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ABSTRACT 

 The concept of manipulating secondary structure has been a powerful method to alter 

chemical processes and interactions. One of the most recent avenues used in achieving this goal is 

the field of photopharmacology. The use of light to activate and control chemical processes has 

been extensively studied for this purpose. It was proposed in Chmielewski group that a cyclic 

peptide containing a azobenzene-like amino acid could be used to modulate a peptide conformation, 

into a β-turn. This first-generation macrocycle, FLAp, consisting of four alanine residues split by 

the azobenzene amino acid and a test β-turn sequence (Asn-Pro-Gly-Gly) showed type II β-turn 

conformation in the cis form, but no turn in the trans. This result, although promising, showed only 

a two-fold difference in inhibition of somatostatin receptor when using the somatostatin β-turn 

sequence (Phe-Trp-Lys-Thr). This small difference in activity was attributed to the flexibility of 

the macrocycle in the two conformations. 

Efforts have been made to create a better, more rigid scaffold than that used with FLAp to 

allow for improved differences between the two conformations of the azobenzene. The FLAp 

cyclic peptide was altered by only having one alanine residue on either side of the azobenzene to 

create TAp, for increased rigidity. A second peptide, TApβ, was synthesized using β-alanine 

residues in place of alanine, for added flexibility within the peptide. The TAp and TApβ peptides 

were shown to possess type II and type II’ β-turn properties respectively, supported by 2D NOESY 

NMR and restrained molecular dynamics. The trans isomer of TAp, however showed a kink in the 

peptide backbone, while the TApβ peptide showed a linear backbone with no kink. 

With the scaffold of TApβ shown to be optimum for structural distinction between the cis 

and trans conformations. This sequence was carried forward for biological testing. As a proof of 

concept, the β-turn of tendamistat (Ser-Trp-Arg-Tyr) was chosen, for its hydrophilicity and its 

target α-amylase. The resulting peptide tendamistat β (TSβ) was synthesized and compared against 

its linear form (L-TSβ), as well as a literature control (Bartlett control). The cis conformation of 

the cyclic peptide TSβ showed lesser activity than its trans counterpart, as well as its linear cis and 

trans counterpart, against α-amylase. Due to unexpected results it was deemed that tendamistat 

was not suitable for use within the TApβ scaffold because of conformational restriction of the 

tendamistat sequence. This may be due to the type I β-turn of tendamistat where Tapβ induces type 

II’ β-turn formation.  
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 INTRODUCTION 

1.1 Azobenzenes and their significance 

Since their initial synthesis in the late 1800’s and the discovery of their isomerization 

capabilities in 1937 by Hartley, the azobenzene moiety has been a staple in photopharmocolgy.1–3 

Azobenzenes exist as the  trans isomer which can be photolyzed using ultraviolet (UV) light (~365 

nm) to the less stable cis isomer. The cis isomer can be transitioned back to the more stable trans 

isomer using visible wavelength light (~420 nm) or heat (Figure 1.1).2 Azobenzenes have been 

shown to be robust, highly tunable compounds that are tolerable to a wide variety of functional 

groups.4–8 These properties allow azobenzene moieties to impact a wide array of subject areas, 

including materials science,9–13 medicinal chemistry, chemical biology and biochemistry.14–22  

 

 

Figure 1.1  Cis-trans isomerization of azobenzene 

 

One of the most relevant uses for azobenzene functionalities is their on-off switching 

capabilities.3,14 Using the azobenzene conformation change has allowed for the creation, 

innovation and progression of response-based systems.3 This ability is highlighted in its use in 

biologically relevant pathways and signaling processes, allowing azobenzenes to be at the forefront 

of photo-pharmacological advances.3 One of the most influential areas of azobenzene use is 

secondary structure manipulation of appended peptides.23–26 Outlined below are examples of 

azobenzene incorporation into peptide containing α-helices, β-sheets, β-turns, and other secondary 

structure elements. 
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1.2 Azobenzene and their involvement with α-helices 

 Alpha helices are one of the most prevalent secondary structures found within 

proteins.27,28These prominent secondary structures are characterized by 3.6 amino acid residues 

per helical turn with hydrogen bonding between the i and i+4 residues within the helix.27,28 

Azobenzenes have been used with alpha helices to modulate their stability and helical chirality, as 

well as controlling inhibition of protein-protein interactions. 

1.2.1 Azobenzene as stabilizers of α-helical backbones 

A significant contribution to the use of azobenzene moieties with α-helical peptides has 

been reported by Andrew Woolley and coworkers in the early 2000’s. This group developed 

linkers to act as backbone staples for α-helices. These staples used bis-diacetamide azobenzenes 

that would staple the i and i+7 residues via cysteine residues using a model peptide, JRK [Ac-

EACARVAibAACEAAARQ-NH2], developed by Merutka et al. (Table 1.1).29–32 When 

photolyzed with UV light, the azobenzene in the cis conformation stabilized the α-helical structure, 

whereas when the azobenzene was in the more stable trans conformation, the α-helical structure 

was lost. From this initial discovery Woolley found new ways to affect the stability of α-helical 

peptides using his photo-switchable staple. It was also observed that the position of the azobenzene 

within the sequence had an effect on helix stability.33The α-helix was most stable when the 

azobenzene staple was at a more central location on the peptide backbone. Peptides with the staple 

at the ends experienced a drop in α-helicity. 

 Woolley also demonstrated, that the distance between the residues modified with the photo-

switchable staple could alter α-helix stability, using a new α-helical peptide Ac-[EAAAR]3-

NH2.
34,35 They investigated, i to i+4 (FK-4) and an i to i+11 (FK-11)  linkages (Figure 1.2) to 

manipulate α-helix stability (Table 1.1).36 The i to i+4  linkage show similar conformational 

preferences as compared to the JRK i to i+7 linkage, with stabilization of the α-helical backbone 

with the cis version of the staple, and destabilization of the helix in the trans form. The i to i+11 

linkage inversely showed a greater stability of the α-helix with the trans conformation of the 

azobenzene staple while in the cis form the peptide adopted a random coil conformation.37,38 This 

variability in conformation showed further demonstrates the utility of azobenzene in relation to α-

helices. 
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Figure 1.2  The backbone dynamics of the stapled JRK-7 and FK-4 peptides when the conformation of the 

azobenzene is changed from cis to trans and vice versa (Top). The backbone dynamics of the stapled FK-11 peptide 

when the conformation of the azobenzene is changed from cis to trans and vice versa (Bottom).38 
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Further derivatization of the azobenzene staple was made by the addition of a sulfonate 

group at the meta positions of the azobenzene, thereby increasing the water solubility of the staple 

without compromising performance.39The concept of staple length was investigated by Woolley, 

creating a longer azobenzene staple with alkynes on both sides. This allowed for an extended i to 

i+14 (XFZ14) and i to i+21 linkage (XFZ21) to an α-helix (Table 1.1).40 The extended i to i+14 

provided similar results to the extended c that was shown previously, with a stabilizing effect in 

the cis isomer, while the i to i+21 linkage showed comparable results to the i to i+11 linkage. A 

bridged Azobenzene implanted as the staple linker was shown to affect the stability of helical 

backbones using the i to i+11 linkage, with opposite conformational effect due to the 

photophysical properties of the bridged azobenzene.41A bis-azobenzene was also synthesized, but 

the peptide exhibited fairly inconclusive results due to the presence of two separate azobenzene 

within the staple.42 The irradiated form of SS-11, whether it contained the cis,cis or trans,cis 

azobenzene showed greater α-helical stability than with the trans,trans linker. 

The azobenzene staple was used further by introducing more modifications to the linker to 

increase performance. The ortho position of the azobenzene moiety, when modified with electron 

donating groups (EDG) allows for an increase in the azo-bond excitation wavelength. This increase 

in the λmax allows for deeper penetration of the light within biological tissue. Woolley and 

coworkers synthesized azobenzene linkers that contained a wide range of EDG (-OEt, -OMe, -

NRR’, -SEt) which raise the λmax  into the visible light range and even to the near infrared (NIR) 

range (430 nm to 660 nm), while still manipulating helical stability.4,6,7,43,44Woolley also 

developed a reversible azobenzene staple using methanethiosulfonyl groups at the cysteine 

reaction site.45 
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Table 1.1  List of α-helical peptides stapled with an azobenzene linker. 

 

Ac-WGACEAAAREAAAREAACRQ-NH2         

XFZ1440 

i- i+14 

 

Ac-WGACEAAAREAAAREAAAREAAARCAQ-NH2 

XFZ2140 

i- i+21 

Ac-WGACEAAAREAAAREAAAREAAARCAQ-NH2                                                                            

SS-1142 

i- i+11 

 

Ac-WGACEAAAREAAAREAAAREAAARCAQ-NH2                                                                         

SS-1442 

i- i+14 

Ac-WGACEAAAREAAAREAAAREAAARCAQ-NH2                                                                              

SS-1942 

i - i+19 

Ac-WGACEAAAREAAAREAAAREAAARCAQ-NH2                                                                        

FZ-2142 

i-i+21 

Peptide Linkage  

Ac-EACARVAibAACEAAARQ-NH2                         

JRK-729 

i- i+7 

 

Ac-EAAAREACARECAARQ-NH2                                

FK-436 

i- i+4 

Ac-EACAREAAAREAACRQ-NH2                               

FK-1136 

i- i+11 
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1.2.1.1 α-Helical stability and biological activity 

 Many have taken the concept of azobenzenes and α-helical stability, that have been studied 

extensively by Woolley, and have applied them to different targets in chemical biology and 

biochemistry. The azobenzene staple has been used to activate a DNA binding peptide, MyoD, 

using the i to i+7 linkage to create an on/off photo-switch.46 Peptides based on the BAK/BCL 

protein-protein interaction, that mediate apoptosis have been combined with an azobenzene photo-

switchable staple to create another photo-controlled agent.47,48 The same strategy was implemented 

using peptides that resembled β-arrestin to inhibit the interactions of β-Adaptin II.49 The 

azobenzene crosslinker has also been used in processes the involve endocytosis, cytochrome c 

release and cell penetration.25,50,51 

1.2.2 Azobenzene as components in α-helical biopolymers 

 When Linus Pauling discovered α-helices, his initial 1951 publication defined α-helices as 

right-handed.52 However, sidechain incorporation of azobenzene residues into poly(aspartate) α-

helical peptides have been shown to alter the helicity of peptides (Figure 1.3). A poly(aspartate) 

sequence, with azobenzene dispersed throughout the sidechain, initially exist as a left-handed helix 

with 59% loading of azobenzene within the biopolymer. Upon photolysis of the sidechain 

azobenzene the left-handed α-helix converted into a right-handed α-helix.53 Poly(aspartate) 

modified with a long aliphatic chain with azobenzene esters, were right-handed helices with <50% 

loading of azobenzene and left-handed helices with >50% loading of azobenzene at room 

temperature.54,55 When polymers containing 68% and 89% loading of azobenzene were irradiated 

with UV light, they changed from left-handed helices to right-handed helices.56 Fissi and 

coworkers worked with poly(glutamate) esters and poly(lysine) amides containing azobenzenes 

that had similar effects to the poly(aspartate) sequences.57–60 
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Figure 1.3  The photolysis of azo-esters sidechains in poly(aspartate) α-helices promotes a change in helix chirality. 

1.2.3 Azobenzene as part of α-helical backbones 

 Azobenzene moieties have been inserted into the middle of α-helical peptides to modulate 

their conformation and activity. An azobenzene was conjugated to two bZIP α-helices via double 

nucleophilic attack by two terminal cysteines.61 The peptide, when photolyzed to the cis 

conformation, was shown to bind DNA in the major groove as ordered α-helices. Azobenzene have 

also been inserted centrally into an incretin-like peptide, liraglutide, to induce insulin production.62 

The cis isomer of LirAzo generated two orders of magnitude more cAMP than its trans counterpart, 

and cis LirAzo induced three times more insulin secretion than trans LirAzo. Azobenzene was 

further substituted into melittin, a common membrane lytic peptide.63 The substitution of proline 

within the melittin sequence allowed for an on/off membrane lytic peptide, with the cis form 

showing greater lytic potential than its trans counterpart. 

1.2.4 Azobenzene as part of α-helical sidechains 

Azobenzene has also been used as an amino acid sidechain. In the α-helical ribonuclease S. 

This peptide forms a complex with ribonuclease S protein.64 The ribonuclease S was modified with 

phenylazophenylalanine (PAP) at various positions. When the PAP residue was at position 4, the 

cis form of the α-helical peptide showed high levels of reconstitution to form the native protein. 
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The trans form of this peptide showed less interaction with the S protein and, therefore, less overall 

activity. This concept was expanded to Gramicidin A where the α-helical peptide was substituted 

with the PAP residue.65 The cis form of the PAP residue allowed for ion channel activation by the 

peptide, while the trans form did not invoke such a response.  

1.3 Azobenzene as turn elements to initiate β-sheet formation 

 The β-sheet morphology was initially discovered by Astbury in 1933 before Pauling and 

Corey correctly discovered their proper orientation in 1951. β-sheets are one of the major structural 

motifs in the formation of proteins.27,28,66 These β-sheet structures exist as parallel or anti-parallel 

polypeptide strands that are propagated together via a turn, consisting usually of four amino acids. 

Azobenzene moieties have been used to induce β-sheet by replacing the turn residues within the 

sequence (Figure 1.4).24,67 This has been shown in a couple of examples, most notably with the 

tryptophan zipper (TrpZip) sequence.67–75 The azobenzene making up the turn region of this β-

sheet peptide demonstrates rapid loss of the β-sheet when photolyzed to the trans conformation, 

on the order of nanoseconds. The reverse trend to form the β-sheet is almost two orders of 

magnitude slower at around 30 µs. This trend allows for the rapid change between the two 

conformations, and the selective induction of β-sheets. Similar to the TrpZip peptides, a model β-

sheet peptide, Chignolin, showed similar properties of folding and unfolding using an azobenzene 

moiety as a turn feature.76,77 

 

 

Figure 1.4  The isomerization of a trans azobenzene to a cis azobenzene induces the formation of β-sheets. Reversal 

of the isomerization results in random-coil formation.  
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 The use of azobenzene’s as a tool to enhance β-sheet formation is relevant for a few 

biologically relevant systems. One area using this modality is β-amyloid fiber formation.78,79 Upon 

photolysis to the cis conformation the β-sheets of β-amyloid begin to form and cause toxicity to 

SH-SY5Y neuroblastoma cells. It was further shown by Doran et al. that amyloid-like fibrils can 

be generated that form self-assembled hydrogels.80 Photo-switchable β-sheets have also been 

introduced into peptide sequences that activate neuronal synthase when the azobenzene is 

photolyzed into the cis conformation.81–83  

1.4 Photo-inducing β-turn confirmations with azobenzene moieties 

 The β-turn motif is a common motif in proteins that  is characterized by four amino acids 

that form a bend within a peptide structure.28,84,85 Azobenzene’s were first introduced into the β-

turn motif by Ulysses and Chmielewski. They introduced an azobenzene unit, with four alanine 

residues within a cyclic peptide containing a β-turn sequence (Asn-Pro-Gly-Gly).86 The residues 

were chosen for their propensity to exist within those positions of the β-turn. The cyclic peptide 

did not display a β-turn when the azobenzene was in the trans conformation of the macrocycle, 

while displaying a type II β-turn in the cis conformation of the azobenzene (Figure 1.5). The 

concept was further expanded when the biological β-turn of somatostatin was introduced into this 

macrocyclic scaffold, to provide a photo-switchable, biologically active construct against the 

somatostatin receptor.87 Although the difference in activity between the two conformations was 

two-fold, it showed that the β-turn of somatostatin could be manipulated and controlled. The 

concept of photo-switchable cyclic peptides was also explored by Yeoh and co-workers using a 

similar strategy to Ulysses and Chmielewski. They took the structure of Gramicidin S and 

implemented an azobenzene within to induce β-turn formation.26 This allowed for the optical 

control of antimicrobial clearance of S. aureus with four-fold better activity in the cis conformation 

(32 µM) than the trans (128 µM). 
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Figure 1.5  Schematic of photo-switchable cyclic peptides that induce β-turn formation. 

 

1.5 Other applications of azobenzene within secondary structures 

 Other secondary structures that have been enriched by azobenzenes and their photo-

switching capabilities include polyproline helices, and coiled coils. Polyproline helices exist in 

two forms as type I and a type II polyproline helices. The most common polyproline helix is found 

in collagen, an important structural protein.88,89 Azobenzene moieties have been stapled into the 

center of the polyproline helix using cysteine residues, much like Woolley has done with α-

helices.90 The trans isomer of the azobenzene staple allowed for triple helix formation from the 

collagen peptide. The cis isomer distorted the polyproline helix of the collagen peptide to prevent 

triple helix formation. Similar results were seen when a thioproline residue was used to staple the 

azobenzene within the collagen sequence.91  

 Coiled-coils are super-secondary structures that consist of two or more α-helices.92,93 These 

helices contain a heptad repeat that help to dictate their oligomeric states and structural 

properties.94 The inclusion of azobenzenes into coiled-coils  has involved placing two alpha helical 

sequences, that correspond to tropomyosin on either end of an azobenzene.95 The trans 

conformation of the azobenzene allows for the two alpha helices to come together to form a coiled-

coil. The cis conformation of the azobenzene caused the two helices to become too close and 

interfered with the hydrophobic interactions of the coiled coil, causing fraying. Other azobenzene 

involvement with coiled-coils involved the helical stability of DNA binding coiled-coils, like 
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GCN4 and the Jun/Fos coiled coils.96,97 These coiled-coils combined with the azobenzene peptide 

staple via an i to i+7 linkage showed coiled-coil disassembly in the trans conformation. The cis 

conformation of the staple allowed for proper helical formation, thus initiating coiled coil 

formation and DNA binding. Woolley and coworkers also showed that varying the position of the 

azobenzene staple on one of the alpha helices of the coiled-coil induced drastic differences to the 

stability of the alpha helix and thus the coiled coil.98 

1.6 Conclusions  

Azobenzenes and their photophysical properties have provided significant contributions in 

the field of peptide secondary structure manipulation. The constructs have been shown to affect 

the stability of α-helices, coiled-coils, β-sheets, and β-turns and modulate their activity within 

many biologically relevant pathways. There is currently a gap within the field of azobenzene 

manipulation of β-turn sequences. These motifs are very essential as they are involved in receptor 

stimulating peptides, such as enkephalins, oxytocin and somatostatin, that activate important 

cellular responses within the body.85The work described within this thesis aims to expand on the 

field of azobenzene mediated β-turn formation, and its ability to affect the responsiveness of 

chemical processes. 
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 A REFINED PHOTO-SWITCHABLE CYCLIC PEPTIDE 

SCAFFOLD FOR USE IN ΒETA-TURN ACTIVATION. 

2.1 Introduction 

Photo-controlled compounds represent an important class of molecules that have been 

shown to be useful in drug discovery.1–6 The azobenzene group represents an important portion of 

these photo-controlled compounds that are highly tuneable, and can be multipurposed for various 

applications.7–10 These molecules undergo cis-trans isomerization of the azobenzene in a 

controlled fashion via ultraviolet (UV) light. The azobenzene moiety has been used for α-helix 

stabilization,11–15β-turn formation,16–18 β-sheet formation,19–21 protein binding and activation,22–24 

cell-mediated binding,25–27 and within DNA.28–32 More specifically, an azobenzene-containing 

amino acid, (4-aminomethyl)phenylazobenzoic acid (Azo), and its derivatives can be used to 

promote light mediated conformational switching that can selectively initiate a range of chemical 

responses.16,17,33–38  

The β-turn motif is an important component in biological signalling, and mediates a 

number of peptide- and protein-protein interactions.39 This motif consists of four amino acid 

residues that form a hydrogen bond between the i and i+3 residues in the sequence. β-turn mimetics 

have been used for a variety of applications,39,40,49,41–48 including targeting β-turn-mediated G-

protein coupled receptors.39,45 While these mimetics are active against their specified targets, 

controlled activation is difficult to achieve. There is great interest, therefore, in developing tools 

to modulate the binding of therapeutics. In this regard, cyclic azobenzene-containing peptides have 

demonstrated photo-control in receptor binding,17 cell surface signaling,27 antimicrobial 

clearance,18 nanotube formation,50 and affinity labeling.51 

Previously, cyclic peptides incorporating Azo were investigated for controlled β-turn 

formation.16,17 In one example, a peptide sequence with a propensity to form a β-turn, Asn-Pro-

Gly-Gly, was used with two di-alanine spacers flanking the azobenzene moiety (Figure 1a, 

FLAp).16 In another instance, a β-turn sequence known to bind the somatotropin release-inhibiting 

factor (SRIF) receptor, Thr-Lys-Phe-Trp, was used within a cyclic peptide containing the Ala-Ala-

Azo-Ala-Ala scaffold.17 In this latter case, the photo-induced trans to cis switch of the azobenzene 

achieved a β-turn within the macrocycle. However, the trans-Azo form of the cyclic peptide also 

maintained some turn character. This residual turn structure may account for the similarities in 
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SRIF binding with the cis and trans isomers of the cyclic peptide.17  From these data, it was 

hypothesized that increasing the rigidity of the peptide scaffold may provide more effective control 

of the β-turn conformation (Figure 2.1a).  

 

 

Figure 2.1  a) The tetrapeptide, Asn-Pro-Gly-Gly, is a part of a cyclic peptide containing an azobenzene moiety 

flanked by either Ala-Ala, Ala, or β-Ala to investigate the rigidity of the scaffold. The cyclic peptides can be 

isomerized to the cis and trans versions using either UV light or elevated temperature, respectively. b) The pre-

cyclized linear peptide sequences containing the azobenzene amino acid (Azo). 

2.2 Results & Discussion 

2.2.1 Design of Cyclic Peptide Scaffolds 

The design of more rigid cyclic azobenzene-containing peptides was based on a previously 

described photo-switchable peptide, FLAp (Figure 2.1a).16 It was hypothesized that a more 

constrained cyclic peptide would show greater differentiation in forming the β-turn when in the 

cis versus the trans azobenzene conformations. To rigidify the original scaffold, second generation 

peptides were envisaged in which the two di-alanine spacers of FLAp were replaced with either 

two alanine (TAp) or two of the somewhat longer β-alanine residues (TApβ). This reduction in the 

number of atoms between the Azo residue and the β-turn tetrapeptide should allow for 

investigation of the role that rigidity of the scaffold plays on the photo-control of the β-turn (Figure 

2.1a).  
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2.2.2 Synthesis of Cyclic Azo-containing Peptides using Cyclonic Photoreactor  

To accomplish these above goals, therefore, two peptides were synthesized, one with an 

alanine residue on each side of the Azo residue (TAp) and another with flanking β-alanines (TApβ). 

Synthesis of the linear versions of the known FLAp and the newly designed TAp and Tapβ (L-

FLAp, L-TAp, L-Tapβ) (Figure 2.1b) was performed on a glycine p-alkoxybenzyl alcohol resin 

using standard Fmoc-based solid phase peptide synthesis with HATU. Once the linear sequences 

were complete, the resin was treated with a trifluoroacetic acid cocktail to concomitantly remove 

the protecting groups and cleave the peptides from the resin. The linear peptides were purified to 

homogeneity on reverse phase HPLC to afford the three peptides in 40-50% yield.  

 

 

Figure 2.2  Scheme of synthesis of cyclic peptides with (TAp and Tapβ) and without (FLAp) initial photo-

isomerization of the azobenzene 

 

Once the linear peptides were obtained, these peptides were subjected to cyclization at a 

concentration of 1 mM using PyAOP and DIEA in DMSO (Figure 2.2).52 The L-FLAp peptide 

was successfully cyclized with the azobenzene in its trans conformation, to provide FLAp  in 15% 

yield. In contrast, cyclization of L-TApβ with the trans azobenzene provided a low 5% yield of the 

cyclic peptide, whereas L-TAp produced only its corresponding cyclic dimer in 10% yield (Table 

2.1). To improve the cyclization yields, we investigated using the cis form of the azobenzene in 

the linear peptides to bring the C-and N-termini into closer proximity for the reaction. With this in 
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mind, the peptides were isomerized to the cis conformation using a cyclonic ultraviolet 

photochemical reactor (Mini-CUPR) before cyclization using above conditions.53 The cyclic 

peptides were purified to homogeneity by RP-HPLC and characterized by MALDI-TOF mass 

spectrometry. In this way the TAp and TApβ peptides were obtained in 35% and 60% yields, 

respectively (Table 2.1).  

 

Table 2.1  Yields of cyclic azobenzene-containing peptides with and without photoexcitation at 365 nm for 

isomerization. 

2.2.3 Isomerization of Cyclic Azobenzene-containing Peptides 

After purification of TAp and Tapβ, the macrocycles were found to have a 60:40 and 70:30 

ratio of trans:cis azobenzene, respectively, presumably due to some heating of the sample during 

solvent removal. These mixtures of the cyclic peptides (1 mM) were irradiated from 15 mins to 2 

hours in the Mini-CUPR to photo-isomerize the trans to the cis isomer. Both TAp and TApβ 

reached their optimal conversion after 15 mins, providing 90% and 86% of the cis form, 

respectively (Figures S7 and S9). TAp and Tapβ were subjected to thermal isomerization to 

determine the rate at which the cis conformation of the Azo residue reverts to the trans isomer at 

37°C. The cis to trans ratio was quantified by RP-UPLC over the course of seven days (Figure 

2.3). These data demonstrate that both cyclic peptides have similar rates of thermal isomerization, 

and the peptides were converted to their maximum trans form (97% and 98%, respectively) after 

seven days at 37°C. Together, these data indicate that both peptides can be photo-isomerized to 

mostly the cis form, and the cis form persists as the major isomer for about one day, with almost 

complete conversion to the trans isomer in a week. Thereby demonstrating the potential to control 

the cyclic peptide conformation with both light and heat.  

Peptide No Isomerization Yield Isomerization 

Yield 

FLAp 15% N/A 

TAp 10% (Dimer) 35% 

TApβ 5% 60% 
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Figure 2.3  a) The use of heat and light to interconvert the cis and trans isomers of TAP. b) Thermal relaxation of 

cis-TAp and cis-TApβ to their trans isomer at 37°C. Cis and trans percentages were determined by RP-UPLC 

measurements. 

2.2.4 Structural Elucidation of the cis and trans Isomers of the Cyclic Azobenzene-

containing Peptides.  

We hypothesized that having a cis-Azo residue within the macrocycles would effectively 

promote a β-turn conformation within the attached tetrapeptide. Also, the design sought to limit 

turn structures within the macrocycle when the Azo residue was in the trans conformation. We 

turned to two-dimensional NMR and molecular dynamics to probe if those features were obtained. 

NOESY spectroscopy was performed on both the cis and trans TAp and TApβ peptides to 

determine if a β-turn was present. Samples of the cis versions of each peptide were obtained by 

photo-isomerization for 15 mins in the Mini-CUPR as described above, and then shielded from 

ambient light. For samples of the trans isomers of TAp and TApβ, mixtures were used that 

contained 70% and 95% of the trans, respectively. NMR samples of the cyclic peptides were 

prepared at a 10 mM concentration in deuterated dimethylsulfoxide (DMSO-d6). 

The data from the resulting 2D spectra (NOESY, TOCSY, HMBC, HMQC) were used to 

model the cis and trans conformations of the cyclic peptides using restrained molecular dynamics 

as implemented in the Macromodel molecular modelling suite (Schrodinger).54 According to our 

design, it was anticipated that the cis conformation of TAp and TApβ would exhibit a β-turn motif 

within the central tetrapeptide, while the trans isomer should have these residues in a more 

extended conformation. Distances were measured from the backbone carbonyl of the asparagine 
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residue (C=O) to the amide proton of the i+3 glycine (H-N) to probe for a β-turn. For TAp, the cis 

version was found to contain a type II β-turn with an average C=O--H-N distance of 2.2 Å (Figure 

2.4a). These same atoms in the trans isomer had a distance of 6.8 Å, indicating that no β-turn was 

present. The Asn-Pro-Gly-Gly tetrapeptide with trans-TAp, however, displayed a kinked structure 

instead of an extended conformation (Figure 2.4a).  Additionally, the azobenzene showed 

distortion from planarity when in the trans form. Within the cis version of TApβ the average C=O-

-H-N distance was found to be 3.2 Å, which is within an acceptable distance for the hydrogen bond 

in a β-turn, and the dihedral angles are consistent with a type II’ β-turn. In this case, the tetrapeptide 

within the trans form of TApβ was found to exist in an extended conformation.  This extended 

conformation lacks intramolecular hydrogen bonding, whereas the kinked structure of trans-TAp 

has one transannular hydrogen bond and a g-turn at the expense of a planar azobenzene. In 

comparison, the known trans-FLAp (Figure 2.4a) has a turn within the tetrapeptide and maintains 

the planarity of the azobenzene, while cis-FLAp forms a type II β-turn within the tetrapeptide.16 

Overall, when comparing these three macrocyclic designs, TApβ may be optimum as there is a 

clear structural distinction in the central tetrapeptide when the macrocycle contains a trans versus 

cis azobenzene isomer. 

 

 

Figure 2.4   a) Overlay of ten time-sampled structures of the trans-TAp and cis-TAp macrocycles as obtained from 

restrained molecular dynamics simulations using NOESY data (Left). b) Ten overlaid time-sampled structures of 

trans-TApβ and cis-TApβ macrocycles (Right) using the same methodology as in a) (Asn sidechain is hidden in cis-

TApβ to facilitate visualization). 
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2.3 Conclusion 

Herein we describe the design and synthesis of two cyclic peptides, TAp and Tapβ, that 

incorporate a photo-isomerizable azobenzene moiety flanked by either alanine or β-alanine 

residues with a central tetrapeptide (AsnProGlyGly). Interestingly, the cyclization of the linear 

forms of these peptides was not successful when the azobenzene was in the trans form, with 

formation of a cyclic dimer or low yield of the macrocycle, respectively. These data suggest that 

the trans form of the Azo residue imparts some amount of ring strain to the macrocycle. This is in 

contrast to the previously described FLAp peptide that provided a modest yield for the cyclization 

even in the trans form. However, isomerization of the azobenzene to the cis conformation allowed 

for facile cyclization of both linear peptides in good to very good yields. The trans conformation 

of the Azo residue within these peptides was efficiently isomerized with light to the cis 

conformation. These cyclic peptides also showed steady thermal relaxation from the cis to trans 

form at 37°C over the course of a week. Importantly, the cis and trans conformations of the 

peptides show clear structural differences by 2D NMR spectroscopy in conjunction with restrained 

molecular dynamics. The cis isomers of both TAp and TApβ demonstrated β-turn conformations. 

Conversely, the trans isomers do not exhibit a β-turn structure; the tetrapeptide within TAp adopts 

a kinked structure, whereas this sequence within TApβ exists in a more extended conformation. 

The higher cyclization yield and greater structural distinction between the cis and trans forms for 

TApβ suggest that the βAla-Azo-βAla scaffold appears to be more promising for future use with 

biologically active β-turn sequences where control of receptor binding is desired. 

2.4 Materials and Methods 

2.4.1 Materials  

All Fmoc-protected amino acids, the glycine p-alkoxybenzyl alcohol resin, HATU and 

PyOAP were purchased from Chem-Impex International. All solvents were purchased from Fisher 

Scientific. HPLC columns were the Luna C18 (250 x 21.20mm, 100 Å pore size, particle size 10 

µm, Phenomenex) for Semi-preparative purification and Luna 5u C18 (250 x 4.60mm, 100 Å pore 

size, particle size 5 µm, Phenomenex). Traces for Semi-prep were run for 60 min at 12 ml/min 

flowrate and analytical traces were run for 30 min at 1.2 ml/min flowrate. The UPLC column was 
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a C18, Waters Acquity, (50.0 x 2.1 mm, particle size 1.7 µm). Traces on the UPLC were run for 

10 min at 0.5 ml/min flowrate. All spectra were monitored at 214 nm. 

2.4.2 General procedure for synthesis of FLAp, TAp and TApβ peptides  

2.4.2.1 Linear Peptides 

Synthesis of the L-FLAp, L-TAp, L-TApβ peptides was performed on glycine p-

alkoxybenzyl alcohol resin (500 mg) in a 10 ml synthesis flask using solid phase peptide synthesis. 

The resin-bound Fmoc was deprotected using a 20% piperidine in DMF solution (5 ml) for 25 min. 

The resin was then washed with DMF, DCM, MEOH, DCM (3 x 5 ml) and treated with the desired 

Fmoc-protected amino acid (4 eq), HATU (4 eq) and DIEA (8 eq) in DMF for 2 hrs. The solution 

was drained, and the resin-bound sequence was washed with DMF, DCM, MEOH, DCM (3 x 5 

ml). The subsequent resin-bound Fmoc was deprotected using a 20% piperidine in DMF solution 

(5 ml) for 25 min. After washing with DMF, DCM, MEOH, DCM (3 x 5 ml), the peptide was 

elongated with the next desired Fmoc-protected amino acid (4 eq), (HATU) (4 eq) and 

diisopropylethylamine (DIEA) (8 eq) in DMF for 2 hrs. Once the peptide sequence was complete 

the resin was washed with DMF, DCM, MEOH, DCM (3 x 5 ml), dried on vacuum and treated 

with a trifluoroacetic acid cocktail (5 ml) of trifluoroacetic acid, triisopropylsilane, water 

(95:2.5:2.5). The cleavage solution was drained into a tared 50 ml falcon tube and the remaining 

resin washed with trifluoroacetic acid (5 ml) and DCM (10 ml). The cleavage solution was 

evaporated under reduced pressure, and the peptide was precipitated using cold diethyl ether and 

centrifuged to a pellet. The ether was discarded, and the pellet was dried under vacuum, and the 

crude mass was determined. The crude peptides were purified on reverse phase HPLC using a 

Luna C18 semi-prep column with an eluent of solvent A (CH3CN/0.1% TFA) and solvent B 

(Water/0.1% TFA). Crude L-FLAp was purified to homogeneity using a gradient of 10-30% 

Solvent A over 60 minutes with 214 nm and 254 nm detection and a 12 ml/min flowrate, while 

crude L-TAp and L-TApβ were purified at 10-25% Solvent A over 60 minutes with 214 nm and 

254 nm detection and a 12 ml/min flowrate. The purified peptides were characterized by matrix 

assisted laser desorption ionization- time of flight (MALDI-TOF) mass spectrometry: L-FLAp 

(Expected mass - 865.4 m/z, Observed mass 866.1 m/z.) L-TAp (Expected mass - 723.2 m/z 

Observed mass 723.4 m/z).  L-TApβ (Expected mass - 723.2 m/z Observed mass 723.4 m/z).  
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2.4.2.2 Cyclization 

2.4.2.2.1 No isomerization prior to cyclization 

The L-FLAp peptide (1 mM) was dissolved in DMSO (5 ml) stirred with (7-

Azabenzotriazol-1-yloxy) tripyrrolidinophosphonium hexafluorophosphate (PyAOP) (35 µmol, 

18 mg) and DIEA (70 µmol, 12 µl) in a 50 ml Falcon tube for 2 hours at room temperature. The 

resulting reaction solution was filtered through a 0.2 µm filter and purified directly by RP-HPLC 

using a Luna C18 semi-prep column with an eluent of solvent A (CH3CN/0.1% TFA) and solvent 

B (Water/0.1% TFA), with a gradient of 5-50% Solvent A over 60 minutes with 214 nm and 254 

nm detection and a 12 ml/min flowrate. The purified peptide was characterized by MALDI-TOF 

mass spectrometry: FLAp (Expected mass – 847.5 m/z, Observed mass 847.8 m/z.). 

2.4.2.2.2 Isomerization prior to cyclization 

L-TAp, and L-TApβ peptides (5 mg, 1 mM) were isomerized in DMSO for 15 mins in the 

Miniature Cyclonic Ultraviolet Photochemical Reactor (Mini-CUPR™) in a Quartz glass screw 

cap vial (5 ml). The resulting solution of predominantly cis azobenzene-containing peptide (80-

90%) was stirred with (7-Azabenzotriazol-1-yloxy) tripyrrolidinophosphonium 

hexafluorophosphate (PyAOP) (35 µmol, 18 mg) and DIEA (70 µmol, 12 µl) in a 50 ml Falcon 

tube for 2 hours at room temperature.52 The resulting reaction solution was filtered through a 0.2 

µm filter and purified directly by RP-HPLC using a Luna C18 semi-prep column with an eluent 

of solvent A (CH3CN/0.1% TFA) and solvent B (Water/0.1% TFA), with a gradient of 5-50% 

Solvent A over 60 minutes with 214 nm and 254 nm detection and a 12 ml/min flowrate.The 

purified peptides were characterized by MALDI-TOF mass spectrometry: TAp (Expected mass - 

705.3 m/z Observed mass 705.7 m/z). TApβ (Expected mass – 705.3m/z Observed mass 705.7 

m/z). 

2.4.3 Thermal Isomerization of TAp and TApβ peptides 

Cyclic peptides were solubilized (1 mM) in DMSO, then isomerized in the Mini-CUPR™ 

for two hours in a Quartz glass screw cap vial (5 ml). The predominantly cis solutions were 

analyzed by reverse phase UPLC using a Luna C18 analytical column with an eluent of solvent A 

(CH3CN/0.1% TFA) and solvent B (Water/0.1% TFA) to determine the starting percentage of cis 
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and trans isomers in solution with a gradient of 10-25% Solvent A over 10 minutes with 214 nm 

and 254 nm detection and a 0.5 ml/min flowrate. The two peptides were incubated in a 37°C water 

bath with reverse phase UPLC measurements taken once a day, over the course of a week. The 

ratio of cis to trans isomers was quantified using reverse phase UPLC as described above. 

2.4.4 NMR characterization of Cyclic TAp and TApβ Peptides 

The cis and trans forms of TAp and TApβ were characterized on a Bruker Avance-III-800 

MHz NMR. 1H characterization was carried out in DMSO-d6 at 1 mM concentration with a H2O 

cryoprobe, and shielded from the light. Two-dimensional NMR techniques were performed 

directly after the initial 1H and 13C experiments described below. 

NMR spectra were obtained using a Bruker AV-III-800 spectrometer operating at 800 MHz 

for 1H and 201 MHz for 13C and equipped with a 5mm QCI Z-gradient cryoprobe. Bruker TopSpin 

3.2 software was used for both data acquisition and processing. Samples were made up in 

conventional 5mm NMR tubes and were run at ca. 300K. Spectra were referenced to the chemical 

shift of the residual DMSO-d6 solvent peak (2.49 ppm for 1H, 39.5 ppm for 13C) (Table S1-4). 

1D 1H spectra were obtained using the following parameters: pulse program, zg30; sweep width, 

ca. 15 ppm; acquisition time, ca. 2.7 seconds; relaxation delay, 2 seconds; digital resolution of 

final spectrum, ca. 0.4 Hz.; number of scans, 8. 

1D 13C and 13C DEPT-135 spectra were obtained using the following parameters: pulse program, 

zgpg30 and dept (respectively); sweep width, ca. 250 ppm; acquisition time, ca. 0.7 seconds; 

relaxation delay, 2 seconds; digital resolution of final spectrum, ca. 1.5 Hz.; number of scans, 4k 

– 12k, (depending on experiment and sample concentration), 1J(C-H) optimization (DEPT), 135 

– 140 Hz. 

2D 1H COSY: pulse program, cosygpqf; number of scans per increment, 2; number of increments, 

128; data acquisition mode, QF (magnitude mode). 

2D 1H TOCSY: pulse program, mlevph; mixing time, 80 milliseconds; number of scans per 

increment, 4; number of increments, 256; data acquisition mode, States-TPPI. 
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2D 1H NOESY: pulse program, noesygpphpr; mixing time, 200 milliseconds; number of scans per 

increment, 8; number of increments, 256; data acquisition mode, States-TPPI. 

2D 1H-13C HSQC: pulse program, hsqcetgpsi2; 1J(C-H) optimization, 135 Hz.; number of scans 

per increment, 4 or 8; number of increments, 256; data acquisition mode, echo-antiecho. 

2D 1H-13C HMBC: pulse program, clhmbcetgpl3nd; 1J(C-H) optimization, 135 Hz.; nJ(LR) 

optimization, 6 Hz.; number of scans per increment, 8; number of increments, 256; data acquisition 

mode, echo-antiecho. 

For all 2D experiments the observation windows were optimized according to the locations of the 

relevant peaks as observed in the corresponding 1D spectra 

2.4.5 Restrained Molecular Dynamics Simulations of cis and trans forms of TAp and TApβ  

Restrained Molecular Dynamics simulations were performed using the Macromodel 

software package (Schrodinger, inc). NOE interactions obtained from NOESY spectra were 

implemented as distance constraints using flat-bottomed harmonic pseudopotentials. H-H 

distances were constrained to 3Å (±1Å) for those. NOE’s observed to methylenes in which the 

diastereotopic protons could not be resolved, employed an H-C restraint of 4Å (±1.5Å). Stochastic 

dynamic simulations were performed using a modified AMBER forcefield at 300 K with an 

equilibration time of 50 ps and an evolution time of 200 ps, with sampling every 10 ps. The 20 

conformers thus obtained formed a single cluster for each of the four structures studied, 10 overlays 

are shown in Figure 3.54–57 
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 PHOTO-ACTIVE CONTROL OF AN ALPHA-AMYLASE 

INHIBITION BASED ON TENDAMISTAT. 

3.1 Introduction 

The β-turn motif is an important secondary structure that affects protein folding and 

protein-protein interactions.1,2 This motif activates a wide array of biological processes including 

hormone secretion, antimicrobial clearance, and neurological pathways within the body.3,4 Some 

of the most notable peptide examples for this class of activation include somatostatin,5–7 

oxytocin,8,9 daptomycin,10 polymixin B/E,11,12 and urotensin II.13 One of the key characteristics of 

these peptides are the cyclic nature that help to facilitate β-turn formation and thus receptor 

activation.14,15  

Tendamistat is a 74 residue protein that was isolated from the Streptomyces tendae.16 The 

protein was shown to inhibit α-amylase from cleavage of the 1,4-linkages of polysaccharide chains 

in a competitive manner (Figure 3.1).16,17 Inhibition is mediated by a β-turn (S17WRY20) of 

tendamistat.18,19 This turn sequence blocks the active site of α-amylase with an Ki value as low as 

14 µM.20 Cyclic peptide inhibitors have been explored to mimic the active turn within 

tendamistat.18–23 Previous work focused on creating a photo-active cyclic peptide scaffold that can 

selectively “turn on” β-turns.24,25 In the work described herein, we sought to create a photo-switch 

to control the activity of α-amylase, using a β-turn inducing scaffold. 
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Figure 3.1a) Structural representation of tendamistat from S. tendae, with the disulfides (yellow) and the active turn 

residues (red) depicted. b) Interaction of tendamistat within the enzyme active site of α-amylase, with enzyme active 

site residues (orange) and tendamistat active residues (red) displayed, along with ions (purple and tan) 

 

3.2 Results and Discussion 

3.2.1 Design of Photo-switchable Tendamistat Mimic TSβ 

 The goal of this designed peptide mimic is to manipulate the β-turn sequence of tendamistat 

(S17WRY20) that corresponds to its inhibitory mode of action.16 To achieve this the photo-

switchable β-turn manipulating scaffold, TApβ, will be modified using the tendamistat active 

sequence to produce tendamistat β (TSβ) (Figure 3.2). The overall hypothesis of this design is that 

the cis conformation of the photo-switchable drug scaffold will promote a β-turn conformationin 

the tendamistat peptide, thereby inhibiting α-amylase. The trans conformation of the scaffold 

should promote a more elongated tendamistat peptide backbone, which should be a less active 

inhibitor. This manipulation of the β-turn conformation should therefore allow for selective control 

of α-amylase activity.  
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Figure 3.2. Combination of the photo-switchable peptide scaffold from TApβ with the tendamistat active β-turn 

sequence to form a new photo-switchable, biologically active peptide TSβ. 

 

3.2.2 Synthesis of TSβ and Tendamistat Mimic Peptides 

 To determine the effectiveness of a photo-switchable cyclic tendamistat peptides, three 

different peptides were synthesized, a literature hexapeptide control (Bartlett control),20 a linear 

photo-switchable tendamistat peptide (L-TSβ), and a cyclic photo-switchable tendamistat peptide 

(TSβ) (Figure 3.2). Synthesis of the Bartlett control peptide (Ac-Phe-Ser-Trp-Arg-Tyr-dPro-NH2) 

was performed on Rink amide Chemmatrix resin, using standard solid phase peptide synthesis, 

and HATU as a coupling agent. The synthesis of L-TSβ and TSβ was carried out on 2-chlorotrityl 

resin, loaded with Fmoc-protected tyrosine, using standard solid phase peptide synthesis, and 

HATU as coupling agent. The Bartlett control and L-TSβ were treated with a trifluoroacetic acid 

cocktail upon completion of the sequence to concomitantly remove the protecting groups and 

cleave the peptides from the resin. The peptides were purified to homogeneity on reverse phase 

HPLC and characterized by MALDI-TOF mass spectrometry to afford the Bartlett control and L-

TSβ peptides in 80% and 10% yield, respectively. 
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 The TSβ peptide was cleaved from the resin using a 30% hexafluoroisopropanol in 

dichloromethane, to maintain the sidechain protecting groups and prevent cross-reactivity during 

cyclization. The peptide was used without further purification in the next steps. The TSβ peptide 

was isomerized to the cis conformation using a cyclonic ultraviolet photochemical reactor (Mini-

CUPR), followed by cyclization using PyAOP and DIEA in DMSO (Figure 3.3).25 The cyclic 

peptide was purified to homogeneity by RP-HPLC, followed by removal of the protecting groups 

using a cleavage cocktail described above. The now deprotected cyclic TSβ was purified to 

homogeneity by RP-HPLC, providing a 15 % yield and characterized by MALDI-TOF mass 

spectrometry. 

 

Figure 3.3.  Schematic of the TSβ synthesis from the protected linear precursor 

 

3.2.3 Photoisomerization of Photo-switchable Tendamistat Mimics 

  The peptides (1 mM, MOPS buffer, pH 6.9) were photolyzed within the mini-CUPR to 

convert the photo-switchable peptides from their trans conformation to the cis and assess 

photostationary states.25,26 The L-TSβ peptide was optimally converted to cis conformation after 

3.5 hrs of UV stimulation at a level of 60% cis (Figure 3.4a). The TSβ peptide was optimally 

converted to cis conformation after 15 mins, but to a 66% conversion to cis (Figure 3.4b). 

Additional photolysis did not increase the percentage of the cis conformation. This lower level of 

conversion to cis was lower than that observed for the TApβ peptide (86% conversion). The 
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decrease in photo-conversion could be due to the increased steric effect from the bulkier sidechains, 

as well as potential aromatic interactions of the tryptophan and tyrosine residues, as compared to 

proline and glycine in TApβ. The L-TSβ-and the TSβ peptides exhibited full conversion to the 

trans conformation when incubated at 37°C for 48 hrs (Figure 3.4).  These data demonstrate that 

the two sets of peptides can interconvert between the cis and trans conformations using light and 

heat, respectively. 

 

 

Figure 3.4  a) UPLC of L-TSβ trans (left) after 37°C incubation for 48 hrs and cis (right) after 3.5 hrs of UV 

photolysis. b) UPLC of TSβ trans (left) after 37°C incubation for 48 hrs and cis (right) after 15 mins of UV 

photolysis. 
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3.2.4 Inhibition of α-Amylase using Photo-switchable Tendamistat Mimics 

 The hypothesis of this work is that incorporating the active β-turn sequence of tendamistat, 

into the β-turn inducing scaffold of TApβ, should allow for photo-activatable α-amylase inhibition. 

The three sets of peptides were tested against α-amylase using the EnzChek ® Ultra Amylase 

Assay Kit from Thermo Fisher (Figure 3.5), the Bartlett control peptide, the linear L-TSβ peptide 

in its cis and trans form, and the cyclic TSβ peptide in its cis and trans form. All peptides 

demonstrated a concentration dependent increase in inhibition of α-amylase, with the L-TSβ cis 

and trans peptides demonstrating the best potency, followed by TSβ trans, TSβ cis, and the Bartlett 

control. The Bartlett control peptide exhibited an IC50 that was about 35-fold worse than the L-

TSβ peptides (Table 3.1) with and IC50 of 867 µM. When comparing the L-TSβ peptides in their 

cis and trans conformations, both showed similar activity in inhibiting α-amylase with IC50 values 

around 25 µM. When comparing the cis and trans conformations of the cyclic tendamistat mimic 

TSβ there were some interesting results. The cis conformation of the cyclic peptide, which was 

hypothesized to be the more active form, was about 2.8-fold less active than the trans conformation 

of the cyclic mimic, at 113 µM and 40.2 µM, respectively. The cyclic peptides also showed lesser 

activity compared to the linear precursor of these peptides. Due to unknown peptide dynamics and 

receptor binding within the active sight of the TSβ peptide, it remains difficult to dissect the 

reasons for these results. The tendamistat β-turn peptide has a distorted type I β-turn, while the 

TApβ sequence showed a type II’ β-turn character. Based on the α-amylase inhibition data of the 

tendamistat sequences, it appears that the cyclic peptide scaffold does not perform well with this 

system. 
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 Figure 3.5   Inhibition of α-amylase (10 mU) with the three sets of peptides (Bartlett control, L-TSβ and TSβ) 

 

 Table 3.1   IC50 values of the tendamistat mimics as inhibitors of α-amylase (10 mU) 

 Bartlett 

Control 

L-TSβ Trans L-TSβ Cis Trans Cis 

IC50 (µM) 867 ± 55 25.2 ± 3.6 23.8 ± 0.4 40.2 ± 13 113 ± 0.5 

 

3.3 Conclusions 

Herein, the design and synthesis of a biologically active, photo-switchable cyclic peptide 

containing an α-amylase inhibitory sequence, TSβ, using the scaffold from TApβ is described. The 

cyclic peptide was synthesized in low yields, despite mostly successful photoisomerization of the 

trans linear tendamistat peptide to the cis conformation prior to cyclization. The trans cyclic 

peptide showed slightly less efficient isomerization to the cis form, as compared to its TApβ 

counterpart, potentially due to the increased structural complexity of the sequence. The inhibitory 

data observed from TSβ against α-amylase contradicts the hypothesis that the cis confirmation of 

the cyclic peptide would be the more active form of the photo-switchable construct, being 2.8-fold 

less active than the trans conformation. The linear precursor of the TSβ peptide, L-TSβ, also 
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exhibited more activity than its cyclic counterpart. These data may be due to an enforced 

conformation for the β-turn within the cyclic peptide that is not optimal due to the rigid azobenzene 

scaffold. As such, we conclude that the tendamistat sequence isn’t suitable for this cyclic peptide 

construct. 

3.4 Materials and Methods 

3.4.1 Materials 

All Fmoc-protected amino acids, HATU and PyOAP were purchased from Chem-Impex 

International. H-Rink Chem Matrix Rink amide resin (0.45 mmol/g) was purchased from Pcas 

Biomatrix Inc and Fmoc-Tyr(OtBu) 2-chlorotrityl resin (0.8 mmol/g) was purchased from 

Advanced Chemtech. All solvents were purchased from Fisher Scientific. HPLC columns were 

the Luna C18 (250 x 21.20mm, 100 Å pore size, particle size 10 µm, Phenomenex) for Semi-

preparative purification and Luna C18 (250 x 4.60mm, 100 Å pore size, particle size 5 µm, 

Phenomenex) for analytical quantification. Traces for Semi-prep were run for 60 min at 12 ml/min 

flowrate and analytical traces were run for 30 min at 1.2 ml/min flowrate. The UPLC column was 

a C18, Waters Acquity, (50.0 x 2.1 mm, particle size 1.7 µm). Traces on the UPLC were run for 

10 min at 0.5 ml/min flowrate. All spectra were monitored at 214 nm. 

3.4.2 Synthesis of the Bartlett control  

Synthesis of the Bartlett control peptide (Ac-Phe-Ser-Trp-Arg-Tyr-dPro-NH2) was 

performed on Chemmatrix Rink Amide resin (200 mg) in a 10 ml synthesis flask using solid phase 

peptide synthesis. The resin was treated with the desired Fmoc-protected amino acid (4 eq), 1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxide 

hexafluorophosphate (HATU) (4 eq) and DIEA (8 eq) in DMF for 2 hrs. The solution was drained, 

and the resin-bound sequence was washed with DMF, DCM, MEOH, DCM (3 x 5 ml). The resin-

bound Fmoc was deprotected using a 20% piperidine in DMF solution (5 ml) for 25 min. After 

washing with DMF, DCM, MEOH, DCM (3 x 5 ml), the peptide was elongated with the next 

desired Fmoc-protected amino acid (4 eq), (HATU) (4 eq) and diisopropylethylamine (DIEA) (8 

eq) in DMF for 2 hrs. After the final residue was coupled, the Fmoc was removed using 20% 

piperidine in DMF and the N-terminus peptide was protected with an acetyl cap by adding 5% 
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Ac2O and 8.5% DIEA in DMF for 25 minutes. Once the peptide sequence was complete the resin 

was washed with DMF, DCM, MEOH, DCM (3 x 5 ml), dried on vacuum and treated with a 

trifluoroacetic acid cocktail (5 ml) of trifluoroacetic acid, triisopropylsilane, water (95:2.5:2.5). 

The cleavage solution was drained into a tared 50 ml falcon tube and the remaining resin washed 

with trifluoroacetic acid (5 ml) and DCM (10 ml). The cleavage solution was evaporated under 

reduced pressure, and the peptide was precipitated using cold diethyl ether and centrifuged to a 

pellet. The ether was discarded, and the pellet was dried under vacuum, and the crude mass was 

determined. The crude peptide was purified on reverse phase HPLC using a Luna C18 semi-prep 

column with an eluent of solvent A (CH3CN/0.1% TFA) and solvent B (Water/0.1% TFA). The 

crude Bartlett control peptide was purified to homogeneity using a gradient of 10-60% Solvent A 

over 60 minutes with 214 nm and 254 nm detection and a 12 ml/min flowrate. The purified peptide 

was characterized by matrix assisted laser desorption ionization- time of flight (MALDI-TOF) 

mass spectrometry: Bartlett control (Expected mass – 897.0 m/z, Observed mass 897.1 m/z.)  

3.4.3 Synthesis of linear tendamistat β (L-TSβ) 

Synthesis of the L-TSβ peptide was performed on Fmoc-Tyr(OtBu) 2-chlorotrityl resin 

(100 mg) in a 10 ml synthesis flask using solid phase peptide synthesis. The resin-bound Fmoc 

was deprotected using a 20% piperidine in DMF solution (5 ml) for 25 min. The resin was then 

washed with DMF, DCM, MEOH, DCM (3 x 5 ml) and treated with the desired Fmoc-protected 

amino acid (4 eq), HATU (4 eq) and DIEA (8 eq) in DMF for 2 hrs. The solution was drained, and 

the resin-bound sequence was washed with DMF, DCM, MEOH, DCM (3 x 5 ml). The subsequent 

resin-bound Fmoc was deprotected using a 20% piperidine in DMF solution (5 ml) for 25 min. 

After washing with DMF, DCM, MEOH, DCM (3 x 5 ml), the peptide was elongated with the 

next desired Fmoc-protected amino acid (4 eq), (HATU) (4 eq) and diisopropylethylamine (DIEA) 

(8 eq) in DMF for 2 hrs. Once the peptide sequence was complete the resin was washed with DMF, 

DCM, MEOH, DCM (3 x 5 ml), dried on vacuum and treated with a trifluoroacetic acid cocktail 

(5 ml) of trifluoroacetic acid, triisopropylsilane, water (95:2.5:2.5). The cleavage solution was 

drained into a tared 50 ml falcon tube and the remaining resin washed with trifluoroacetic acid (5 

ml) and DCM (10 ml). The cleavage solution was evaporated under reduced pressure, and the 

peptide was precipitated using cold diethyl ether and centrifuged to a pellet. The ether was 

discarded, and the pellet was dried under vacuum, and the crude mass was determined. The crude 
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peptide was purified on reverse phase HPLC using a Luna C18 semi-prep column with an eluent 

of solvent A (CH3CN/0.1% TFA) and solvent B (Water/0.1% TFA). The L-TSβ peptide was 

purified to homogeneity using a gradient of 15-35% Solvent A over 60 minutes with 214 nm and 

254 nm detection and a 12 ml/min flowrate. The purified peptide was characterized by matrix 

assisted laser desorption ionization- time of flight (MALDI-TOF) mass spectrometry: L-TSβ 

(Expected mass – 990.1 m/z, Observed mass 990.8 m/z.) 

3.4.4 Synthesis of protected linear tendamistat β (L-TSβ protected) 

Synthesis of the linear precursor TSβ peptide was performed on Fmoc-Tyr(OtBu) 2-

chlorotrityl resin (100 mg) in a 10 ml synthesis flask using solid phase peptide synthesis. The resin-

bound Fmoc was deprotected using a 20% piperidine in DMF solution (5 ml) for 25 min. The resin 

was then washed with DMF, DCM, MEOH, DCM (3 x 5 ml) and treated with the desired Fmoc-

protected amino acid (4 eq), HATU (4 eq) and DIEA (8 eq) in DMF for 2 hrs. The solution was 

drained, and the resin-bound sequence was washed with DMF, DCM, MEOH, DCM (3 x 5 ml). 

The subsequent resin-bound Fmoc was deprotected using a 20% piperidine in DMF solution (5 ml) 

for 25 min. After washing with DMF, DCM, MEOH, DCM (3 x 5 ml), the peptide was elongated 

with the next desired Fmoc-protected amino acid (4 eq), (HATU) (4 eq) and diisopropylethylamine 

(DIEA) (8 eq) in DMF for 2 hrs. Once the peptide sequence was complete the resin was washed 

with DMF, DCM, MEOH, DCM (3 x 5 ml), dried on vacuum and treated with a 30% 

hexafluoroisopropanol in dichloromethane.  The cleavage solution was drained into a tared 50 ml 

falcon tube and the remaining resin washed with DCM (10 ml). The cleavage solution was 

evaporated under reduced pressure and was used without further purification. The peptide was 

dissolved in DMSO (5 mM) to form a stock solution. The cleaved peptide was characterized by 

matrix assisted laser desorption ionization- time of flight (MALDI-TOF) mass spectrometry: 

Protected L-TSβ (Expected mass – 1454.7 m/z, Observed mass 1454.7 m/z.) 

3.4.5 Synthesis of protected cyclized tendamistat β (TSβ protected) 

The protected linear tendamistat β peptide (30 mg) was isomerized in DMSO for 15 mins in 

the Miniature Cyclonic Ultraviolet Photochemical Reactor (Mini-CUPR™) in a Quartz glass 

screw cap vial (5 ml). The resulting solution of predominantly cis azobenzene-containing peptide 
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(75%) was stirred with (7-azabenzotriazol-1-yloxy) tripyrrolidinophosphonium 

hexafluorophosphate (PyAOP) (103 µmol, 54 mg) and DIEA (206 µmol, 36 µl) in a 50 ml Falcon 

tube for 2 hours at room temperature.27 The resulting reaction solution was filtered through a 0.2 

µm filter and purified directly by RP-HPLC using a Luna C18 semi-prep column with an eluent 

of solvent A (CH3CN/0.1% TFA) and solvent B (Water/0.1% TFA), with a gradient of 50-95% 

Solvent A over 60 minutes, 214 nm and 254 nm detection and a 12 ml/min flowrate. The purified 

peptide was characterized by MALDI-TOF mass spectrometry: Protected TSβ (Expected mass – 

1436.7 m/z Observed mass 1437 m/z).  

3.4.6 Synthesis of cyclized tendamistat β (TSβ) 

The protected, cyclized tendamistat β from the previous reaction (10 mg) was incubated 

with a trifluoroacetic acid cocktail of trifluoroacetic acid, triisopropylsilane, water (95:2.5:2.5) (5 

ml) before the peptide was precipitated with ice-cold diethyl ether (15 mL) at -79°C. The solution 

was centrifuged (4000 RPM, 10 min), and the pellet was dissolved in water The crude peptide was 

purified on reverse phase HPLC using a Luna C18 semi-prep column with an eluent of solvent A 

(CH3CN/0.1% TFA) and solvent B (Water/0.1% TFA). The TSβ peptide was purified to 

homogeneity using a gradient of 10-40% Solvent A over 60 minutes with 214 nm and 254 nm 

detection and a 12 ml/min flowrate. The purified peptides were characterized by MALDI-TOF 

mass spectrometry: TSβ (Expected mass – 972.1 m/z, Observed mass 972.4 m/z.) 

3.4.7 α-Amylase Inhibition Assay 

 The investigation of α-Amylase Inhibition was performed using the EnzChek ® Ultra 

Amylase Assay Kit from Thermo Fisher. First the trans form of the L-TSβ and TSβ were obtained 

by incubating the peptides in a 37°C water bath for 48 hrs. The amount of cis peptide present was 

determined by reverse phase UPLC using a Luna C18 analytical column with an eluent of solvent 

A (CH3CN/0.1% TFA) and solvent B (Water/0.1% TFA). The peptide solutions were analyzed 

using a gradient of 10-40% Solvent A over 10 minutes with 214 nm and 254 nm detection and a 

0.5 ml/min flowrate. The cis form of the L-TSβ and TSβ peptides were obtained by photolyzing 

L-TSβ and TSβ for 3.5 hrs and 15 mins, respectively in the Mini-CUPR™ in a Quartz glass screw 

cap vial (5 ml), before the assay. The amount of cis peptide present was determined by reverse 



 

 

59 

phase UPLC using a Luna C18 analytical column with an eluent of solvent A (CH3CN/0.1% TFA) 

and solvent B (Water/0.1% TFA). The peptide solutions were analyzed using a gradient of 10-40% 

Solvent A over 10 minutes with 214 nm and 254 nm detection and a 0.5 ml/min flowrate. Working 

α-amylase solutions (4 mU, 8 mU, 10 mU, 12 mU, 16 mU, and 20 mU) (1 ml) were prepared from 

1 U/ml and 1x reaction buffer (.05 M MOPS pH 6.9). The Bartlett control peptide and the photo-

switchable tendamistat mimics were prepared into six working concentrations (200 µl) using 1x 

reaction buffer to perform IC50 analysis (1 µM-5mM). The fluorescently labeled starch solution 

was prepared just prior to 96-well plate addition by mixing 100 µl of substrate solvent (50 mM 

sodium acetate, pH4.0) with 4.9 ml of µl 1x reaction buffer and was added to the wells last. All 

inhibitor samples were run with 10 mU of α-amylase and all wells were made to a final well volume 

of 100 µl. This includes ten background wells (75 µl of 1x reaction buffer and 25 µl fluorescent 

starch solution) , which were made as a control, enzyme standard curve wells (25 µl enzyme, 25 

µl fluorescent starch solution, 50 µl 1x reaction buffer) and sample wells (25 µl enzyme, 25 µl 

fluorescent starch solution, 50 µl peptide inhibitor) Once the fluorescent starch solution was added, 

the 96-well plate was gently agitated on a shaker for 30 mins, before being read on a Tecan plate 

reader using an excitation and emission wavelength of 485/20 and 535/35 nm, respectively. The 

wells were run in duplicate and the percent inhibition was calculated by first averaging out the 

background well values, then subtracting that value out from the enzyme standard values and 

sample values. The sample well values were divided by the enzyme standard (10 mU) value and 

then multiplied by 100 to determine percent inhibition.   
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APPENDIX A. ADDITIONAL FIGURES AND TABLES 

 

Figure A1. Purity of L-FLAp by UPLC (C18 Waters Acquity column, 0.5 ml/min flowrate, 10-25% Solvent A 

(CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm). 

 

 

 

 

Figure A2. Purity of L-TAp by UPLC (C18 Waters Acquity column, 0.5 ml/min flowrate, 10-25% Solvent A 

(CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm). 
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Figure A3. Purity of L-TApβ by UPLC (C18 Waters Acquity column, 0.5 ml/min flowrate, 10-25% Solvent A 

(CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm). 

 

 

 

 

 

Figure A4. Purity of FLAp by HPLC (C18 Phenomenex column, 0.5 ml/min flowrate, 10-25% Solvent A 

(CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm). 
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Figure A5. Purity of TAp by UPLC (C18 Waters Acquity, 0.5 ml/min flowrate, 10-25% Solvent A (CH3CN/0.1% 

TFA) in Solvent B (Water/0.1% TFA), 214 nm). 

 

 

 

 

Figure A6. Purity of TApβ by UPLC (C18 Waters Acquity column, 0.5 ml/min flowrate, 10-25% Solvent A 

(CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm). 
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Figure A7. UPLC chromatogram of TAp isomers after photoexcitation at 365 nm, (C18 Waters Acquity column, 0.5 

ml/min flowrate, 10-25% Solvent A (CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm). 

 

 

 

Figure A8. UPLC chromatogram of ratio of TAp after 1 week at 37°C (C18 Waters Acquity column, 0.5 ml/min 

flowrate, 10-25% Solvent A (CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm).
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Figure A9. UPLC chromatogram of TApβ isomers after photoexcitation at 365 nm (C18 Waters Acquity column, 

0.5 ml/min flowrate, 10-25% Solvent A (CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm). 

 

 

 

 
Figure A10. UPLC chromatogram of ratio of TApβ isomers after 1 week at 37°C (C18 Waters Acquity column, 0.5 

ml/min flowrate, 10-25% Solvent A (CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm).  



 

 

68 

Table A1. TAp (Trans) Chemical shift table 

 

 

Table A2. TAp (Cis) Chemical shift table 

Amino Acid NH proton in ppm αH and αH’ in ppm Side chain H protons 

in ppm 

Ala 1 8.00 4.24 1.21 

Azo 2 8.45 3.99,4.56 ArHa 6.90 

ArHb 7.17 

ArHc 6.96  

ArHd 7.82 

Ala 3  8.42 4.27 1.29 

Asn 4 7.94 4.87 βH, βH’- 2.36, 2.61 

Asn(NH2)- Not 

found 

Pro 5  4.13 βH 1.80 

βH’ 2.01 

δH 1.79 

δH’ 1.87 

γH 3.63 

γH’ 3.78 

Gly 6 8.24 3.50, 3.77  

Gly 7 7.55 3.34, 3.95  

  

Amino Acid NH proton in ppm αH and αH’ in ppm Side chain H protons 

in ppm 

Ala 1 8.09 4.24 1.20 

Azo 2 8.58 4.03, 4.52 ArHa 7.47 

ArHb 7.82 

ArHc 7.91  

ArHd 8.06 

Ala 3  8.49 4.45 1.37 

Asn 4 7.65 4.69 βH, βH’- 2.17, 2.50 

Asn(NH2)- Not 

found 

Pro 5  3.98 βH 1.09 

βH’ 1.35 

δH 1.31 

δH’ 1.66 

γH 3.03 

γH’ 3.30 

Gly 6 7.79 3.49, 3.77  

Gly 7 7.84 3.47, 3.92  
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Table A3. TApβ (Trans) Chemical shift table 

Amino Acid NH proton in ppm αH and αH’ in ppm Side chain H protons 

in ppm 

β-Ala 1 7.97 3.21, 3.62 βH, βH’ 2.48, 2.20 

Azo 2 8.45 4.36 ArHa 7.39 

ArHb 7.84 

ArHc 7.89  

ArHd 8.10 

β-Ala 3  8.05 3.83, 3.29 βH, βH’ 2.46, 2.34 

Asn 4 8.18 4.81 βH, βH’- 2.36, 2.61 

Asn(NH2)- Not 

found 

Pro 5  4.43 βH 1.88 

βH’ 1.71 

δH 1.85 

δH’ 1.73 

γH 3.53 

γH’ 3.48 

Gly 6 8.01 4.04, 3.63  

Gly 7 8.03 3.79, 3.70  

 

 

Table A4. TApβ (Cis) Chemical shift table 

Amino Acid NH proton in ppm αH and αH’ in ppm Side chain H protons 

in ppm 

β-Ala 1 7.59 3.18, 3.31 βH, βH’ 2.29 

Azo 2 8.23 4.2 ArHa 7.15 

ArHb 6.83 

ArHc 6.89  

ArHd 7.75 

β-Ala 3  8.39 3.43 βH, βH’ 2.40, 2.29 

Asn 4 8.27 4.82 βH, βH’- 2.33, 2.65 

Asn(NH2)- Not 

found 

Pro 5  4.19 βH 1.89 

βH’ 1.77 

δH 1.81 

δH’ 1.64 

γH 3.60 

γH’ 3.60 

Gly 6 8.16 3.61, 3.69  

Gly 7 7.58 3.60, 3.66  
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Figure A11. NOESY spectra of TAp trans in DMSO-d6 (800 MHz) 

 

 

 

 

 

 

Figure A12. NOESY spectra of TAp cis in DMSO-d6 (800 MHz)  
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Figure A13. NOESY spectra of TApβ trans in DMSO-d6 (800 MHz) 

 

 

 

 

 

 

Figure A14. NOESY spectra of TApβ cis in DMSO-d6 (800 MHz)  
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Figure A15. 1H-COSY spectra of TAp trans in DMSO-d6 (800 MHz) 

 

 

 

 

 

 

Figure A16. 1H-COSY spectra of TAp cis in DMSO-d6 (800 MHz)  
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Figure A17. 1H-COSY spectra of TApβ trans in DMSO-d6 (800 MHz) 

 

 

 

 

 

 

Figure A18. 1H-COSY spectra of TApβ cis in DMSO-d6 (800 MHz)  
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Figure A19. NOEs determined for TAp (trans). 

 

 

 

 

 

 

Figure A20. NOEs determined for TAp (cis).  
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Figure A21. NOEs determined for TApβ (trans). 

 

 

 

 

 

Figure A22. NOEs determined for TApβ (cis).  
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Figure A23. Purity of Bartlett control by UPLC (C18 Waters Acquity column, 0.5 ml/min flowrate, 10-60% Solvent 

A (CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm). 

 

 

 

 

 

 

 

 

 

Figure A24. Purity of L-TSβ by UPLC (C18 Waters Acquity column 0.5 ml/min flowrate, 15-35% Solvent A 

(CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm).  

Cis 

Trans 
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Figure A25. Purity of TSβ by UPLC (C18 Waters Acquity column, 0.5 ml/min flowrate, 10-40% Solvent A 

(CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 nm). 

 

 

 

 

 

 

 

 

 

Figure A26. UPLC chromatogram of L-TSβ (protected) isomers after photoexcitation at 365 nm, (C18 Waters 

Acquity column, 0.5 ml/min flowrate, 10-25% Solvent A (CH3CN/0.1% TFA) in Solvent B (Water/0.1% TFA), 214 

nm). 

Cis 

Trans 

Cis 

Trans 
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