protected by reaction with benzyl chloroformate (5 equiv, 121 pL) and DIPEA (10 equiv, 294
pL) in DMF (10 mL) for 30 min. The linear peptide was cyclised per Method 4 and cleaved
per Method 3. The crude peptide was purified per Method 6 over a gradient of 35-45% aq.
ACN to give the 29d as a pale yellow solid. Analytical HPLC: 0-100% over 15 min, R, = min;

HRMS (ESI+) [M]* calculated for [C;,H,N,O,S,]: 806.2767; observed: m/z 806.2786.

Compound 30d- Z-(cyclo-1,3-dBB)CLCG-OH

3
S LM ARE

30d

The linear peptide was assembled on Wang-Gly-Fmoc resin (500 mg, 0.33 mequiv/g) using
the same coupling/deprotection protocol as in Method la with Fmoc-Cys(Mmt)-OH and
Fmoc-Leu-OH. The N-terminal deprotected linear peptide was Cbz-protected by reaction with

benzyl chloroformate (5 equiv, 121 pL) and DIPEA (10 equiv, 294 pL) in DMF (10 mL) for
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30 min. The linear peptide was cyclised per Method 4 and cleaved per Method 3. The crude
peptide was purified per Method 6 over a gradient of 35-45% aq. ACN to give 30d as a pale
yellow solid. Analytical HPLC: 0-100% over 15 min, R, = min; HRMS (ESI+) [M]*

calculated for [C;,H,,N;O,S,]: 716.2298; observed: m/z 716.2236.
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Appendices

Appendix 1: Calculations

Statistical Difference in Maximum excitation and emission wavelengths

Table S1: Fluorescence excitation and emission wavelengths and the standard deviation (SD) from the mean of

those values

10d 13m 15d 19m 21d 23m Mean (SGE;
Excitation
386 390 389 390 392 389 388.67 2.65
Wavelength (nm)
Emission
482 476 482 481 474 482 477.56 5.61
Wavelength (nm)

99% confidence interval:

o
99% confidence interval = x + 2.567 <—>
vn

where
X= mean average
o= standard deviation

n = number of samples

95% confidence interval:
Excitation wavelength: 386.4-390.9 nm
Emission wavelength: 472.8-482.4 nm

All compounds lie within these ranges therefore are not significantly different

% Helicity

_ millidegrees
~ CxPxN

where,
C= concentration in dM
P = cell pathlength in cm

N = number of amino-acid residues
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From N. E. Shepherd, H. N. Hoang, G. Abbenante and D. P. Fairlie, Single Turn Peptide
Alpha Helices with Exceptional Stability in Water, J. Am. Chem. Soc., 2005, 127,2974-2983.

k
MRE 1000 a—nelicity (@215nm) = (44000 + 250T)x (1 - N)

where,
T = temperature in °C
k = 3 for carboxyamidated peptides

N = number of amino-acid residues

Therefore the maximum intensity MRE at 215 nm, for a carboxyamidated peptide with 100%
a-helicity consisting of 5 amino-acids at 25°C is -15100 mdeg dmol™' residue™

o helicity = MRE@215nm 100
O Y MRE 009 a—heticiey (@215nm)
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Appendix 2: NMIR Data

Table S 2: NMR Chemical shift (ppm) for tripeptides 10-14m analysed in section 3.2.

Change in shift Relative to Linear sequence (ppm)

Ha de-DMSO
10d 12d 13m 11d 14m
0.14 0.10 - 1 0.25 -
0.09 017 .01 2nh 0.03 -0.02
0.20 0.09 22 2co 0.02 -0.05
3 0.10 0.11
Change in shift Relative to Linear sequence (ppm)
. de-DMSO
10d 12d 13m 11d 14m
-3.1 -0.3 - 1 -3.9 -
-0.5 -0.6 -01 2nh -0.9 0.0
-2.8 0.0 -2.7 2co -0.6 0.2
3 -2.8 -3.1
Change in shift Relative to Linear sequence (ppm)
co de-DMSO
10d 12d 13m 11d 14m
0.1 -0.2 - -0.8 -
-0.4 -0.4 0.2 0.3 0.0
0.1 -0.6 0.3 0.2 0.1
Change in shift Relative to Linear sequence (ppm)
NH de-DMSO
10d 12d 13m 11d 14m
0.06 -0.01 - 0.02 -
0.39 0.38 -0.099 0.24 -0.17
-0.09 0.11 0.179 0.07 0.14
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Table S4: Change in chemical shift (ppm) relative to literature values from Wishart et. al. (Ref 58 & 64) for

pentapeptides
Change in shift relative to Random coil shifts (ppm)
Ha 15 15d 18d 19m 16 16d 17d 20m
1 -0.09 -0.01 -0.08 -0.10 1 -0.13 -0.13 0.04 | -0.029
2 -0.08 -0.01 -0.06 -0.08 - - -| -0.027
3 -0.12 -0.06 -0.14 -0.09 2n -0.02 0.06 -0.05 | -0.029
4 -0.06 -0.06 -0.04 -0.06 20 -0.01 0.03 -| -0.027
5 -0.14 -0.01 -0.1 -0.08 3n 0.04 0.01 -0.18 | -0.030
30 0.01 0.02 -| -0.027
4n 0.04 0.05 0.06 | -0.029
4n 0.12 -0.02 0.12 0.065
5 -0.05 -0.05 -0.01 | -0.033
Ca Change in shift relative to Random coil shifts (ppm)
15 15d 18d 19m 16 16d 17d 20m
1 -56.8 -0.6 -1.1 0.4 1 2.1 -1.0 -2.3
2 0.7 1.4 0.3 2n
3 0.8 0.6 1.4 20
4 0.7 0.5 0.5 3n
5 -0.6 -1.4 -1.4 30
4n
4n
5 1.7 -1.5 -1.9 -1.9
co Change in shift relative to Random coil shifts (ppm)
15 15d 16 16d 17d 18d 19m 20m
1 -2.8 2.5 0.3 -0.2 -1.0 2.4 0.2
2 -2.9 -0.1 3.7 0.5
3 -2.9 0.1 3.4 0
4 -3.2 0.0 3.3 0.3
5 0.1 -0.5 -1.3 1.1 2.2 -0.4
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Table S5: Change in chemical shift (ppm) for 10d-14m relative to the corresponding linear peptide as described

in section 3.2.
Change in shift Relative to Linear sequence (ppm)
Ha dr-DMSO
10d 12d 13m 11d 14m
1 0.14 0.10 - 1 0.25 -
2 0.09 0.17 01 2nh 0.03 -0.02
3 0.20 0.09 22 2co 0.02 -0.05
3 0.10 0.11
Change in shift Relative to Linear sequence (ppm)
Ca de-DMSO
10d 12d 13m 11d 14m
1 -3.1 -0.3 - 1 -3.9 -
2 -0.5 -0.6 -01 2nh -0.9 0.0
3 -2.8 0.0 -2.7 2co -0.6 0.2
3 -2.8 -3.1
Change in shift Relative to Linear sequence (ppm)
co de-DMSO
10d 12d 13m 11d 14m
1 0.1 -0.2 - -0.8 -
2 -0.4 -0.4 0.2 0.3 0.0
3 0.1 -0.6 0.3 0.2 0.1
Change in shift Relative to Linear sequence (ppm)
NH de-DMSO
10d 12d 13m 11d 14m
1 0.06 -0.01 - 0.02 -
2 0.39 0.38 -0.099 0.24 -0.17
3 -0.09 0.11 0.179 0.07 0.14
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Table S6: Change in chemical shift (ppm) for 15d-20m relative to the corresponding linear peptide as described

in section 3.3.
Change in shift Relative to Linear sequence (ppm)

Ha  M5a 18d 19m 16d 17d 20m
71]10.08 0.01 - 1 0.001 0.13 -
210.07 0.02 0.00 1co -1- -
310.06 -0.02 0.03 2n 0.08 0.03 -0.01
410.00 0.02 0.00 20 0.04 -0.02
510.13 0.04 0.06 3n -0.03 -0.06 -0.07

30 0.01 - -0.04
4n 0.01 0.02 -0.07
4n -0.14 0.00 -0.05
5 0.00 0.04 0.02
Change in shift Relative to Linear sequence (ppm)

Ca 15d 18d 19m 16d 17d 20m
1]- - - 1 -3.2 -1.3 -
2|- - - 1co -
3|- - - 2n -0.4 - -0.3
4]- - - 20 -0.7 -1.0
5]- - - 3n 0.0 - -0.1

30 -0.4 -0.3

4n 0.8 -1.6 0.3

4n 0.0 -1.4 -0.3

5 -3.2 -0.4 -3.1
co Change in shift Relative to Linear sequence (ppm)

15d 16d 17d 18d 19m 20m

1 -0.5 1.8 -
2 -0.3786 1.3 0.2
3 -0.3 1.7 -0.3
4 -0.3 14 -0.1

5 -0.6 - 0.5 -
Change in shift Relative to Linear sequence (ppm)

NH 15d 16d 17d 18d 19m 20m

7]0.51 0.08 047 | 0.38 - -
21042 0.08 0.44 0.00 0.15 -0.18
31024 0.05 0.24 0.30 0.33 0.03
41034 0.04 -0.25 0.20 0.35 -0.02

51042 0.12 0.00 0.26 047 0.09
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Table S7: The JunHa Values (Hz) for tripeptides 10-14m in de-DMSO and 10% aq. D20.

J values (Hz)

de-DMSO 10% D20 in water
10| 10d 11| 11d 12| 12d| 13m | 14m 11| 11d| 14m
1 7.6 7.9 8.1 79|81 7.6 4.8 5.1 6.8
2 7.0 7.6 7.1 70(75 71 53 5.1 5.7 6.4
3 7.9 8.6 8.3 82|83 8.3 8.6 71 7.1 7.6
Table S8: The JunHa Values (Hz) for pentapeptides 15-20-m in 10% aq. D20.
J values (Hz)
10% D20 in water
15 15d 16 16d 17d 18d 19m 20m
1 7.1 7.1 7.3 7.0 59 5.6 5.6
2 5.3 5.6 6.1 59 5.3 51°* 5.6
3 5.7 54 59 5.7 5.0 39° -
4 6.1 - 5.9 59 5.6 59 -
5 8.0 - 7.3 7.6 7.3 7.3
Table S9: The amide-derived temperature coefficients (from 25-50 °C) for pentapeptides 15d-20m.
Amide-derived temperature coefficients (ppb/K)
15d 16 16d 18d 19m 20m
1 -8.03 -7.30 -8.23 -7.64 -6.57 -6.88
2 -7.13 -6.91 -7.46 -4.21 -9.14
3 -4.03 -7.09 -7.49 -8.43 -5.41
4 -7.66 -7.26 -7.91 -5.10 -6.91 -7.39
5 -7.27 -7.63 -8.43 -4.60 -7.37 -7.95
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Appendix 3: Characterisation

1D NMR Spectra
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Figure S1: 500 MHz spectrum of 10 in de-DMSO.
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Figure S3: 500 MHz spectrum of 11 in de-DMSO.
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Figure S4: 500 MHz spectrum of 11d in ds-DMSO.
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Figure S5: 500 MHz spectrum of 11d in ds-DMSO between 2.1 and 4.6 ppm.
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Figure S6: 500 MHz spectrum of 11d in 10% D>O in water.
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Figure S7: 500 MHz spectrum of 11d in 10% D-O in water between 2.4 and 4.6 ppm.
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Figure S8: 600 MHz spectrum of 12 in de-DMSO.
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Figure §9: 600 MHz spectrum of 12d in ds-DMSO.
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Figure $10: 500 MHz spectrum of 13 in de-DMSO.

0.075

0.070

0.060

0.055

0.045
0.040

0.035

Normalized Intenstty

0.030

0.025

0.020

0015

0010

G I V|

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0
Chemical Shitt (ppm)

Normalized Intensity

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
45

Chemical Shift (ppm)

Figure $12: 500 MHz spectrum of 14m in de-DMSO.
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Figure $13: 600 MHz spectrum of 15 in 50% CD3CN and 10% D20 in water.
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Figure S$14: 600 MHz spectrum of 15d in 10% D20 in water.
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Figure $15: 500 MHz spectrum of 16 in 10% D20 in water.
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Figure $16: 600 MHz spectrum of 16d in 10% D20 in water.
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Figure $17: 600 MHz spectrum of 17d in 10% D20 in water.
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Figure $18: 500 MHz spectrum of 18 in 10% D20 in water.
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Figure $19: 600 MHz spectrum of 18d in 10% D20 in water.
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Figure $20: 500 MHz spectrum of 19m in 10% D20 in water.
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Figure $21: 500 MHz spectrum of 20 in 10% D20 in water.
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Figure $22: 600 MHz spectrum of 20m in 10% D20 in water.
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Figure $23: 600 MHz spectrum of 21 in 10% D20 in water.
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Figure S$24: 600 MHz spectrum of 21d in 10% D20 in water.
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Figure $25: 500 MHz spectrum of 22 in 10% D20 in water.
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Figure $26: 600 MHz spectrum of 22d in 10% D20 in water.
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Figure $27: 600 MHz spectrum of 23 in 10% D20 in water.
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Figure $28: 500 MHz spectrum of 23m in 10% D20 in water.
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Figure $29: 500 MHz spectrum of 24 in de-DMSO.

0075

0070

0.055
0.050
0.045
0.040

0.035

Normalized Intensity

0.030

0.025

0.020

0015

90 85 80 75 70 65 60 55 50

0010
0.005
0 3 A
T T T T T T T T
5 40 35 30 2

A
Chemical Shift (ppm)

Figure S$30: 500 MHz spectrum of 24d in de-DMSO.
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Figure S$31: 500 MHz spectrum of 25 in d.e-DMSO
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Figure §32: 500 MHz spectrum of 25d in de-DMSO.
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Figure §33: 500 MHz spectrum of 29d in de-DMSO.
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Figure S34: 600 MHz spectrum of 30d in de-DMSO.
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2D NMR Spectra

(wdd) yus sy 14

n < wn < w ] wn o W < wn o
] 5] © < <+ ] ] w w . - w©
FETTRY FTRTE [RTR1RTRTE FRTR1[RTRI RYRTE [RTRITRTE [RITA FRTRIAYRTE (RTRI RYRTI RTATE FETR1 ATUTE FRTRI RTTRTRTETE [TR1RTATE FRTRI [RTRINTRTA Y

é
2

BN

1 .fij.esp

LU B S B B S N B N L B B B R B e

LU S B B B B B B B B B B e e |

7.0

LN B S S S S S S S e

LI e e e

—

Figure §35: zTOCSY 500MHz in 10% aq. D20 pf 11d
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Figure S 36: zZTOCSY 500MHz in de-DMSO of 11d.
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ROESY 500MHz in de-DMSO of 11d.

Figure S 37
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HPLC Spectra
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Figure S38: Analytical RP-HPLC C18 spectrum for 9, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S39: Analytical RP-HPLC C18 spectrum for 10, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S40: Analytical RP-HPLC C18 spectrum for 10d, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S41: Analytical RP-HPLC C18 spectrum for 11, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S42: Analytical RP-HPLC C18 spectrum for 11d, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S43: Analytical RP-HPLC C18 spectrum for 12, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S44: Analytical RP-HPLC C18 spectrum for 12d, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S45: Analytical RP-HPLC C18 spectrum for 13, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S46: Analytical RP-HPLC C18 spectrum for 13m, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S47: Analytical RP-HPLC C18 spectrum for 14, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S48: Analytical RP-HPLC C18 spectrum for 14m, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S49: Analytical RP-HPLC C18 spectrum for 15, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S50: Analytical RP-HPLC C18 spectrum for 9, 0-100% over 15 minutes (from 5-20 min) visualised at 254
nm.
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Figure S51: Analytical RP-HPLC C18 spectrum for 16, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S52: Analytical RP-HPLC C18 spectrum for 16d, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S53: Analytical RP-HPLC C18 spectrum for 17d, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S54: Analytical RP-HPLC C18 spectrum for 18, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S55: Analytical RP-HPLC C18 spectrum for 18d, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S56: Analytical RP-HPLC C18 spectrum for 19, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S57: Analytical RP-HPLC C18 spectrum for 19m, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S58: Analytical RP-HPLC C18 spectrum for 20, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S$59: Analytical RP-HPLC C18 spectrum for 20m, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S60: Analytical RP-HPLC C18 spectrum for 21, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S61: Analytical RP-HPLC C18 spectrum for 21d, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S62: Analytical RP-HPLC C18 spectrum for 22d, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S63: Analytical RP-HPLC C18 spectrum for 23, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.

mal 7|

500 |

400 -

300 |

200 -

100 -

0- V_/WJ

T T T T T T T r
-] 8 10 12 14 16 18 min

Figure S64: Analytical RP-HPLC C18 spectrum for 23m, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S65: Analytical RP-HPLC C18 spectrum for 26, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.

<00-
as0-
200
250-

200

100 |

T T T ( T T T
8 8 10 12 14 16 18 min

Figure S66: Analytical RP-HPLC C18 spectrum for 26d, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S67: Analytical RP-HPLC C18 spectrum for 27, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S68: Analytical RP-HPLC C18 spectrum for 27d, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S69: Analytical RP-HPLC C18 spectrum for 28, 0-100% over 15 minutes (from 5-20 min) visualised at 220
nm.
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Figure S70: Analytical RP-HPLC C18 spectrum for 28d, 0-100% over 15 minutes (from 5-20 min) visualised at
254 nm.
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Figure S71: Analytical RP-HPLC C18 spectrum for 29d, 0-100% over 15 minutes (from 5-20 min) visualised at

254 nm.
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Figure S72: Analytical RP-HPLC C18 spectrum for 30d, 0-100% over 15 minutes (from 5-20 min) visualised at

254 nm.
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