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Thesis Abstract 

 
SPRY domain-containing SOCS box proteins (SPSB1, SPSB2 and SPSB4) are involved in the 

proteasomal degradation of inducible nitric oxide synthase (iNOS). Inhibition of this SPSB-

iNOS interaction prolongs the lifespan of iNOS, thus increasing cellular nitric oxide (NO) 

production, and has been proposed as a potential strategy for killing intracellular pathogens.  

The cyclic heptapeptides, CP1 and CP2, have been reported as potent inhibitors of the SPSB-

iNOS interaction. However, poor membrane permeability limits the potential development of 

these inhibitors into therapeutic leads. 

In this study, I attempted to develop potent cell-permeable SPSB-iNOS inhibitors using a 

structure-based design approach. Initially, the crystal structures of human SPSB4 bound to CP1 

and CP2 and human SPSB2 bound to CP2 were determined using X-ray crystallography. A 

potent low molecular weight pentapeptide (CP3) was designed based on the bound structure 

of CP2 in the CP2-hSPSB2 complex by replacing a main chain intramolecular hydrogen bond 

by a C-C linker. Binding studies revealed an approximately 8-fold improvement in binding 

affinity of CP3 (KD =7 nM) to the iNOS binding site of hSPSB2 compared to CP2 (KD =32 

nM) using surface plasmon resonance (SPR) and 19F NMR. CP3 also displaced full-length 

iNOS in macrophage lysates. The crystal structure of the CP3-hSPSB2 complex was solved, 

validating my design methodology. CP3, however, was passively impermeable as shown by 

the parallel membrane artificial permeability assay (PAMPA).  

To improve permeability of CP3, 29 analogues were designed and synthesised based on the 

crystal structure analysis of CP3-hSPSB2 complex. The impact of three different approaches 

(decreasing hydrogen bond donors, increasing lipophilicity, and reducing the size) on the 

affinity and permeability of CP3 was assessed using SPR and PAMPA. Fourteen analogues 

were able to bind to hSPSB2 with KD between 10-700 nM. None of them showed measurable 

permeability through the artificial membrane, shifting the focus of the study towards 

conjugating CP3 to cell-penetrating peptides (CPP).  

Two CP3-CPP conjugates were designed and synthesised in which CP3 was fused with a 

cyclic CPP, (FΦRRRR, Φ=L-naphthylAla), producing a bicyclic peptide or directly conjugated 

to a linear TAT (RRRQRRKKR) motif. Both conjugates retained binding to hSPSB2 with KD 

of 65 and 10 nM, as determined by SPR. Preliminary Griess assay results suggest that these 

conjugates can deliver the CP3 cargo into the cytoplasm and increase the NO level, although 
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extensive additional work needs to be done to confirm the permeability properties of the 

conjugates. In order to highlight other methods to detect NO, a novel fluorescent blue 'turn-on' 

coumarin-based probe (CB) was investigated in RAW264.7 macrophages. CB was able to 

detect the change in NO levels specifically in real time using confocal microscopy and 

therefore can be used in future assessment of NO following the internalisation of CP3-CPP 

conjugates. 

This research has identified several cyclic and bicyclic peptides as inhibitors of SPSB-iNOS 

interaction. The structural requirements for this interaction were revealed by crystal structures 

and SAR of the generated peptide. Hence, this study will be the basis for future engineering of 

potent and permeable SPSB-iNOS inhibitors as potential anti-infective agents. 
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Chapter 1 

Introduction  
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1.1 Antibiotic resistance  

Anti-microbial resistance has been a major global health issue for decades.1 The intensive 

misuse of  antibiotics in human and veterinary medicine has caused the spread of highly 

resistant pathogenic bacteria worldwide, especially in developing countries (Figure 1.1a).2 

Over the past decade, bacterial resistance has been reported to almost all clinically used 

antibiotics. Recently, the  multidrug resistant pathogens, ESKAPE, an acronym referring to 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter species, were reported as being 

resistant to cephalosporins, quinolones and carbapenems.3 One of the most dangerous resistant 

bacteria identified to date is the Methicillin-resistant Staphylococcus aureus (MRSA).4 This 

bacterial strain was shown to be resistant to beta-lactam antibiotics (penicillins, cephalosporins, 

carbapenems) and macrolides.4 MRSA is also associated with several difficult-to-treat 

infections and high levels of morbidity.5  

Another example of life-threatening pathogens is MDR-TB (multidrug resistant 

Mycobacterium tuberculosis). MDR-TB is caused by strains of M. tuberculosis that are 

resistant to at least rifampicin and isoniazid, two key drugs in the treatment of the disease.  

Extensively drug resistant TB (XDR-TB) is also resistant to any fluoroquinolone and to at least 

one of the injectable drugs, kanamycin, capreomycin or amikacin.6 More recently, a new TB 

strain has developed resistance to all antibiotics tested.4, 7 In 2016, 600,000 new cases of MDR-

TB were recorded, resulting in 240,000 deaths.8 Generally, antimicrobial resistance is expected 

to threaten the lives of over 10 million people worldwide by the year 2050 according to WHO 

(Figure 1.1b).  
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Figure 1.1. a) Global drug resistance overview for selected bacterial-antibacterial drug 

combinations in 2014.  b) Estimated number of deaths caused by resistant bacterial worldwide 

every year by 2050. Images reproduced from the WHO antimicrobial resistance global report 

on surveillance 2014.2 

 

1.2 Antimicrobial alternative strategies 

In the past, discovery of new antibiotics was the main approach for combating resistant 

bacteria, but since bacterial evolution is uncertain and the timeline for the development of 

resistance is unpredictable, this strategy may not be effective in the future.9 Additionally, most 

pharmaceutical companies have abandoned antimicrobial research owing to the lack of 

financial rewards.  
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In order to address these shortcomings, the WHO has implemented a number of strategies 

to contain this issue in which one of them is to encourage investment in the research and 

development of new antibiotics, vaccines, diagnostics and other tools.2, 10 This strategy indeed 

has renewed interest in finding novel non-conventional anti-infective agents. Czaplewski et al. 

in 2016, summarised the top ten substitutes for antibiotics11 including phage lysins and 

antibodies. Lysins kill bacteria directly through destroying the cell wall, or indirectly through 

weakening of the bacterial biofilms. Antibodies bind to pathogens and inactivate their virulence 

factors and toxins. Another promising approach is the strategic targeting of host immunity, for 

example through enhancing the expression of innate antimicrobial peptides using vitamin D 

and phenyl butyrate.11 

1.3 Role of inducible nitric oxide synthase in innate immunity 

Innate immunity plays a vital role in combating bacterial infections. One of the key components 

of the innate immune system are macrophages which are responsible for detecting, engulfing 

and destroying pathogens using bactericidal peptides, enzymes, toxic reactive oxygen species 

and reactive nitrogen species.12-13  

Nitric oxide (NO) is a source of reactive nitrogen species produced by the macrophage in 

response to infection, and exerts its antimicrobial effect in a concentration-dependent manner.14 

Invading pathogens are engulfed by the macrophage where they are exposed to a high 

concentration of NO that covalently binds to DNA, lipids and proteins of pathogens and kills 

them.15 The production of NO is catalysed by an enzyme known as inducible nitric oxide 

synthase (iNOS/NOS2) through oxidative conversion of L-arginine, oxygen and NADPH to 

NO and L-citrulline.16  

 

Figure 1.2. Biosynthesis of nitric oxide by iNOS. The enzyme catalyses the oxidation of L-

arginine to form nitric oxide and L-citrulline. 
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The role of iNOS in innate immunity was first identified when it was found that iNOS-

deficient mice failed to survive infections including Listeria monocytogenes17, Leishmania 

major18 or Mycobacterium tuberculosis infection.19 In addition, Nicholson and co-workers 

reported the loss of antimicrobial activity of alveolar macrophages of M. tuberculosis infected 

patients when treated with iNOS inhibitors.20 Excessive NO production via iNOS is involved 

in the pathophysiology of multiple human diseases such as asthma, arthritis, multiple sclerosis, 

colitis, psoriasis, neurodegenerative diseases, tumour development, transplant rejection and 

septic shock.21 While iNOS-derived NO is thought to be contained within the activated 

macrophage, high levels of NO may be deleterious to the macrophage. Consequently, the 

expression of iNOS is tightly regulated at both transcriptional and post-translational levels 

(role of gene expression by controlling at DNA and RNA levels, respectively).22  

At the transcriptional level, iNOS expression is controlled through the binding of 

transcription factors (e.g. NFĸB, STAT1) to the DNA which in return controls the iNOS 

promotor and subsequently regulation of iNOS expression. At the post-translational level, 

iNOS is regulated through a number of mechanisms including 1) degradation of the mRNA  

via interaction with RNA-binding proteins (AUF1, HuR, KSRP, PTB and TTP)23, 2) 

autoregulation of iNOS expression by NO itself via aggresome production,24 3) modulation of 

iNOS protein through protein partners such as  Cav-1, Src, ubiquitin ligases25. iNOS interacts 

with either the C-terminus of Hsp70-interacting protein (CHIP)26 or SPRY domain- and SOCS 

box-containing proteins, which are ubiquitin E3 ligases that target iNOS for proteasomal 

degradation (Figure 1.3). 25, 27 
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Figure 1.3. Role of SPSB in regulation of iNOS expression in macrophages in response to 

microbial pathogens and cytokines. (Figure from Kuang et al. 2010)25. 

 

1.4. SPRY domain-containing SOCS box proteins 

SPRY domain-containing SOCS box (SPSB) proteins are a family of four members (SPSB 1, 

2, 3 and 4) characterised by a central SPRY protein interaction domain that determines the 

substrate for ubiquitination and a C-terminal SOCS box that recruits an E3 ubiquitin ligase 

complex.28 One of the first binding partners discovered for the SPSB protein family was the 

hepatocyte growth factor receptor, c-Met.29-30 A subsequent study by Masters et al. in 2006 

showed that SPSB1, 2 and 4 interact with the human prostate apoptosis response protein-4 

(hPar-4).29 Additionally, the DEAD-box RNA helicase VASA was also found to interact with 

the Drosophila SPSB homologue GUSTAVUS.31  

The SPRY domain of SPSB proteins can recognise the common motif NNN which is present 

in both the VASA (DINNNN) and hPar-4 (ELNNNL) sequences, whereas c-Met has a different 

recognition motif suggesting that c-Met interacts with an alternate binding site on the SPRY 

domain of the SPSB family.30 Owing to the absence of the NNN sequence in mouse and human 

VASA and mouse h-Par4, they are not considered as the physiological target for mammalian 

SPSB proteins. Using sequence analysis, Kuang et al. identified the DINNN motif as conserved 

in the N-terminus of iNOS (but not e-NOS or n-NOS) among different species, suggesting that 
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iNOS is biologically relevant to mammalian SPSB (Figure 1.4).25 In the same study, SPSB2 

knock-out macrophages showed enhanced nitric oxide production upon lipolysachharide (LPS) 

stimulation, prolonging iNOS expression and enhancing the killing of pathogens such as M. 

tuberculosis and Leishmania major (Figure 1.5). Similarly, SPSB1 and SPSB4 were found to 

be important in the negative regulation of iNOS expression in macrophages.32 

 

 

Figure 1.4. DINNN is the motif mediating the SPSB-iNOS interaction. DINNN is conserved 

among different species in iNOS and not e-NOS or n-NOS (Figure from Kuang et al. 2010).25 

 

Figure 1.5. Role of SPSB proteins in combating infections. SPSB2-deficient macrophages 

show a) an increase in nitric oxide production in response to LPS stimulation and b) a decrease 

in the pathogen load in response to infection with Leishmania major parasite. Data are shown 

as mean ± SD (n = 3, where each replicate represents cells derived from individual mice). *, P 

< 0.05; **, P < 0.005. (Figure reproduced from Kuang et al. 2010).25 
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1.5 Molecular interactions between SPSB and DINNN containing peptides 

Several crystal structures of the free and bound forms of the SPSB proteins have been solved, 

including apo murine SPSB2 (mSPSB2) (PDB ID: 3EK9)33, apo human SPSB4 (hSPSB4) 

(PDB ID: 2V24)34, the hPar-4/hSPSB1 (PDB ID: 2JK9)34 VASA/hSPSB1 (PDB ID: 3F2O)34 

and VASA/the hSPSB2 (PDB ID: 3EMW)34. Recently, You et al. reported the first 

experimentally determined structure of SPSB2 in complex with an RGD-containing peptide 

derived from iNOS (PDB ID: 5XN3)35 and targeting α3β3 integrins.35 

All SPSB proteins share the same conserved SPRY domain fold, with two short N-terminal 

helices packed against a bent β-sandwich, comprising two 7-stranded β-sheets (Figure 1.6a).29, 

33, 36 The shallow binding pocket is formed by the sidechains of Arg68, Pro70, Thr102, Tyr120, 

Val206, Trp207 and Gly208 in hSPSB2.34 Site-directed mutagenesis and two-dimensional (2D) 

heteronuclear single quantum coherence ([1H,15N]-HSQC) chemical shift perturbation studies 

using the linear peptide Ac-KEEKDINNNVKKT-NH2 (KD 13 nM) further suggested that 

Arg100, Gly101, Thr102, His103, Leu123, Leu124, Leu125, Ser126, Asn127, Ser128, Val206, 

and Trp207 in mSPSB2 also contribute to binding.33  

Comparison of the binding modes of peptides VASA, hPar-4 and RGD-containing peptides 

shows that the three peptides form extensive hydrogen bonding networks with SPSB 

residues.34-35 The conserved NNN residues contribute to seven intermolecular hydrogen bonds 

between the peptides and SPSB proteins including three between the first Asn and hSPSB2 

Thr102 (Thr111 in hSPSB1) and Gly208 in hSPSB2 (Gly218 in hSPSB1) whereas the second 

Asn forms a hydrogen bond with Gly208, and the third Asn forms three hydrogen bonds with 

hSPSB2 Arg68 (Arg77 in hSPB1), Tyr120 (Tyr129 in hSPSB1) and Val206 (Val 216 in 

hSPSB1).34-35 An additional hydrogen bond was observed between the carboxylic acid side 

chain of Asp in VASA and the RGD-containing peptide (Glu in h-Par4) (Figure 1.6a).34-35 

Further surface plasmon resonance (SPR)  and nuclear magnetic resonance (NMR) studies 

reported the additional conserved flanking residues (Lys22, Val28 and Lys30) of the DINNN 

sequence in iNOS linear peptides as important in enhancing iNOS-SPSB2 binding, although 

they have no direct contact with SPSB2 in the crystal structure.25, 37  
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Figure 1.6. Crystal structures of the hSPSB2 (green) complex bound to VASA (blue sticks) 

(PDB ID: 3EMW).34 a) Eight conserved intermolecular hydrogen bonds (yellow dashes) are 

observed between the DINNN of VASA and the SPSB2 proteins. b) DINNN adopts a Type-I 

β-turn conformation upon binding to SPSB2 with a 3.8 Å distance between the N- and C-

terminus of the peptide (Figure reproduced from Yap et al. 2014 ).38 

 

1.6. SPSB-iNOS inhibitors 

Various approaches have been explored to target the SPSB-iNOS protein-protein interaction 

(PPI) including a fragment-based design approach (FBDD) and designing cyclic peptides and 

peptidomimetics. 38-40 In silico and NMR-guided FBDD adapted by Yap et al. have had limited 

success in discovering small molecule inhibitors targeting the iNOS binding site of SPSB. The 

best fragment hit STK441224, was found to bind  SPSB2 with a KD of 1.8 mM by SPR.41 

Further druggability mapping analysis of the binding site showed that the SPSB-iNOS interface 

is wide, shallow and appears to be less suitable for small molecule binding. Alternatively, the 

same group designed and synthesised macrocyclic peptide inhibitors based on the SPSB-iNOS 

binding motif DINNN utilising an in silico structure-based drug design approach.38,42  

The linear peptide DINNN (KD= 318 nM) adopts a type I β-turn conformation in the crystal 

structure of VASA/hSPSB2 (PDB ID: 3EMW),34, 38  where a key hydrogen bond is formed 
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between the backbone carbonyl group of Asp184 and the backbone amino group of Asn187 

with a distance <7 Å between Cα(i) and Cα(i + 3).34, 38 It was also observed that the distance 

between the N- and C-terminus of the DINNN peptide was <4 Å. Based on these observations, 

Yap et al. designed and synthesised the first cyclic peptide SPSB2-iNOS inhibitor by joining 

the end of the DINNN linear peptide with a disulfide bridge to increase the biological stability 

and activity (Figure 1.6b).38  

Among the cyclic peptide models generated, the disulfide-bridged cyclic peptide Ac- 

c[CVDINNNC]-NH2 (CP0) had the lowest backbone RMSD between the model peptide and 

the crystal structure of linear DINNN bound to SPSB2 (0.1−0.15 Å). The linear peptide was 

synthesised using standard solid-phase peptide synthesis (SPPS) procedures followed by 

cyclisation in solution with 0.1 M ammonium bicarbonate. The binding properties of CP0 were 

characterised using SPR and NMR. It was found that the disulfide peptide binds to SPSB2 with 

KD = 4 nM, 73-fold better than the linear peptide DINNN (KD = 318 nM), suggesting that 

cyclisation has played a role in enhancing the binding affinity presumable due to the increase 

in conformational rigidity.38  

Leung et al. described a19F NMR method that provides a simple and reliable assay of peptide 

interactions with the iNOS binding site on SPSB2.43 In these experiments an analogue of 

SPSB2 was prepared in which all six Trp residues of SPSB2 were replaced with 5-F-Trp.37, 43 

Trp207, which is located in the target binding site, proved to be particularly valuable for 

probing these interactions.37, 43 The 19F NMR signal of Trp207 shifted downfield upon binding 

to the cyclic peptide CP0 to the 5-F-Trp SPSB2, confirming that the cyclic peptide bound to 

the iNOS binding site on mSPSB2 (Figure 1.7a).38, 43 

CP0 was able to compete with full-length iNOS for binding to SPSB2 in cell lysates using 

a GST pull-down assay. A GST-SPSB2-SPRY construct, with and without the cyclic peptide 

analogue, was added to the cell lysates of murine bone marrow-derived macrophages (BMDM) 

containing endogenous iNOS (induced in response to LPS and IFN-γ) and recovered using 

glutathione-Sepharose beads. Western blotting with anti-iNOS antibodies indicated that the 

CP0 can compete with the endogenous iNOS on the iNOS binding site of SPSB2 (Figure 

1.7b).  The cyclic peptide (CP0) was also found to be stable in the presence of digestive 

enzymes (trypsin, α-chymotrypsin and pepsin) and human plasma.38 However, CP0 is unstable 

in reducing environments owing to the presence of the disulfide linker.38 
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Figure 1.7. Characteristics of CP0 peptide. a) 19 F NMR spectrum  shows a significant shift in 

the tryptophan 207 in hSPSB2 after addition of CP0 (lower panel) which confirms that CP0 

bind to the iNOS binding site of SPSB2. b) CP0 is able to compete with the iNOS endogenous 

peptide in BMDM cell lysates. A GST pull down of the recombinant SPSB2v was used in the 

the presence (+) and absence of CP0. The complex was analysed using western blotting with 

either anti-iNOS antibody (upper panel) or anti-GST antibody (lower panel) (Figure from Yap 

et al. 2016).38  

 

Norton and co-workers designed a number of redox stable analogues to overcome the redox 

liability issues of CP0 where the N- and C-terminus of the DINNN linear motif were cyclised 

by a redox stable amino acid linker or organic linkers. A cystathionine analogue of Ac-

c[CVDINNNC]-NH2 (CP1) and the backbone-cyclised [WDINNNβA] (CP2) peptides were 

designed and synthesised in which the S-S disulfide bond in CP0 was replaced by a thioether 

or lactam bridges, respectively (Figure 1.8). 40Both CP1 and CP2 were resistant to reduction 

by dithioerithritol (DTT).40 

 

Figure 1.8 Chemical structures of a) CP1 and b) CP2 with the redox stable linkers in purple 

(Figure is taken from Yap et al. 2016). 40 
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The other approach to generate redox-stable peptide was to employ an interactive de novo 

design of peptidomimetics (M1-M4) in which the backbone of the DINNN peptide was 

replaced by suitable organic scaffolds (Figure 1.9).39 M1-M4 mimetics building blocks were 

retrosynthetically designed and synthesised then incorporated in the peptide sequence using 

standard solid-phase peptide synthesis (SPPS).  

 

 

Figure 1.9. Peptidomimetic structures. a) SPSB2-DINNN structure showing the N−O distance 

of 2.7 Å. b) the structure of the peptidomimetics M1-M4 showing the organic linkers used in 

each (blue) benzyl, hydrazide, anthranilamide, or ethyl functional group, respectively (Figure 

from Harjani et al. 2016). 39 

 

Table 1.1. Binding affinities of CP0 analogues (Data adapted from Ref. 38, 39 and 40) 

Peptides/mimetic  CP0 CP1 CP2 M1 M2 M3 M4 

KD (nM) 4 31 21 29 99 54 465 

 

The cyclic peptides, CP1 and CP2, and the peptide mimetics, M1-M4, were found to bind 

the mSPSB2 with nanomolar binding affinities as measured by SPR (Table 1.1).39-40 19F NMR 

experiments further showed that the analogues can perturb or sharpen the W207 signal of 



30 
 

SPSB2, suggesting that they all bind to iNOS binding site of SPSB2.39-40 All analogues were 

able to compete with full-length endogenous iNOS for binding to SPSB2 in cell lysates.39-40 40, 

44 As CP2 is the most active inhibitor of all the redox-stable analogues and can be easily 

synthesised and derivatised, the Norton group attempted to target the delivery of CP2 

analogues into the cytoplasm of macrophages to ensure that these inhibitors can exert the 

desired pharmacological responses at the target site. 

 

1.7 Macrophage-targeted delivery 

Macrophages express carbohydrate receptors such as the macrophage mannose receptor 

(CD206), which can recognise mannose and N-acetylglucosamine containing carriers, thereby 

providing a potential delivery system via receptor-mediated endocytosis.45 Song et al. showed 

that the fluorescently-labelled mannose- and N-acetylglucosamine (GalNAC)-containing 

glycopolymers can be used to determine macrophage-specific targeting both in vitro and in 

vivo in a dose-dependent manner.42  

Similarly, Yap et al. synthesised GalNAc and mannose polymers bearing a diphenol 

maleimide moiety to anchor the SPSB-iNOS inhibitors. The thiol side chain of a Cys-

containing CP2 analogue was conjugated to the glycopolymers through a redox-labile disulfide 

bond. The peptide-glycoploymer conjugates were designed to enter the cells through selective 

receptor-mediated endocytosis where they would subsequently release the cargo peptide in the 

reducing environment of the cytoplasm (Figure 1.10). Both mannose- and GalNAc-

glycopolymers conjugates were further labelled with a rhodamine dye to visualise the peptides 

in live cells.46 The rhodamine-labelled conjugates were observed using confocal microscopy 

and organelle-specific dyes such as LysoGreen as an indicator for late endosomes and 

lysosomes. Preliminary results showed that the conjugates were successful in targeting the 

macrophage carbohydrate receptors, but they remain trapped inside the endosomes and were 

not able to reach the cytoplasmic SPSB (Figure 1.11).  
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Figure 1.10 Schematic diagram of the expected mechanism of internalisation of CP2 

analogues in macrophages. 

 

 

Figure 1.11 Localisation of cyclic peptide-glycoploymer conjugate in late endosomes of RAW 

264.7 cells. The images show the rhodamine labelled peptide (red), lysoGreen (green) and 

overlay image (orange). Scale bar represents 20 µm. 

 

1.8 Scope of the thesis 

The increase in antimicrobial resistance and the slow development of new antibiotics suggest 

the need to explore alternative approaches to treat antibiotic-resistant infections. One attractive 

approach is to harness the host immune system and the SPSB-iNOS pathway possibly can meet 

this need.  The inhibition of SPSB-iNOS interaction can promote the iNOS levels and enhance 

the killing of pathogens (M. tuberculosis and L. major parasites) in macrophages from SPSB2 

knock-out mice. Several cyclic peptides have been reported to inhibit the interaction between 
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SPSB2 and iNOS in macrophage cell lysates. Nevertheless, attempts to target the delivery of 

these inhibitors to macrophages, in order to inhibit the cytosolic SPSB2-iNOS interaction, had 

very limited success due to poor membrane permeability and lack of endosomal escape. 

Therefore, the main aim of this study is to design SPSB-iNOS inhibitors that could penetrate 

the cell membrane either by direct translocation (passive permeability) or endocytosis (active 

transport) followed by endosomal escape. These cell-permeable inhibitors would demonstrate 

the effect of disrupting SPSB-iNOS pathway on enhancing the killing of intracellular 

pathogens in macrophages cells and support the progress of this class as novel anti-infective 

agents.   

Chapter 2 describes the design and synthesis of a cyclic pentapeptide inhibitor as an attempt 

to enhance the passive permeability of the previously reported heptapeptide inhibitors. Briefly, 

investigation into the mode of binding of the heptapeptides was performed through 

determination of their bound crystal structure complexes with hSPSB proteins. The structural 

analysis of the peptide-protein complexes facilitated the engineering of low molecular weight 

pentapeptide using hydrogen bond surrogates. The ability of this peptide to bind to the iNOS 

binding site of the hSPSB2 was determined by SPR and 19F NMR. An in vitro affinity 

enrichment and immunoblotting assay was employed to investigate the ability of the peptide to 

displace the endogenous iNOS in macrophages lysates. Furthermore, the crystal structure of 

the pentapeptide in complex with the hSPSB2 was determined in order to explore the key 

structural requirements for this interaction.  

In Chapter 3, the in vitro passive permeability of the cyclic pentapeptide was described using 

PAMPA assay. Based on this result, several analogues of the cyclic peptide were designed by 

single residue modifications using natural and unnatural amino acids. The effect of these 

structural modifications on the overall binding of these analogues to hSPSB2 and cell 

membrane permeability was investigated by SPR and PAMPA assay respectively.  

Chapter 4 reveals an alternative approach to generate cell membrane inhibitors through 

conjugation to cell-penetrating motifs (CPPs). Two conjugates were designed and synthesised. 

The effect of incorporation the CPPs moieties on binding to SPSB2 was investigated by SPR. 

Furthermore, the change in nitric oxide levels was assessed using Griess assay as an indication 

of permeability.  

In Chapter 5, a reported blue turn on nitric oxide probe was investigated in order to further 

explore different techniques to detect NO in live cells. The ability of the probe to monitor the 
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NO levels in macrophage cell line in response to bacterial infections and LPS stimulation was 

studied using confocal microscope. The ability of this probe to track the dynamics of NO 

production was also evaluated. Furthermore, the cellular toxicity and the biorthogonal 

compatibility of this probe in a multi-dye system was also explored.  

Finally, the major findings from this study are summarised in Chapter 6.  The potential 

future directions of this project are also discussed in the same chapter. 
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Chapter 2 

2.2 Introduction 

In attempt to design inhibitors of SPSB2-iNOS interaction with enhanced passive permeability, 

a structural based design approach was employed in this Chapter.  The mode of binding of the 

previously reported cyclic heptapeptides, CP1 and CP2, was first identified through the 

determination of the crystal structure of CP1-hSPSB4 and CP2-hSPSB2 and CP2-hSPSB4 

complexes.  The CP2-hSPSB2 crystal structure was then used to design a cyclic pentapeptide, 

CP3, with low molecular weight, enhanced hydrophobicity and overall drug likeness. The 

pentapeptide was designed using a hydrogen bond surrogate method in which a main chain 

intramolecular hydrogen bond in the bound structure of CP2 was replaced with a covalent 

linker. The best in silico designed and energy minimised model, with lowest backbone RMSD 

to the crystal structure of CP2-hSPSB2, was synthesised and characterised by LC-MS and 

NMR experiments. The ability of CP3 to bind to the iNOS binding site of hSPSB2 was 

examined using 19FNMR and the binding affinity of this interaction was measured by SPR. 

The ability of the pentapeptide to inhibit SPSB-iNOS interaction in macrophage cell lysates 

was assessed using affinity enrichment and immunoblotting assay. The crystal structure of 

CP3-hSPSB2 complex was also determined in order to explore the mode of binding of CP3 to 

hSPSB2. As the results of this Chapter have been published in ACS Chemical Biology journal, 

they are presented in the format of a published article in the following chapter.  
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ABSTRACT: SPRY domain- and SOCS box-containing
proteins SPSB1, SPSB2, and SPSB4 interact with inducible
nitric oxide synthase (iNOS), causing the iNOS to be
polyubiquitinated and targeted for degradation. Inhibition of
this interaction increases iNOS levels, and consequently cellular
nitric oxide (NO) concentrations, and has been proposed as a
potential strategy for killing intracellular pathogens. We
previously described two DINNN-containing cyclic peptides
(CP1 and CP2) as potent inhibitors of the murine SPSB−iNOS
interaction. In this study, we report the crystal structures of
human SPSB4 bound to CP1 and CP2 and human SPSB2
bound to CP2. We then used these structures to design a new
inhibitor in which an intramolecular hydrogen bond was replaced with a hydrocarbon linkage to form a smaller macrocycle
while maintaining the bound geometry of CP2 observed in the crystal structures. This resulting pentapeptide SPSB−iNOS
inhibitor (CP3) has a reduced macrocycle ring size, fewer nonbinding residues, and includes additional conformational
constraints. CP3 has a greater affinity for SBSB2 (KD = 7 nM as determined by surface plasmon resonance) and strongly inhibits
the SPSB2−iNOS interaction in macrophage cell lysates. We have also determined the crystal structure of CP3 in complex with
human SPSB2, which reveals the structural basis for the increased potency of CP3 and validates the original design.

The SPRY domain- and SOCS box-containing protein
(SPSB) protein family consists of four members, SPSB1−

SPSB4. Each is composed of a central SPRY/B30.2 domain
and a C-terminal SOCS box.1−5 SPSB1, -2, and -4 recruit an
E3 ubiquitin ligase complex via the SOCS box to
polyubiquitinate iNOS, thereby targeting it for proteasomal
degradation.6−8 Deletion of the SPSB2 gene in mice enhances
the killing of intracellular pathogens such as Mycobacterium
tuberculosis and Leishmania major by prolonging the lifetime of
iNOS and enhancing nitric oxide (NO) production.6 This
study suggested that inhibitors of the SPSB−iNOS interaction
may represent novel anti-infective agents that act by enhancing
the host immune response.
The interaction between iNOS and the SPRY domains of

SPSB1, -2, and -4 is mediated by the N-terminal region of
iNOS, which is disordered and contains a DINNN
pentapeptide sequence.6−9 Isothermal titration calorimetry

and surface plasmon resonance (SPR) binding studies on a
range of peptides containing the DINNN sequence show that
all residues contribute to binding to SPSB proteins, with the
Asp and the first and third Asn residues being the most
important.6,10 As the linear DINNN peptide binds to murine
SPSB2 (mSPSB2) with only modest affinity (KD = 318
nM),10,11 we have developed a number of structurally diverse
cyclic peptides and peptidomimetics that inhibit interactions
between the SPSB proteins and iNOS with a higher affinity
and are more stable than the linear sequence.11−13 Our designs
have been informed by X-ray crystal structures of DINNN-
containing linear peptides bound to human SPSB proteins.9
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The disulfide-constrained cyclic peptide Ac-c[CVDINNNC]-
NH2 (designated CP0) binds potently to murine SPSB2 (KD =
4 nM). Although reduction of the disulfide bond causes a
significant loss of activity,11 we have shown that the disulfide
bond in CP0 can be replaced with a reduction-resistant
thioether to create the cystathionine analogue of Ac-c[CVDI-
NNNC]-NH2 (designated CP1) or with an amide linker to
create c[WDINNNbA] (designated CP2) while retaining
nanomolar affinities.13 CP1 and CP2 bind to the iNOS
binding site of mSPSB2 with affinities of 31 and 21 nM,
respectively, and compete with full-length iNOS for binding to
mSPSB2 in macrophage cell lysates.13

The binding of CP1 and CP2 to SPSB2 has been
investigated by 19F nuclear magnetic resonance (NMR).13,14

These studies confirm that the peptides bind to the iNOS
binding site, but they do not define their exact binding pose. In
addition, although crystal structures of other SPSB proteins
with bound linear peptides have been determined,9 only one
structure of a complex of human SPSB2 (hSPSB2) with a
cyclic peptide has been reported.15

In this work, we report the crystal structures of the CP1 and
CP2 peptides bound to hSPSB4 and of CP2 bound to hSPSB2.
Comparison of the bound structures of CP1 and CP2 provided
a detailed understanding of the key contacts between these two
peptides and human SPSB proteins. On the basis of these
structures, we have designed and synthesized a smaller and
more potent cyclic pentapeptide (CP3) in which an intra-
molecular hydrogen bond was replaced with a hydrocarbon
linkage to reduce macrocyclic size while maintaining the bound
geometry of CP2 observed in the crystal structures. Using 19F
NMR experiments, we show that the CP3 peptide binds to the
iNOS binding site of hSPSB2. We also show that CP3 can
inhibit the interaction of full-length iNOS with hSPSB2 in
macrophage lysates. Finally, we have determined the crystal
structure of CP3 bound to hSPSB2. This development of CP3,
a stable cyclic peptide with a mass of just 540 Da, coupled with
the structural information reported here, provides a foundation
for the design of new conformationally constrained peptidomi-
metics or small molecule inhibitors of the SPSP2−iNOS
interaction as potential anti-infective agents.

■ RESULTS AND DISCUSSION
Crystal Structures of CP1 and CP2 Bound to Human

SPSB2 and Human SPSB4. To gain further insight into the
molecular basis for cyclic peptide−SPSB interactions, we
determined the crystal structures of CP1 bound to the SPRY
domain of hSPSB4 and CP2 bound to the SPRY domains of
hSPSB2 and hSPSB4. Constructs encoding the SPRY domain
of human SPSB2 and SPSB4 proteins were expressed in
Escherichia coli strain BL21 (DE3). After purification via Ni-
affinity chromatography, the His-tagged proteins were cleaved
with TEV protease and further purified by gel filtration
chromatography. The identity and purity of the proteins were
assessed using liquid chromatography and mass spectrometry
(LC−MS) and 1H NMR (Figure S1). Peptides CP1 and CP2
were synthesized and characterized as reported previously.13

SPR studies showed KD values for binding of CP1 and CP2 to
hSPSB2 of 20 and 32 nM, respectively (Table 1), in good
agreement with the previously reported values for binding of
CP1 and CP2 to murine SPSB2 (mSPSB2) of 31 and 21 nM,
respectively.12,13 Comparison of the kinetic profiles of CP1 and
CP2 with hSPSB2 (Table 1) also revealed that the peptides
bound to hSPSB2 with kon and koff values similar to those

reported for mSPSB2.13 The CP1−hSPSB4 crystal diffracted
to 1.75 Å with three copies in the asymmetric unit; the CP2−
hSPSB4 crystal diffracted to 1.4 Å with two copies in the
asymmetric unit, and the CP2−hSPSB2 diffracted to 2.4 Å
with one copy in the asymmetric unit (Table S2 and Figure
S2). Both human SPSB2 and SPSB4 retain the conserved
SPRY domain fold reported previously (Figure 1a).9,16

Superimposition of the three co-crystal structures shows
that, in each case, the DINNN motifs of CP1 and CP2 adopt
very similar backbone conformations, with mean pairwise Cα
root-mean-square deviations (RMSDs) of 0.1−0.2 Å. Both
CP1 and CP2 make intramolecular hydrogen bonds that
stabilize their bound conformation. The intramolecular
hydrogen bonds include four bonds, one between the
backbone CO of Asp3 in CP1 (Asp2 in CP2) and the
backbone NH of Asn6 in CP1 (Asn5 in CP2), two between
the side chain OD1 of Asp3 and backbone NH of Asn7 in CP1
(Asn6 in CP2) and Asn5 in CP1 (Asn4 in CP2), and one
between the backbone CO of Asn5 in CP1 (Asn4 in CP2) and
the side chain NH of Asn7 (Asn6 in CP2). One additional
bond exists in CP2 between the backbone NH of Asp2 and the
backbone CO of Asn6 (Figure 1b). Our previously reported in
silico models of the DINNN sequence of CP1 and CP2 bound
to mSPSB213 closely match these crystal structures, with Cα
RMSDs of 0.8−1.4 Å. The main differences between the
experimental structures and the models are around the Trp1
residue in CP2, the cystathionine linker, and the Val2 residue
in CP1 (Figure S3). These residues extend outside the binding
pocket and thus have little influence on the binding pose of the
DINNN motif with respect to the SPSB protein.11,13

The hSPSB4−CP1, hSPSB4−CP2, and hSPSB2−CP2
protein−peptide complexes are stabilized by a network of
five conserved hydrogen bonds (Figure 2 and Figure S2). One
hydrogen bond is found between the carboxyl group of Asp3 in
CP1 (Asp2 in CP2) and the phenolic hydroxyl of Tyr129
(hSPSB4) or Tyr120 (hSPSB2); two hydrogen bonds are
found between the carboxamide side chain of Asn5 (Asn4 in
CP2) and the backbone amide and the hydroxyl side chain of
Thr111 (hSPSB4) or Thr102 (hSPSB2), and two hydrogen
bonds between the backbone carbonyl group of Asn6 (Asn5 in
CP2) and the backbone amide of Gly218 (hSPSB4) or Gly208
(hSPSB2) and the amide side chain of Asn6 (Asn5 in CP2)
and the backbone carbonyl group of Gly218 (hSPSB4) or
Gly208 (hSPSB2). An additional intermolecular hydrogen
bond was also observed between the carboxyl side chain of
Asp2 in CP2 and the side chain NH of Gln73 in the CP2−
hSPSB2 complex.
The functionally important side chain of Asn7 in CP1 (Asn6

in CP2)6 contributes four additional interactions with the side
chain of Arg68 in hSPSB2 (Arg77 in hSPSB4), the phenolic
hydroxyl of Tyr120 in hSPSB2 (Tyr129 in hSPSB4), the
backbone carbonyl of Val206 in hSPSB2 (Val216 in hSPSB4),
and the backbone amide of Val71 in hSPSB2 (Val80 in
hSPSB4) (Figure 2 and Figure S2).

Table 1. Interaction Kinetics of Binding of CP1−CP3 to
hSPSB2

cyclic peptide KD (nM)a kon (×10
6 M−1 s−1) koff (s

−1)

CP1 20 ± 3 1.76 ± 0.3 0.03 ± 0.005
CP2 32 ± 4 0.84 ± 0.3 0.026 ± 0.006
CP3 7 ± 2 0.5 ± 0.1 0.0032 ± 0.0004

aAll values are means ± the standard error (n = 3).
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Structure-Based Design and Synthesis of a Nano-
molar Pentapeptide Inhibitor, CP3. On the basis of the
crystal structure of the CP2−hSPSB2 complex, we designed a
new inhibitor with improved hydrophobicity and drug-likeness.
In designing this inhibitor, we aimed to replace an intra-
molecular hydrogen bond with a hydrocarbon linkage to
maintain the bound geometry of CP2 observed in the crystal
structure and reduce the entropic cost of binding. Of the four
intramolecular hydrogen bonds found in the bound CP2
structure, the hydrogen bond between the Asn6 backbone
carbonyl group and the Asp2 backbone nitrogen (3.1 Å) was
identified as a potentially useful position for covalent
replacement. This allows the removal of the Trp1 and βA7
residues, which do not interact directly with the protein
(Figure 3). Eliminating these two residues and rotating the

Asn6 amide to swap the position of the nitrogen and oxygen
atoms then allowed replacement of the hydrogen bond and
Asp2 residue with a γ-amino acid (Figure 3a). This strategy
provided the new cyclic pentapeptide c[INNNAbu] (CP3),
which, when minimized in the iNOS binding site, was found to
fit with an RMSD of 0.3 Å between the model peptide and the
crystal structure of heptapeptide CP2 (Figure 3b). Designs
based on the replacement of other hydrogen bonds disrupted
the geometry of the binding pose and provided compounds
with poor RMSDs.
The synthetic strategy for CP3 involved solid phase peptide

synthesis (SPPS), with both linear synthesis and cyclization
performed on resin. Synthesis (Scheme 1) was achieved by
initially coupling the side chain of Fmoc-Asp-ODmab to Rink
amide resin to provide a side chain-linked Asn. The Dmab

Figure 1. (a) Cartoon representations of the crystal structures of hSPSB4 (pink) bound to CP1 (blue, PDB entry 6DN8) and CP2 (white, PDB
entry 6DN7) and hSPSB2 (brown) bound to CP2 (white, PDB entry 6DN5). C1 and C2 are shown as sticks. (b) Stick representation of CP1
(blue) and CP2 (white) showing the intrachain hydrogen bonding. Conserved hydrogen bonds stabilize the bound conformation of the cyclic
peptides; hydrogen bonds are indicated by yellow dashed lines.

Figure 2. Intermolecular interactions between CP2 and hSPSB2. Dashed lines show the 10 intermolecular hydrogen bonds formed between CP2
(white) and hSPSB2 (brown) (PDB entry 6DN5). Similar bonds are formed in the complexes of CP1 and CP2 with hSPSB4.
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group,17 which is orthogonal to the Fmoc Nα protection, was
used to protect the C-terminus, while the N-terminus was

elaborated to provide the linear peptide. Upon completion of
the linear peptide synthesis, the Dmab group was removed

Figure 3. (a) Design of the smaller, less polar peptide, CP3, by replacement of an intramolecular bond with a covalent linkage. (b) Superimposition
of the crystal structure of CP2 (white, PDB entry 6DN5) with the in silico model of CP3 (purple), showing that the two structures align well over
the backbone INNN motif, with a Cα RMSD of 0.3 Å. A hydrogen bond between Asp2 and Asn6 is indicated by a yellow dashed line.

Scheme 1. Synthesis of Cyclic Pentapeptide CP3a

aReagents and conditions: (a) Rink amide resin, HCTU, DIPEA, DMF, 2 h; (b) SPPS, 20% piperidine/DMF, 2 × 5 min followed by an Fmoc-
labeled amino acid (3 equiv), HCTU (3 equiv), DIPEA/DMF [7% (v/v)]; (c) 2 equiv of hydrazine hydrate in DMF, 30 min; (d) 3 equiv of
PyClock, 10 equiv of DIPEA in DMF, overnight; (e) 92.5% (v/v) TFA, 2.5% (v/v) TIPS, 5% (v/v) DMB, 2 h.

Figure 4. CP3 binds to the iNOS binding site of hSPSB2 with a nanomolar affinity. (a) SPR sensorgrams obtained using seven peptide
concentrations ranging from 5 to 320 nM. The Y axis shows the response unit (RU) differences after reference subtraction. (b) 19F NMR spectra of
5-F-Trp-labeled mSPSB2 in the absence (top) and presence of cyclic peptides. The intensity of W207 increased in the presence of CP3 and M4,
while the peak was significantly shifted downfield by CP2.
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using 2% hydrazine, and on resin cyclization was performed
with 6-chloro-benzotriazol-1-yloxy-tris-pyrrolidinophospho-
nium hexafluorophosphate (PyClock). Deprotection of the
side chain trityl groups and cleavage from the resin were
performed using trifluoroacetic acid (TFA) with scavengers.
After preparative HPLC, the purity of the peptide was ∼98%,
as determined by LC−MS (Figure S4a). One-dimensional 1H
NMR of the product showed only a single set of peaks,
indicating that it was suitable for structural and binding studies
(Figure S4b). NMR resonance assignments were made using
the following two-dimensional NMR experiments: 1H−1H
ROESY, 1H−1H TOCSY, and 1H−15N SOFAST-HMQC
(Table S1 and Figure S5).
CP3 Binds with High Affinity to the iNOS Binding Site

of the SPRY Domain of hSPSB2. SPR was performed to
measure the affinity and kinetics of binding of CP3 to hSPSB2
(Figure 4a, and Table 1; data for CP1 and CP2 are shown for
comparison in Figure S6). hSPSB2 was immobilized on the
dextran layer of a CM5 biosensor chip using amine coupling.
Using a 1:1 interaction model, the KD of CP3 was measured to
be 7 nM, which corresponds to an approximately 4-fold
increase in binding affinity compared to that of CP2 (32 nM).
The association rates of CP3 and CP2 are comparable. CP3
has an association rate of 5 × 105 M−1 s−1, and CP2 associates
with a rate of 8.4 × 105 M−1 s−1; CP3 has an approximately 8-
fold slower off rate (0.0032 s−1 for CP3 compared to 0.026 s−1

for CP2).
19F NMR analysis of SPSB2 labeled with 5-F-Trp has proven

to be useful in monitoring binding of a ligand to the DINNN
binding site.11,12,18 The 19F resonance corresponding to
Trp207, a key residue in the iNOS binding site of SPSB2, is
shifted significantly downfield when peptides CP0−CP2 are
bound to the iNOS binding site.11−13 In the case of CP3, an

enhancement of the Trp207 resonance intensity was observed
rather than a change in chemical shift (Figure 4b). A similar
observation was made for peptidomimetic inhibitor M4 of the
SPSB−iNOS interaction, which did not perturb the Trp207
resonance in the same way as the other cyclic peptides and
mimetics (Figure 4b).12 However, the increase in the intensity
of the Trp207 resonance in the presence of CP3 was greater
than that with M4, presumably reflecting the difference in
binding affinity between these two analogues (7 nM vs 500
nM).12 This result indicates that CP3 binds to the iNOS
binding site of SPSB2 but has an effect on the local
environment of Trp207 different from those of CP0−
CP2.11−13 CP3 also perturbs the resonance of Trp131 to a
lesser extent than does CP2 (Figure 4b).

Crystal Structure of CP3 Bound to Human SPSB2. To
gain further insight into the binding pose of CP3, we
determined the crystal structure of CP3 bound to hSPSB2 at
a resolution of 1.6 Å. The asymmetric unit contains one copy
of the CP3−hSPSB2 complex, and the overall structure of the
SPRY domain in the CP3−hSPB2 complex is largely similar to
that in the CP2−hSPSB2 complex, although a few local
conformational differences in loop regions occur away from the
binding site. The largest deviation between the two structures
was the absence of electron density for eight residues in the
loop connecting β10 and β11 (Leu153−Glu160) and the
presence of electron density for an α-helix (Glu18−Cys25) at
the N-terminus of the SPRY domain in the CP3−hSPSB2
complex, which was not resolved in the other hSPSB2 complex
structures.
We carefully examined the close crystal packing contacts

around the CP3 peptide in the CP3−hSPSB2 complex. A 3 Å
contact is present between the backbone amide of Ile1 of CP3
in one complex and the carboxyl side chain of Glu28 of the

Figure 5. Crystal structure of CP3 bound to human SPSB2 (PDB entry 6DN6). (a) CP3−hSPSB2 intermolecular interactions. Dashed lines show
the seven intermolecular hydrogen bonds between CP3 (green) and hSPSB2 (brown). (b) CP3 forms a type I′ β-turn with an intramolecular
hydrogen bond between the backbone CO(i) of Ile1 and NH(i + 3) of Asn4 (orange dashed line). Dihedral angles φ and ψ are colored magenta
and yellow, respectively.
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symmetry-related hSPSB2 monomer (Figure S7). To assess
whether the packing of the crystal lattice may have affected the
binding mode of CP3, a 1 μs molecular dynamics (MD) run
was performed on an isolated hSPSB2−CP3 complex
surrounded only by solvent. This simulation resulted in only
a limited change in the ligand position (RMSD ∼ 0.75 Å)
across the simulation, indicating that the conformation of CP3
observed in the crystal structure is not significantly influenced
by crystal packing (Figure S7).
Examination of the CP3 conformation within the CP3−

hSPSB2 complex shows that the NNN motif adopts a
conformation similar to that present in the CP2−hSPSB2
complex (Cα RMSD over the NNN sequence of 0.8 Å) and
also to the design model of CP3 (Cα RMSD of NNN of 0.3
Å), thus validating our structure-based design process (Figures
S2 and S8). However, a few differences were observed between
these crystal structures. In particular, the backbone CO groups
of the Ile residues (Ile3 in CP2 and Ile1 in CP3) were oriented
in opposite directions, with the ψ angle changing from −32° in
CP2 to 175° in CP3. As a result, CP3 forms a type I′ β-turn,
induced through the formation of an intramolecular main
chain hydrogen bond between the carbonyl of Ile1 (i) and the
backbone amide of Asn4 (i + 3), with a distance of 5.8 Å
between the Cα atoms of residues i and i + 3, and ϕ(i + 1), ψ(i
+ 1), ϕ(i + 2), and ψ(i + 2) dihedral angles of +58°, +22°,
+62°, and +27°, respectively19 (Figure 5). Two additional
intramolecular hydrogen bonds stabilize the bound CP3
conformation: between CO and NH of Abu5 and between
the backbone carbonyl of Asn2 and the side chain NH of Asn4.
The CP3−hSPSB2 complex retains all of the intermolecular
hydrogen bonds observed in the structure of CP2 bound to
hSPSB2, except those involving Asp2 in CP2 [the carboxyl side
chain of Asp2 with the phenolic hydroxyl of Tyr120 and the
amide side chain of Gln73 of human SPSB2 (Figure S2)].
Instead, an additional interaction forms between the backbone
carbonyl group of Ile1 and phenolic hydroxyl of Tyr120
(Figure 5 and Figure S2). Comparison of the observed 3JHN−Hα

coupling constants in our NMR spectra with those predicted
from the crystal structure suggests that the solution structure of
CP3 may have to undergo a smaller conformational change
upon binding than the larger and probably more flexible CP2.
CP3 Inhibits SPSB−iNOS Interactions in Cell Lysates.

Having confirmed the binding of CP3 to the iNOS binding site
of hSPSB2 in vitro, we examined the ability of CP3 to disrupt
the interaction of SPSB2 with full-length iNOS in macrophage
cell lysates, as a closer mimic of physiological conditions.11,13

RAW 264.7 macrophages were treated with lipopolysaccharide
and interferon-γ (LPS/IFN-γ) to induce iNOS expression. The
cells were lysed, and the iNOS−SPSB2 interaction was
investigated in the presence of CP3, using CP2 as a positive
control. Recombinant His-tagged hSPSB2 and nickel beads
were used to enrich iNOS from the macrophage cell lysate in
the presence or absence of CP2 or CP3. An immunoblot with
anti-iNOS antibodies showed a substantial decrease in the
amount of iNOS interacting with SPSB2 in the presence of
CP3 and (to a lesser extent) CP2 (Figure 6, top panel).
Membranes were reprobed with anti-His antibodies to ensure
the recovery of approximately equal amounts of hSPSB2
protein (Figure 6, bottom panel).
On the basis of our crystallographic analyses and the close

structural similarity between hSPSB2 and hSPSB4,9 CP3
would also be expected to disrupt hSPSB4−iNOS interactions.
Because SPSB4 induces the ubiquitination of iNOS more

potently than does SPSB2,7 inhibiting the SPSB4−iNOS
interaction will presumably increase the levels of NO
production even more effectively than for SPSB2. However,
estimating the binding affinity of CP3 for hSPSB4 by SPR has
proven to be problematic (unpublished data), and we do not
yet have a KD for the binding of CP3 to hSPSB4.

Conclusion. Using a systematic and structure-guided
approach, we have developed a potent, low-molecular weight
peptide inhibitor of SPSB−iNOS interactions. To achieve this
outcome, we have determined the crystal structures of our
previously reported cyclic heptapeptides CP1 and CP2 in
complex with hSPSB4 and the crystal structure of CP2 in
complex with hSPSB2. These crystal structures reveal well-
defined intramolecular hydrogen-bonding networks in bound
CP1 and CP2 that enhance their binding to hSPSB2 compared
to that of the linear DINNN peptides.10,13 Furthermore, the
structures provide direct experimental evidence that validates
our original reported designs of CP1 and CP2,13 which aimed
to stabilize the critical binding motif NNN in its bound
conformation. These structures were then used to design a
smaller, more potent inhibitor, CP3, in which an intra-
molecular hydrogen bond was replaced with a hydrocarbon
linkage to maintain the bound geometry of CP2 and remove
non-essential structural features. CP3 has a very high affinity
for the iNOS binding site (KD = 7 nM for hSPSB2) and
inhibits the interaction between full-length iNOS and hSPSB2
in cell lysates. With a mass of 540 Da, CP3 is the smallest
cyclic peptide inhibitor of the iNOS−SPSB interaction
described to date, representing a significant step toward the
development of inhibitors of this interaction as anti-infective
leads.

■ METHODS
Solid Phase Peptide Synthesis. CP3 was synthesized on Rink

amide resin AM (0.2 mmol/g) via standard Fmoc chemistry using an
automated peptide synthesizer (Rainin PS3, Proteins Technologies,
Inc.) via Fmoc/tBu chemistry.20 The typical coupling reaction
mixture contained 3 equiv of Fmoc-labeled amino acid, 3 equiv of
2-(6-chloro-1H-benzotriazol-1-yl)-1,1,3,3-tetramethylaminium hexa-
fluorophosphate (HCTU), and 10 equiv of diisopropylethylamine
(DIPEA), and the reaction was allowed to proceed with mixing for 2
h. The N-terminal Fmoc group was removed by treatment with 20%
piperidine in dimethylformamide (DMF). Stepwise deprotection and
coupling of amino acids were repeated until the desired linear peptide

Figure 6. CP3 displaces full-length iNOS from hSPSB2 in RAW 264.7
cell lysates. Macrophages were stimulated with LPS and IFN-γ
overnight to induce iNOS expression. Recombinant His-tagged
hSPSB2 was added to cell lysates in the absence or presence (+) of
50 μM CP2 or CP3. The SPSB−iNOS complex was captured using
Ni-Sepharose beads, separated by SDS−PAGE, and analyzed by
immunoblotting with anti-iNOS (top) and anti-His (bottom)
antibodies. AP: affinity purification.
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was synthesized. After the last Fmoc deprotection, the peptide resin
was treated with 2% hydrazine in DMF for the selective removal of
Dmab. The peptide was cyclized by treatment with 6-chloro-
benzotriazol-1-yloxy-tris-pyrrolidinophosphonium hexafluorophos-
phate (PyClock) and DIPEA (5 and 10 equiv) in DMF for 12 h.
The peptide was deprotected and released from the resin by treatment
with a 92.5:5:2.5 (v/v) TFA/dimethoxybenzene (DMB)/TIPS
mixture for 3 h and then triturated thrice with cold ethyl ether.
The crude peptide was purified by reversed phase HPLC on a Waters
Prep LC system incorporating a Waters 486 tunable absorbance
detector set at 214 nm and a Phenomenex Luna C8(2) column [250
mm × 21.2 mm (inside diameter), 100 Å, 10 μm] using a gradient
from 100% buffer A (0.1% TFA/water) to 60% buffer B (0.1% TFA/
acetonitrile) at a flow rate of 7 mL/min over 60 min. LC−MS analysis
was performed using a Phenomenex Luna C8(2) column [100 mm ×
2.0 mm (inside diameter), 100 Å, 3 μm] at 214 nm, eluting with a
gradient from 100% buffer A (0.05% TFA/water) to 60% buffer B
(0.05% TFA/acetonitrile) over 10 min at a flow rate of 0.2 mL/min.
Mass spectra were acquired in positive ion mode with a scan range of
m/z 200−2000.
Protein Expression and Purification. pNIC28-Bsa4 plasmids

encoding the SPRY domain of human SPSB2 and human SPSB4
(Addgene, 38983 and 38896, respectively) were cloned with an N-
terminal His6 tag and a TEV cleavage site. E. coli strain BL21 (DE3)
cells were transformed and grown overnight in 5 mL of LB medium
supplemented with 50 μg/mL kanamycin for selection. The overnight
culture was then subcultured in fresh LB medium with growth at 37
°C for 5 h until an OD600 of 0.5−0.8 was reached. Isopropyl β-D-1-
thiogalactopyranoside (IPTG) was added to a final concentration of
0.5 mM, followed by incubation at 18 °C for 18 h. The cultures were
centrifuged at 5000 rpm for 10 min, and the cells resuspended in Bug
Buster (Millipore). An EDTA-free cOmplete protease inhibitor
cocktail tablet (Sigma) was added while the mixture was stirred for
1 h. Cell lysates were cleared by centrifugation at 18000 rpm at 4 °C
for 30−45 min. The supernatant was filtered (0.45 μm filter) and
loaded onto a Ni-NTA IMAC gravity column. Unbound protein was
washed off with 10 mM imidazole in 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (pH 8.0), 0.15 M
NaCl, and 5% glycerol. The protein was eluted from the column with
a 250 mM imidazole-containing variant of the buffer described above.
To cleave the His tag, 1 mg of in-house TEV protease was added to
the sample and left overnight at 4 °C for 16 h. The cleavage reaction
mixture was then dialyzed against Ni2+ binding buffer for 3 h at 4 °C
and reloaded onto a Ni2+-NTA agarose column to separate the
cleaved protein; the cleaved protein was recovered from the flow-
through, while the uncleaved protein and TEV protease remained
bound to the column. Each sample was further purified using a
Superdex 75 size exclusion 100/300 column (GE Healthcare) using
20 mM Tris-HCl buffer (pH 8.0), 100 mM NaCl, and 5 mM DTT.
Fractions were analyzed using a 15% SDS−PAGE gel with Coomassie
staining. His-tagged and cleaved protein samples were concentrated to
20 mg/mL for use in SPR and X-ray crystallographic experiments. 5-
F-Trp-labeled mSPSB2 (5-F-Trp mSPSB2) was prepared as described
by Leung et al.18

Surface Plasmon Resonance. The binding affinities of the
peptides were analyzed by SPR, using a Biacore T200 instrument. All
experiments were performed in degassed 25 mM HEPES buffer (pH
7.4) containing 150 mM NaCl, 3 mM EDTA,1 mM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), and 0.05% surfactant
P-20 at 25 °C. Human SPSB2 was immobilized on a Biacore CM5
biosensor chip by amine coupling as follows. The CM-dextran matrix
was activated with 0.2 M 1-ethyl-3-(3-diethylaminopropyl)-
carbodiimide hydrochloride (EDC) and 0.05 M N-hydroxysuccini-
mide; 100 μg/mL hSPSB2 in 10 mM sodium acetate (pH 5.5) was
then passed over the activated surface at a rate of 10 μL/min for 10
min. Finally, 1 M ethanolamine-HCl (pH 8.5) was injected into both
target and reference flow cells to deactivate any remaining activated
carboxyl groups on the surface. The peptides were injected onto the
surface with a contact time of 200 s, a flow rate of 100 μL/min, and a
dissociation time of 600 s. The sensorgram was further corrected for

nonspecific binding to the surface by subtracting the signals of the
reference surface from those of the target protein surface. The
corrected signal was then fitted to a steady state 1:1 interaction model
with Biacore T200 Evaluation Software (version 2.0), to estimate the
binding affinity (KD), association rate (kon), and dissociation rate
(koff). Sensorgrams were generated using GraphPad Prism (version
6.05).

X-ray Crystallography. Purified SBSP proteins at 20 mg mL−1

were incubated with a 10-fold excess of peptides on ice overnight
before crystallization trials, with a 1:1 mother liquor:protein
suspension drop ratio. Protein−peptide crystals were obtained in
the presence of 0.1 M HEPES (pH 7.5), 20% PEG 4000, and 10%
isopropanol (CP2−hSBSP2); 0.1 M CHES (pH 9) and 20% PEG
8000 (CP3−hSBSP2); 0.2 M NH4SO4, 0.1 M NaAc (pH 4.6), and
25% PEG 4000 (CP1−hSBSP4); and 0.2 M magnesium chloride
hexahydrate and 20% (w/v) PEG 3350 (CP2−hSBSP4). Crystals
were flash-cooled in liquid nitrogen in the presence of 15% glycerol.
Data sets were collected at Australian Synchrotron MX beamlines and
processed using XDS.21,22 The crystal structures of complexes were
determined by molecular replacement (using 3EMW as a search
model9) and the program PHASER from CCP4.23 Libraries for
nonstandard amino acids were generated using the grade Web Server
(http://grade.globalphasing.org/cgi-bin/grade/server.cgi). Structural
refinement was performed using BUSTER (Bricogne 2017), model
building using COOT,24 and structural analysis using Pymol
(Schrödinger, LLC). Structures have been deposited in the Protein
Data Bank as entries 6DN8 (CP1−hSBSP4), 6DN7 (CP2−hSBSP4),
6DN5 (CP2−hSBSP2), and 6DN6 (CP3−hSBSP2).

NMR Spectroscopy. CP3 was dissolved in a 90% H2O/10%
2H2O mixture, and spectra were recorded on a Bruker Avance 600
MHz NMR instrument equipped with a 5 mm TCI cryoprobe at 10
°C and pH 5. For resonance assignments, two-dimensional TOCSY25

and ROESY26 spectra with mixing times of 70 and 300 ms,
respectively, were recorded. For 15N chemical shift assignments,
1H−15N SOFAST HMQC (64 × 2048) spectra27 were acquired. All
NMR spectra were processed using TopSpin (Bruker). 1H chemical
shifts were referenced to 3-(trimethylsilyl)-1-propanesulfonic acid
sodium sulfate (DSS), while 15N chemical shifts were referenced
indirectly, using their gyromagnetic ratio. Chemical shift assignments
are summarized in Figure S5 and Table S1.

19F NMR spectra of 50 μM 5-F-Trp SPSB2 in 50 mM sodium
phosphate buffer (pH 7.4), 2 mM EDTA, 10 mM DTT, 0.02%
sodium azide, and 50 mM NaCl were recorded at 30 °C in the
presence and absence of 100 μM peptide. 19F NMR chemical shifts
were referenced against 0.005% trifluoroethanol. All spectra were
processed using an exponential window function with a line
broadening of 40 Hz.

Affinity Enrichment and Immunoblotting. RAW 264.7 cells
were collected 16 h after treatment with 10 ng/mL LPS and 20 ng/
mL IFN-γ and lysed in a buffer [50 mmol/L Tris-HC1 (pH 7.5), 150
mmol/L NaCl, and 1% (v/v) Triton X-100] containing Roche’s
EDTA-free cOmplete mini protease inhibitor cocktail and 1 mM
phenylmethanesulfonyl fluoride on ice for 30 min. The cell lysates
were incubated with 2 μg/mL recombinant His-tagged hSPSB2-SPRY
domain in the absence and presence of 50 μM peptide for 2 h. To
recover the SPSB2−iNOS complexes, cell lysates were incubated with
precharged Ni-Sepharose beads (GE Healthcare) for 2 h, rotating at 4
°C. Proteins were eluted in SDS sample buffer and boiled for 5 min,
prior to separation on 12% SDS−PAGE gels and transfer to
nitrocellulose (Millipore) using a semidry blotting apparatus (Bio-
Rad). Membranes were blocked with 10% skim milk in PBS
containing 0.1% Tween 20 overnight at 4 °C and incubated with
the mouse monoclonal anti-iNOS antibody (BD Biosciences, 1:1000
dilution) for 2 h. Membranes were washed and incubated with the
anti-mouse immunoglobulin antibody conjugated to horseradish
peroxidase (Amersham Biosciences, 1:10000) for 1 h at room
temperature in PBS containing 0.1% Tween 20. Immunostained
bands were visualized using the chemiluminescence method (ECL
system, GE Healthcare).
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Molecular Dynamics Simulations  
Protein model generation. The simulation model for the CP3-hSPSB2 complex was 
generated by using the Protein Preparation Wizard1 tool of Maestro2 to protonate the crystal 
structure.  A heavy atom restrained minimization was then performed to alleviate potential 
clashes using the Macromodel tool in Maestro, using the GBSA implicit solvent model3, and 
harmonic position constraints on all heavy atoms, with a force constant (k) of 0.1 kcal.Å-1 
mol-1. Subsequently, the protein-ligand complex was centred in an orthorhombic periodic 
cell4-5 and fitted with OPLS-20056 parameters using Desmond.7 These periodic boundary 
conditions were constructed such that the minimum distance of protein-ligand complex from 
the ‘face’ of the cell was 10 Å.  Further, the system was then solvated with SPC water to a 
density of 1 g.mL-1.  Na+ and Cl- ions were added to neutralize the system and bring the salt 
concentration of the system to 150 mM.  
Simulation. Using Desmond,7 an unconstrained, steepest descent energy minimization was 
performed on the system over a maximum of 2000 steps, using a convergence threshold of 
0.1 kcal mol-1.  The minimised system was then equilibrated and relaxed using the default 
Desmond relaxation protocol,8 which involves a series of minimizations and short MD 
simulations, to bring the system from its original state, to NVT (constant temperature) 
conditions and then to NPT (constant pressure) conditions.  The final equilibration phase was 
conducted using the RESPA integrator9 with a 2 fs time step, the Nose-Hoover thermostat10 
with τT = 1 ps to maintain a temperature of 300 K, and the Martyna-Tobias-Klein barostat11 
using τP = 2 ps to sustain an average pressure of 1.0 bar.  Short-range Coulombic and vdW 
interactions were calculated with a 9.0 Å cut-off.  These short-range electrostatics were 
evaluated every time step, while long range interactions were determined every three time 
steps. Finally, the 1.0 μs MD production run was performed using the same NPT conditions 
as the last equilibration phase described above.  Structures were written to the trajectory at a 
rate of 1 frame per ns.  Analysis of the trajectory was performed using VMD.12 
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Figure S1. a) LC-MS profile of hSPSB2 (top panel) and hSPSB4 (bottom panel). The 
theoretical m/z values and corresponding convoluted masses are 23,824 and 23,819 Da for 
hSPSB2 and 22,734 and 22,726 Da for hSPSB4 respectively, b) 1D 1H NMR spectra of 
hSPSB2 (blue) and hSPSB4 (pink)  
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Figure S2. (a) Electron density maps for the bound peptides in the peptide-hSPSB complex 
structures. Structure of cyclic peptide inhibitors are shown in sticks and coloured - CP2 and 
CP3 bound to hSPSB2 (green and cyan, respectively) and CP1 and CP2 bound to hSPSB4 
(magenta and salmon, respectively) - and labelled. The 2Fo-Fc omit maps of the inhibitors 
(grey) were contoured at 1.0 sigma. The inter-molecular electrostatic interactions between the 
inhibitors and the hSPSBs are labelled and shown as black dashed lines. Intramolecular H-
bonds are shown as red dashed lines. Protein Data Bank id codes: CP1-hSBSP4, 6DN8; CP2-
hSBSP4, 6DN7; CP2-hSBSP2, 6DN5; CP3-hSBSP2, 6DN6. (b) Superposition of CP1, CP2 
and CP3 in the bound conformation in the crystal structures, shown in lines and colored as in 
(a). 
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Figure S3. Superimposed structures of in silico modelling and the crystal structures of a) 
CP1 in complex with hSPSB4, and b) CP2 in complex with hSPSB2 and hSPSB4. The Cα-
RMSD between the CP1 structure (blue) and its model shown in pink is 1.4 Å, and the Cα-
RMSD between the two model structures (CP2 (green) and the complex (white in human 
SPSB2 and yellow in hSPSB4) are 0.8 and 1 Å, respectively. 
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Figure S4. a) LC-MS profile of the purified pentapeptide CP3. Purity is ~98%, based on the 
peak area in the chromatogram. (b) 1D 1H NMR spectrum of CP3 in water, pH 5, acquired at 
10 °C on a 600 MHz spectrometer. 
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Figure S5.  a) 2D [1H,1H]-TOCSY , b) [1H,1H]-ROESY and c) [1H-15N] SOFAST-HMQC 
spectra of CP3 in water, pH 5, acquired at 10 °C on a 600 MHz spectrometer. 
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Figure S6. Representative sensorgrams of the cyclic peptides a) CP1 and b) CP2 binding to 
hSPSB2.  
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Figure S7. a) Crystal packing of CP3-hSPSB2 complex showing the close contact between 
Ile1 in CP3 and Glu28 in hSPSB2 of the other protein in the crystal. The protein is displayed 
as golden ribbons and the ligand in its bound mode is given a stick representation with carbon 
(brown), oxygen (red), nitrogen (blue), and hydrogen (white). b) A plot of the backbone 
RMSD of CP3 against simulation time c) An overlay of five structures for the CP3 complex 
from across the 1 μs MD production run. hSPSB2 is displayed as gold ribbons. The original 
bound pose from the crystal structure is shown with dark-red carbon, while the structures 
spanning the MD run are shown with white carbon. 
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Figure S8.   Superposition of the crystal structures of CP2 and CP3 bound to human SPSB2; 
PDB id 6DN5 and 6DN6, respectively. a) CP2 is shown as green sticks, and CP3 in cyan 
sticks; hSPSB2 is shown in cartoon (wheat). Intermolecular H-bonds between CP2 (b) and 
CP3 (c) with and hSPSB2 are shown as black dashed lines. Residues of CP2 and CP3 are 
labelled  in black, and residues in hSPSB2 involved in the intermolecular interactions are 
shown in sticks and labelled in wheat. d) Overlay of the in silico model (purple) and crystal 
structure of bound CP3 (green) Cα; RMSD of the NNN residues is 0.3 Å. 
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Table S1. Chemical shifts of CP3 in water at pH 5 and 10 °C, recorded at 600 MHz.  
Abu = γ-aminobutyric acid. 

 

 

  

Residues  N HN Hα Cα Hβ Cβ Others  
 ppm       
Ile1 8.07 115.9 4.10 62.1 1.83 38.8 HƔ1a 1.21  HƔ1b 1.42  HƔ2 0.94  Hδ1 

0.87 C Ɣ1 27.1  CƔ2 17.3 Cδ2 13.2 

Asn2 8.85 119.5 4.54 53.6 2.83 
2.93 

37.7 Hδ1 7.74  Hδ2 7.04  Nδ 113.5 

Asn3 8.83 113.9 4.46 54.4 2.83 
2.98 

37.8 Hδ1 7.67  Hδ2 6.97  Nδ 113.4 

Asn4 8.09 122.5 4.70 53.3 2.71 
2.95 

38.9 Hδ1 7.55  Hδ2 6.95  Nδ 113.0 

Abu5 7.55 118.8 3.20 
3.35 

42.9 1.79 
2.00 

24.6 Hγ 2.36, 2.49   
Cγ 35.4 
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Table S2. Data collection, and refinement statistics. Values in parentheses are for the highest 
resolution shell. 

 CP2-hSPSB2 
(PDB id 6DN5) 

CP3-hSPSB2 
(PDB id 6DN6) 

CP1-hSPSB4 
(PDB id 6DN8) 

CP2-hSPSB4 
(PDB id 6DN7) 

Data Collection     
Space group P212121 P212121 P22121 P1211 
Cell dimensions     

a, b, c (Å) 32.6, 66.0, 110.0 41.0, 62.0, 84.9 49.0, 109.4, 118.1 54.7, 65.4, 69.2 

α, β, γ (˚) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 103.6, 90.0 

Resolution range (Å) 42.2 (2.4) 42.5 (1.6) 45.27 (1.75) 32.6 (1.4) 
Observed/unique 
reflections 73281/9853 336506/29881 564844/64838 375252/91682 

Mean I/σ(I) 6.6 (2.9) 22.6 (3.2) 16.2 (2.7) 12.7 (2.4) 
Completeness (%) 99.4 (96.0) 99.9 (99.6) 99.9 (99.9) 98.3 (98.8) 
Redundancy 7.4 (7.2) 11.3 (11.2) 8.7 (8.9) 4.1 (4.1) 
Rmerge 22.5 (68.7) 7.4 (74.3) 8.1 (81.1) 4.8 (47.4) 
Rpim 9.0 (28.6) 2.4 (24.1) 3 (29.5) 3.1 (32.4) 
No. molecules in 
asymmetric unit 1 1 3 2 

Refinement         
Resolution (Å) 2.4 1.6 1.75 1.4 
No. reflections 
(work/free) 2695/2559 2869/2727 4690/4468 6781/6412 

Rwork/Rfree 17.4/24.6 17.4/20.2 19.4/20.9 19.7/21.3 
No Atoms     
           Protein 1488  1523  4562 3102  
           Inhibitor 59 38 189 126 
           Ion 10 0 22 2 
          Water 103 254 521 681 
B-factors     
          Protein 24.1  19  27.5 20.1  
          Inhibitor 22.2 14.4 32.5 13 
          Ion 49   46.6 13.5 
         Water 31.6 32.8 39.3 31 
r.m.s deviations     
      Bond lengths (Å) 0.01  0.01  0.01  0.01  

     Bond Angels (o) 1.10 1.01 1.04 1.02 

MolProbity analysis     
Ramachandran outlier 
(%) 0  0  0  0  

Ramachandran 
favoured (%) 98.5 97.9 98.3 99.2 

MolProbity score 1.31 1.01 0.97 0.85 
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Chapter 3 

Structure Activity Relationship (SAR) and 

Permeability of Cyclic Peptide Inhibitors of 

SPSB-iNOS Interaction  
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3.1 Introduction 

CP3, the c[INNNAbu] pentapeptide, belongs to an emerging class of compounds that inhibits 

the interaction SPSB and iNOS (Chapter 2).1 CP3 was designed and synthesised to decrease 

the molecular weight, increase the drug likeness and hydrophobicity of previous cyclic 

heptapeptides inhibitors as an attempt to enhance the passive permeability. The pentapeptide 

showed an improvement of affinity for hSBSB2 (KD = 7 nM) compared to its heptapeptide 

counterpart, CP2, c[WDINNNβA] (KD = 32 nM) (Chapter 2). Furthermore, CP3 was found to 

strongly inhibit the SPSB2-iNOS interaction in macrophage cell lysates. The crystal structure 

of CP3-hSPSB2 complex was also determined in order to reveal the molecular interactions of 

the peptide with the hSPSB2.1 However, the passive permeability of CP3 remains yet to be 

investigated.  

In general, poor membrane permeability is considered one of the major hurdles facing the 

progress of peptides to clinical applications. Most peptides violate the traditional Lipinski’s 

rule of 5 (molecular mass < 500 Da, calculated log P < 5, number of hydrogen bond donors < 

5 and number of hydrogen bond acceptors < 10)2 which predicts the potential of a given 

molecule for favourable permeability and oral bioavailability.3 In violation of these rules, the 

natural product undecacyclic peptide, cyclosporine A (CSA), passively diffuses across the cell 

membrane with 29% bioavailability, despite high polarity and size (Figure 3.1). Recently, 

alternative metrics for the Lipinski’s permeability parameters have been proposed and 

reviewed extensively in the literature (Table 3.1).4 5-8 In addition, the polar surface area (PSA), 

conformational flexibility and number of rotatable bonds were also considered as important 

determinants for the permeability of macrocyclic compounds.9-10  
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Figure 3.1. Chemical structure of Cyclosporine A showing the essential structural features that 

accounts for cyclosporine’s permeability including N-methylation (highlighted in cyan), non-

natural amino acids (highlighted in pink), backbone cyclisation and D-amino acid (highlighted 

in green) (Figure taken from Ito et al., 2013)11 

 

Table 3.1. Revised Lipinski’s rule for macrocyclic peptides vs small molecules (Table 

reproduced from Vorherr et al.).5 

Property Small molecules Macrocyclic peptides 

Molecular weight (MW) <720 600-1200 

Calculated logP ≤ for high MW -2-6 

Polar surface area (PSA) ≤140 Å2 180-320 

H bond acceptors (HBA) Sum of HBD and HBA ≤12 12-16 

H-bond donors (HBD) ≤12 

Inspired by CSA (cyclic backbone, seven N-methyl groups, and four intramolecular 

hydrogen bonds), several methods have been reported to improve the passive permeability of 

peptides. Cyclisation by introducing conformational constraints and linking internal residues 

of a given peptide using disulfide bridges or hydrocarbon staples may help in stabilising its 

structure and encourage permeability.12 Another method of peptide modification is masking of 

the hydrogen bond donors by N-methylation of the backbone amides, as previously reported in 

the orally bioavailable somatostatin analogue cyclo(Pro-Phe-D-MeN-Trp-MeN-Lys-Thr-MeN-

Phe).13 Methylation of backbone amides has a significant impact on peptide permeability as it 

also increases lipophilicity and alters conformational properties.14 It can also fine-tune the 

selectivity and therapeutic efficacy of the analogues to a specific receptor.15  Introduction of 

hydrophobic amino acids has also proven to be useful in generating cell-permeable cyclic 

penta- and hexaleucine peptides as demonstrated by Hill et al.16-19 It was also found that the 

hydrophobic side chains can adopt different conformations which may help in shielding the 

polar core of the peptide and hence increase permeability.17, 20  

In this Chapter, the passive permeability of CP3 using parallel membrane artificial 

permeability assay (PAMPA) was explored. PAMPA is a high throughput in vitro assay that 

determines permeability using a donor/ acceptor system through an artificial membrane21-22. 

However, CP3 was expected to be impermeable to the cell membrane due to its hydrophilic 

nature (three asparagine side chains). Thus, three strategies were attempted to enhance 
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permeability of CP3; 1) reducing hydrogen bond potential using N-methylations and other 

amino acids replacements, 2) incorporating hydrophobic residues and 3) decreasing the 

molecular weight of the peptide by designing a shorter tetrapeptide analogue of CP3. The 

cyclic peptide analogues were designed based on the previously reported SPSB2-bound 

conformation of CP3 (Figure 3.2) (Chapter2).1 Analogues (1-29) were synthesised using  solid 

phase peptide synthesis and their binding affinities to hSPSB2 were evaluated using surface 

plasmon resonance (SPR). The PAMPA assay was employed to test the passive permeability 

of the synthesised cyclic peptide analogues.23 
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Figure 3.2. Chemical structure of CP3 analogues generated in this Chapter with backbone N-

methylations (1-5), side chain single (6-8) and double N-methylations (9-11) Asp (12), 2- 

pyridyl Ala (13), Gly (14), D-Ala (15). The Ile side chain was modified with Phe (16), 4-F-Phe 

(17), octyl-Gly (18), Gly (19), Ala (20), Val (21), Leu (22), Lys (23). β-Ala, 5-valeric acid and 

6-amino hexanoic acid replaced γ-Abu in 24, 25 and 26 respectively. Asn3 was substituted by 

dimainobutyric (Dab) and homoserine in 27 and 28 respectively. Compound 29 is the 

tetrapeptide analogue of CP3. All modifications are highlighted in blue. 

 

3.2 Material and Methods  

3.2.1 Synthesis of CP3 analogues 

All chemicals used in this study were purchased from Sigma-Aldrich (St Louis, Missouri, 

USA), Astral Scientific (New South Wales, Australia). Fmoc-protected amino acids and resins 

were purchased from Chem-Impex International (Wood Dale, Illinois, USA).  

3.2.1.1 Pentapeptide analogues 

All peptides were synthesised using Rink amide resin and further cyclised on resin as 

previously described in Chapter 2.  

3.2.1.2 N-methylated analogues 
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The linear peptide was assembled on a chlorotrityl chloride resin using the standard SPPS 

procedures and Fmoc/t-Bu strategy. The N-terminus Fmoc group was deprotected using 20% 

piperidine in DMF. The side chain protected peptide was released from the resin using 30% 

hexafluoro-2-propanol (HFIP) in DCM twice for 30 min followed by evaporating HFIP using 

N2 gas. The peptide was dissolved in DMF and cyclised in solution using 6 equivalents of 

PyClock and 10 equivalents of diisopropylethylamine (DIPEA) for 48 h. After the removal of 

DMF, the peptide was treated with TFA-containing cleavage cocktail for 3 h to deprotect the 

side chain and release the cyclic peptide.  The TFA scavenger solution was evaporated using 

N2 gas to leave a glassy peptide film. The precipitated peptide was washed three times with 

cold ether, dissolved in water, and lyophilized to yield a white powder.  

3.2.1.3 Tetrapeptide 

The first amino acid, β-alanine, was conjugated to Rink amide resin using standard SPPS 

protocols (Scheme 3.1). After deprotection of the Fmoc group using 20% piperidine in DMF, 

the free N-terminus was protected using O-nitrobenzenylsulfonyl (O-NBS)-Cl and DMF. The 

on-resin alkylation was performed using the allyl protected 6-bromo-hexanoic acid using 1, 8-

diazabicyclo[5.4.0]undec-7-ene (DBU) in DMF for 24 h. The peptide was then treated with 2-

mercaptoethanol to deprotect the O-NBS-protected peptide, releasing a free N-terminus which 

was further used for chain elongation. The allyl group was removed using 10 equivalents of 

phenylsilane and 0.1 equivalent of tetrakistriphenylphosphine palladium zero in DCM (3x15 

min) under N2 gas. The peptide was cyclised on resin using 6 equivalents of PyClock and 10 

equivalent DIPEA for 48 h. The peptide was released from the resin as previously described in 

Chapter 2.  
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Scheme 3.1: Synthesis of tetrapeptide analogue of CP3, 29. a) O-NBS-Cl, DIPEA, DMF, 30 

min b) Allyl-6-bromohexanoate, DBU, DMF (24 h), c) 2-Mercaptoethaonl, DBU, DMF, 1 h 

(twice), d) SPPS, e) Pd(Ph3)4, PhSiH3, 2 h (twice), f) PyClock, DIPEA, 12 h. 

 

All peptides were purified using reversed-phase HPLC on a Waters Prep LC system 

incorporating a Waters 486 tunable absorbance detector set at 214 nm and a Phenomenex Luna 

C8(2) column [250mm × 21.2 mm (inside diameter), 100 Å, 10 μm] using a gradient from 

100% buffer A (0.1% TFA /water) to 60% buffer B (0.1% TFA/acetonitrile) at a flow rate of 7 

mL/min over 60 min. LC−MS analysis was performed using a Phenomenex Luna C8(2) 

column [100 mm ×2.0 mm (inside diameter), 100 Å, 3 μm] at 214 nm, eluting with a gradient 

from 100% buffer A (0.05% TFA/water) to 60% buffer B (0.05% TFA/acetonitrile) over 10 

min at a flow rate of 0.2 mL/min. Mass spectra were acquired in positive ion mode with a scan 

range of m/z 200−2000. The overall yield of the final purified peptides was approximately 10-

20%. Polymerisation was observed among few of these peptides including Gly, Ala and pyridyl 

Ala containing peptides.  

 

3.2.1 Surface plasmon resonance  

hSPSB2 protein expression and purification and the SPR binding experiments were carried out 

as described in Chapter 2. 
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3.2.2 Permeability assay  

A 96-well microtiter plate (acceptor compartment) and a 96-well filter plate from Millipore 

(IPVH, 125 μm thick filter, 0.45 μm pore) (donor compartment) known as “sandwich” was 

purchased from pION Inc. The artificial membrane was prepared as 1% w/v of 1% 

phosphatidylinositol phosphate in n-dodecane. Stock solutions of water-insoluble peptides 

were prepared in 1-2% DMSO and further diluted to 200 μM using phosphate buffer, pH= 7.4. 

2 μL of the phospholipid membrane solution was added to the filter-containing well and left to 

air dry before adding the peptide solution. The donor wells were filled with 200 μL of the 

peptide solution and the acceptor wells with 200 μL of buffer. The sandwich was assembled 

where the acceptor wells were placed on top of the donor wells. The PAMPA sandwich was 

incubated at 25⁰C in a sealed container for 17 h. The amounts of peptides in the donor and 

acceptor compartments were measured using LC-MS while using 100 μM propranolol as the 

control compound. All experiments were done in triplicate.  

 

3.3 Results and Discussion  

3.3.1 Evaluation of the passive permeability of CP3 

PAMPA was used as the in vitro assay for measuring passive permeability of CP3. The peptide 

was incubated in phosphate buffer overnight and its concentration was measured in both the 

donor and the acceptor compartments using LC-MS. CP3 traces were not detected in the 

acceptor compartment suggesting that it may not be able to diffuse across the artificial lipid 

bilayer presumably due to its relatively high polarity.  

 

3.3.2 Design of CP3 analogues 

To improve the passive permeability of CP3, the crystal structure of CP3-hSPSB2 (Chapter 2) 

was used as the basis for designing the new analogues.  As the side chains of Ile1 and Abu5 

extend outside the binding pocket, it was hypothesised that these residues would be amenable 

to modifications without a loss in affinity (Figure 3.3). It was also observed that the side chain 

amide of Asn3 is only involved in one interaction with hSPSB2.1 Taken together, these three 

residues (Ile1, Asn3 and Abu5) were replaced with natural and non-natural amino acids, in 

order to evaluate the impact of the aforementioned three strategies (decreasing the hydrogen 
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bonding potential, introducing hydrophobic natural and non-natural amino acids and designing 

of a shorter peptide) on the binding affinity and permeability of the designed CP3 analogues.  

 

Figure 3.3. Crystal structure of CP3 bound to hSPSB2 (PDB id 6DN6). a) Both Ile and Abu 

are pointing out of the binding pocket. b) Molecular interaction between CP3 (green) and 

hSPSB2 (brown) showing the eight intermolecular hydrogen bonds involved in the interaction 

with only one hydrogen bond observed between Asn4 and G208.   

 

Decreasing the hydrogen bonding potential 24 

In order to reduce the hydrogen bonding potential in CP3, single backbone Nα-methylations 

(1-5) and single or double Nδ-methylations of the side chains of NNN motif (6-11) were 

introduced (Figure 3.2). Another approach was pursued by replacing Asn3 with natural and 

natural amino acids with low hydrogen bond capabilities such as Asp which can maintain the 

distance between the side chain NH of Asn3 and the CO of G208 in hSPSB2 (Chapter 2) while 

replacing the hydrogen bond donors with acceptors (12). The non-natural amino acid, 2-

pyridyl-alanine was also employed as a bioisostere of Asn (13) (Figure 3.2). The NH of the 

pyridyl group can form a hydrogen bond with the backbone NH of the amino acid, thus 

shielding the backbone amide bonds and potentially enhancing the permeability of the 

peptide.25 

Eliminating the hydrophilic side chain and hydrogen bond donors of Asn3 was further 

employed by replacing Asn3 with Gly (14) and D-Ala (15). Akshay et al. has previously shown 

that the NNN motif can be substituted by an NGN motif by using phage display with SPSB2-

SPRY as bait26 suggesting that Gly may maintain the binding affinity to hSPSB2. Moreover, 

reversing the stereochemistry using D-Ala may affect the conformation of the cyclic peptide 

and impact permeability and stability.  
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Introducing hydrophobic natural and non-natural amino acids  

Another effective approach in tackling permeability is incorporation of hydrophobic amino 

acids, which increase the overall lipophilicity of the peptides. Phe (16), 4-F-Phe (17) and octyl-

Gly (18) were used as hydrophobic substitutes of Ile to explore this hypothesis. To further 

investigate the importance of the Ile side chain for activity and permeability, it was replaced 

by amino acids with various side chain length and branching, such as Gly (19), Ala (20), Val 

(21) and Leu (22). The effect of introducing a positive net charge to CP3 was also investigated 

by substituting Ile1 with Lys (23) (Figure 3.2).  

The length of the linear carbon chain of γ- amino butyric acid was also varied between 2-6 

carbon spacers (β-alanine, 5-amino valeric acid and 6-amino hexanoic acid) to further 

understand the effect of the carbon spacer on binding and permeability of the peptides. Asn3 

was also replaced by diaminobutyric acid (27) and homoserine (28). Both amino acid side 

chains are more hydrophobic and can approximate the steric properties of Asn through 

maintaining the relative spacing between the backbone α-carbon and Nδ-position in Asn3.  

 

Designing of a shorter peptide  

As the downsizing inhibitor approach proved to be useful in generating low molecular weight 

peptidic inhibitors of the SPSB-iNOS interaction (Chapter 2),1 a four-residue peptide was 

designed in which the backbone carboxamide of Asn4, which is not involved in any interaction 

with the protein, was replaced with a carbon spacer bearing a pendant amide side chain (Figure 

3.4a). The tetrapeptide model, when minimised in the iNOS binding site, was found to fit with 

an RMSD of 0.3 Å between the model peptide and the crystal structure (Figure 3.4b). This 

peptide would be useful in increasing the overall lipophilicity, decreasing the size and reducing 

the number of hydrogen bond donors in the peptide, which can improve the permeability of the 

peptide and further clarify the structural requirements for binding. The synthesis of this peptide 

was based on alkylating the o-NBS protected amine on resin using the in-house synthesised 

allyl 6-bromohexanoate. After deprotection of O-NBS containing peptide, the chain was further 

elongated using SPPS. The last Fmoc group was removed followed by the release of free 

carboxylic group using palladium catalyst.  The peptide was cyclised on resin using PyClock 

in DMF. 
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Figure 3.4. a) Design of tetrapeptide analogue of CP3, 29. The highlighted red part shows the 

C-C spacer with the side chain amine of Asn4 as a pendant to maintain the interactions with 

the SPSB2 protein.  b) Superimposition of the crystal structure of CP3 (cyan, PDB id 6DN6) 

with the in silico model of the tetrapeptide, 29  (green), showing that the two structures align 

well over the backbone NNN motif, with Cα RMSD of 0.3 Å. 

 

3.3.3 Evaluation of binding affinity and permeability of CP3 analogues  

Binding affinities of the 29 analogues were assessed using SPR. hSPSB2 was immobilised on 

CM5 chip using the standard amine coupling. The peptides were prepared as 5-7 concentrations 

ranging from 1 µM-7 nM and run on the immobilised hSPSB2 protein surface. Fourteen 

analogues were able to bind to hSPSB2 with affinities of 10-700 nM (Figure 3.5 and Table 

3.2).  
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Figure 3.5. Representative sensorgrams of three CP3 analogues; a) Compound 7, b) 

Compound 18 and c) Compound 25 modified at Asn3, Ile1 and Abu5 positions respectively. 

All peptides were prepared in seven concentrations ranging from 5 nM to 500 µM. The Y axis 

shows the response unit (RU) differences after reference subtraction. 
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Table 3.2. Binding affinities of CP3 analogues as determined by SPR. n.b., no binding to 

hSPSB2 was observed. 

Compound Modified position KD (nM) 

1 Ile1 n.b. 

2 Asn2 500 

3 Asn3 n.b. 

4 Asn4 n.b. 

5 Abu5 500 

6 Asn2 n.b. 

7 Asn3 10 

8 Asn4 n.b. 

9 Asn2 n.b. 

10 Asn3 n.b. 

11 Asn4 n.b. 

12 Asn3 n.b. 

13 Asn3 n.b. 

14 Asn3 10000 

15 Asn3 20000 

16 Asn3 300 

17 Ile1 380 

18 Ile1 140 

19 Ile1 700 

20 Ile1 500 

21 Ile1 310 

22 Ile1 250 

23 Ile1 380 

24 Abu5 n.b. 

25 Abu5 60 

26 Abu5 66 

27 Asn3 500 

28 Asn3 n.b. 

29 Asn4 and Abu5 n.b. 
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Compound 7, with a single N-methylation of the side chain of Asn3, showed the best binding 

affinity of 10 nM (Figure 3.5), whereas compound 10, with a double methylation on the same 

Asn side chain, completely lost affinity suggesting the interaction between Asn3 and Gly 208 

is crucial for binding. Other side chain N-methylations also (Figure 3.2) resulted in a loss of 

measurable binding affinity by SPR. In the CP3-hSPSB2 complex, the side-chains of the Asn2 

and Asn4 residues in CP3 contribute to six hydrogen bonds with hSPSB2 (to Arg68, Val71, 

Thr102, Tyr120, and Val206) (Figure 3.3). These side chains are also involved in additional 

intramolecular hydrogen bonds (Chapter 2). The loss of these hydrogen bond interactions by 

Nδ-methylations may be the major cause of the abolished binding. 

Among the five main chain N-methylations, only modification of Asn2 (2) and Abu5 (5) 

was found out to bind to hSPSB2 (with KD values of 500 and 700 nM, respectively) 

representing a 75-fold reduction in binding affinity compared to CP3 (KD = 7 nM).  This result 

suggests that the removal of the backbone hydrogen bond potentials and conformational 

changes by N-methylations may have disrupted the active conformation of the cyclic peptide14, 

27 consistent with a previous finding by Linde and co-workers28 in which N-methylation was 

shown to significantly reduce the biological activity of the N-methylated Melanocortin 

analogues.28 

Analogues (12-15 and 28) failed to retain binding to hSPSB2, although a weak binding (KD 

10 and 20 µM, respectively) was observed for compounds 14 and 15 respectively. Only 

compound 27 with a Dab amino acid replacing Asn3, maintained a nanomolar affinity of KD 

=500 nM. The absence of carbonyl group of the side chain of Asn3 indicate that although the 

carbonyl group is not involved in any interaction with hSPSB2, it may have some role in 

binding. All these findings further demonstrate that the interaction between the amine side 

chain of Asn3 and the G208 of hSPSB2 is critically important for binding. 

Modifications of Ile in analogues 16-23 maintained nanomolar affinities of 140-700 nM 

(Table 3.2).  The most potent analogue among this series was found to be compound 18 with 

the octyl-Gly moiety (Figure 3.5) while a significant reduction in affinity in analogues 19 and 

20 (70- to 100 fold) was observed. Replacement of Ile with aromatic groups containing amino 

acids (16 and 17), branched amino acids, Val and Leu in compounds 21 and 22 respectively, 

positively charged amino acid (23) resulted in approximately 40- fold weaker affinity 

compared to CP3. These findings suggest that Ile position favours bulky and hydrophobic 

substitutions consistent with the previous observations in the CP3-hSPSB2 crystal structure 

(Figure 3.3) (Chapter 2). 
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The binding affinity of peptides with an extended carbon spacer (analogues 25 and 26) was 

found to be 8-fold weaker than CP3, with a KD values of 60 and 66 nM respectively (Figure 

3.5). This may be due to the high entropic cost associated with introducing more flexibility to 

the structure. Shortening the spacer by a single carbon atom (24) resulted in a complete loss of 

binding affinity presumably because the peptide could not maintain the interactions of CP3 

observed in the crystal structure (Figure 3.3).  

Compound 29, the tetrapeptide analogue of CP3, did not bind hSPSB2 sufficiently tightly 

to be measurable by SPR suggesting that the geometry of the side chain of Asn4 is essential to 

retain binding. The additional flexibility due to both the six-carbon spacer and the Asn4 side 

chain pendant may have also contributed in the loss of the constrained conformation and hence 

affinity.  

The PAMPA assay was utilised to evaluate the passive permeability of all peptides. Peptides 

at concentrations of 100-200 uM were incubated for 17 h in phosphate buffer, then both the 

donor and acceptor compartments were analysed using LC-MS. Propranolol, well known to 

permeate through lipid bilayer, was used as a control. None of the analogues were detected in 

the acceptor compartments. This may be due to the presence of at least two hydrophilic Asn 

out of five residues which renders the peptides too hydrophilic to readily pass through the lipid 

bilayer.  

The PAMPA data acquired from this study among others were further used by Billy Noonan 

(Monash Institute of Pharmaceutical Sciences, Australia),  in order to generate a permeability 

model based on a simple linear regression method.29 The natural log of permeability values 

(Pe) for all peptides were calculated. These values were found to be correlated (R = 0.71, RMSE 

= 3.2 fold on a linear scale) with the change in solvation free energy between water and octanol 

continuum solvents, the Boltzmann weighted polar surface area and the predicted charge states 

in water.29 This proposed model may be useful in the future rational design of permeable SPSB-

iNOS inhibitors in the future.  

 

3.4 Conclusions  

In summary, a series of CP3 modified peptides that binds to the hSPSB2 protein were designed 

and synthesised in order to identify features that are important for receptor binding and 

permeability. These results confirm that the side chains of Ile and Abu in CP3 are amenable to 

modification while retaining potency. The present findings also demonstrated that the amide 



55 
 

side chain of Asn3 can be mono-substituted without any significant loss in affinity. None of 

these analogues showed measurable permeability through the artificial membrane, which 

suggests the need to find alternative ways to target permeability. The SAR information reported 

here along with the in silico passive permeability predication model generated by Noonan et 

al. will be valuable in the future optimisation of the SPSB-iNOS inhibitors that possess the 

right balance of potency, metabolic stability and permeability. Apart from passive 

permeability, the active transport of the peptides could also be explored by other means, such 

as conjugating the side chain of the Lys-containing analogue to small short peptide motifs 

known to enhance permeability (cell-penetrating peptides) as described in Chapter 4. 
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Chapter 4 

Bicyclic and TAT-Conjugated Inhibitors of the 

SPSB-iNOS Protein–Protein Interaction 
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4.1 Introduction  

Chapter 3 documented the attempts to enhance the permeability of CP3 peptide through 

introducing hydrophobic amino acids, masking hydrogen bonds and decreasing the molecular 

weight of CP3.1 Based on the crystal structure of the CP3-hSPSB2 complex (Chapter 2), CP3 

analogues were designed and synthesised. KD values of 140-700 nM values for 14 CP3 

analogues were obtained by SPR, while the others failed to bind to hSPSB2. These 

modifications introduced on CP3 were not successful in enhancing the passive permeability as 

determined by the PAMPA assay. In this Chapter, the use of cell-penetrating peptides (CPPs) 

are described as an alternative approach for enhancing the permeability of CP3 analogues.  

Cell-penetrating peptides are a large class of short amino acid sequences (5–30 residues) 

that are able to traverse biological membranes.2 The transactivator of transcription (TAT) of 

human immunodeficiency virus and penetratin peptides were the first linear CPPs described in 

the literature.3-4 Inspired by these natural peptides, various classes of CPPs including positively 

and negatively charged, amphipathic and non-amphipathic peptides were also reported and 

utilised in intracellular delivery strategies.5-6 CPPs can effectively deliver different types of 

cargos such as small molecules,7 proteins8 and nucleic acids9 to cells. Recently, Ma et al. 

reported a novel synthetic CPP, PepB, that is able to facilitate the delivery of retinoic acid to 

human neural stem cells and promote neuronal differentiation.10 

The fundamental basis for cell entry of CPPs remains a subject of controversy in 

the literature.11-12 Generally speaking, two mechanisms have been proposed for the 

internalisation of cationic CPPs containing arginine or lysine residues. The first is the direct 

membrane translocation, where the positively charged amino acids side chains interact with the 

negatively charged phospholipids of the plasma membrane to generate neutral ions that diffuse 

passively across the membranes.12-13 In the second mechanism, the CPPs internalise into cells 

through energy-dependent endocytosis.12 The peptides bind to cell surface receptors such as 

heparin sulfate and and/or membrane phospholipids and are internalised by clathrin-mediated 

endocytosis, caveolae/lipid-raft-mediated endocytosis, and/or receptor-independent 

macropinocytosis.12, 14 The majority of the CPPs and their cargos, however,  may remain 

confined in the endosomes following endocytosis and are typically degraded without having 

the possibility to reach their target sites to exert their biological activity.15  

Several methods have been envisaged to overcome this hurdle, including the use of acid–

labile bonds, endosome-disrupting peptides or polymers, rupture of endosomal membranes 
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with lasers and cyclisation of the linear CPPs.16-17 Cyclisation offers the opportunity to improve 

the cyclic CPPs penetration efficiency and/or internalisation kinetics.18 Cyclic CPPs provide 

an optimal spatial distribution of the positive charged groups for interaction with the 

membrane.19 In 2011, a study showed that the larger arginine side chain separation in cyclic 

TAT maximises the membrane contacts, leading to a more controlled distribution of the 

positive charge compared to the less constrained linear TAT and hence increased uptake 

efficiency.18 

Recently, Pei et al. discovered a family of cyclic amphipathic peptides cFΦR4, (Φ = L-2- 

naphthylylalanine), which are internalised by endocytosis with enhanced cellular uptake up to 

60-fold higher than TAT (Figure 4.1a).20-21 The presence of two aromatic groups with three 

arginine residues in a cyclic arrangement significantly enhanced the internalisation in HeLa 

cells.22 These novel peptides were reported to escape the early endosome by inducing 

endosomal membrane curvature and budding of small vesicles, which eventually collapse and  

release the CPPs into the cytoplasm (Figure 4.1b).22 The same group also incorporated these 

cell-penetrating peptides into bicyclic peptides to target difficult intracellular protein-protein 

interactions22 such as a peptidyl-prolyl cis-trans isomerase (Pin1) inhibitors23 and inhibitors of 

IκB kinase α/β (IKKα/β)-binding domain of NF-κB essential modulator (NEMO)-IκB 

kinase.24  These bicyclic peptide inhibitors were able to bind efficiently to their cytoplasmic 

targets owing to their increased stability and permeability.22-24 

 

Figure 4.1. a) Chemical structure of amphipathic CPP, cFΦR4. b) Representative diagram of 

the novel endosomal escape mechanism suggested for cFΦR4. The peptides escape the early 

endosome through budding of small vesicles followed by collapse in the cytoplasm to release 

the peptide (Figure taken from Pei et al.) 21-22  
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Herein, the possibility of developing bifunctional cyclic peptides containing both cell-

penetrating (cFΦR4) and SPSB inhibitory (CP3) sequences as cell-permeable inhibitors against 

SPSB proteins was explored (Figure 4.2a). It was envisaged that the bicyclic system would 

enable the two rings to function independently of each other. In addition, the increased 

conformational rigidity of bicyclic peptides could improve their target-binding affinity and 

permeability.25 A novel synthetic strategy was developed to synthesise the bicyclic peptide, 

where the orthogonal protection was used to provide a second ring-closing step, providing the 

cyclic peptide inhibitor and the cyclic CPP.  A linear version of the TAT peptide was also 

conjugated to an analogue of CP3 to assess the effect of bicyclisation on the permeability of 

the peptides (Figure 4.2b). The effect of the CPP motif on binding affinity of the two 

conjugates for hSPSB2 was determined using surface plasmon resonance (SPR). The Griess 

assay was used to evaluate the ability of the peptides to block SPSB-iNOS interaction in 

macrophage cell cultures and enhance nitric oxide production following internalisation.  

 

Figure 4.2. Cyclic peptide conjugates of CP3 generated in this Chapter, a) bicyclic CP3 

peptide and b) TAT-conjugated peptide. SPSB-iNOS inhibitor and CPP motifs are highlighted 

in black and blue, respectively.  
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4.2 Materials and Methods 

4.2.1 Peptide synthesis 

4.2.1.1 Bicyclic peptide  

The synthetic strategy for the bicyclic peptide CP3-CPP involved SPPS using an orthogonal 

Dmab/Alloc protecting group strategy (Scheme 4.1). The linear peptide sequence was 

synthesised on cholorotrityl chloride (CTC) (0.2 mmol/g) via standard Fmoc chemistry using 

an automated peptide synthesiser (Rainin PS3, Protein Technologies, Inc.). Stepwise 

deprotection and coupling of amino acids was repeated until the desired linear peptide was 

synthesised. The typical coupling reaction contained 3 equiv of Fmoc-amino acid, 3 equiv of 

2-(6-chloro-1-H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminiumhexafluorophosphate 

(HCTU) and 10 equiv. of diisopropylethylamine (DIPEA) and was allowed to proceed with 

mixing for 2 h. An additional lysine residue was incorporated in the linear peptide to facilitate 

the conjugation of a fluorophophore for future permeability studies using confocal microscopy. 

Followed by the deprotection of the last Fmoc group using 20% piperidine in DMF, the N-

terminus was further tritylated overnight (2 equiv of trityl chloride in DMF) to avoid 

unfavourable cyclisation of the free amine of linear peptide during the deprotection of the 

Dmab group. The Alloc group was deprotected in a single step by PhSi3/Pd in DCM for 2 h, 

releasing the side chain amine of Dab for further chain elongation using the standard SPPS 

protocol.  

After Fmoc deprotection of the last amino acid, the Dmab protecting group of glutamic acid 

was removed using 2 equiv of hydrazine hydrate for 1 h. The CP3-containing motif (Ring A) 

was first cyclised on resin using PyClock (3 equiv.) and DIPEA (10 equiv.) in DMF for 48 h 

to form an amide bond between the asparagine side chain and Cα of glutamic acid. The side 

chain protected peptide was then released from the resin by acid hydrolysis using 30% HFIP 

in DCM, which concomitantly deprotected the acid labile trityl group of the N-terminus of the 

linear peptide. The second head-to-tail cyclisation (CPP-containing motif, Ring B) between the 

free carboxylic and amino termini was performed using 5 equiv of PyClock and 10 equiv of 

DIPEA in dilute DMF for 48 h. The side chain protecting groups were removed using cleavage 

cocktail K [TFA/thioanisole/water/phenol/1,2-ethanedithiol (EDT) (82.5:5:5:5:2.5 v/v)] for 4 

h. The peptides was purified using reversed-phase HPLC on a Waters Prep LC system 

incorporating a Waters 486 tunable absorbance detector set at 214 nm and a Phenomenex Luna 

C8(2) column [250 mm × 21.2 mm (inside diameter), 100 Å, 10 μm] using a gradient from 
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100% buffer A (0.1% TFA /water) to 60% buffer B (0.1% TFA/acetonitrile) at a flow rate of 7 

mL/min over 60 min. LC−MS analysis was performed on a Shimadzu LCMS2020 instrument 

using a Phenomenex Luna C8(2) column [100 mm ×2.0 mm (inside diameter), 100 Å, 3 μm] 

at 214 nm, eluted with a gradient from 100% buffer A (0.05% TFA/water) to 60% buffer B 

(0.05% TFA/acetonitrile) over 10 min at a flow rate of 0.2 mL/min. Mass spectra were acquired 

in positive ion mode with a scan range of m/z 200−2000. The yield of the final purified bicyclic 

peptide was 1-2 % owing to the multistep synthesis and increased polymerisation (Figure 4.3).  

 

Scheme 4.1. Synthesis of the bicyclic CP3-CPP conjugate. Reagents and conditions: (a) Fmoc-

a.acid (3 equiv), HCTU (3 equiv) DIPEA/DMF (7% v/v), 2 h (b) SPPS; 20% piperidine/DMF, 

2 x 5 min followed by Fmoc-amino acid (3 equiv), HCTU (3 equiv), DIPEA/DMF (7% v/v) 

(c) 2 equiv Trityl chloride in DMF, overnight (d)  3 equiv. PhSi3/Pd(PPh3)4 in DCM/N2 gas, 2 h 

(e) SPPS; 20% piperidine/DMF, 2 x 5 min followed by Fmoc-amino acid (3 equiv), HCTU (3 

equiv), DIPEA/DMF (7% v/v) (f) 2 equiv. of hydrazine hydrate in DMF, 1 hr (g) 3 equiv. of 

PyClock, 10 equiv. of DIPEA in DMF, 48 h (h) 30% HFIP in DCM, 30 mins (i) (g) 5 equiv. of 

PyClock, 10 equiv. of DIPEA in DMF, 48 h (e) 82.5% (v/v)TFA, 5% (v/v) thioanisole, 5% 

(v/v) water, 5% (v/v) phenol, 2.5% (v/v) EDT, 4 h. 
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Figure 4.3. LC-MS traces of bicyclic CP3-CPP conjugate. Purity is ~98%, based on the peak 

area in the chromatogram. 

 

4.2.1.2 TAT conjugated peptide.  

The linear peptide was assembled on Rink amide AM resin (0.34 mmol/g) using standard Fmoc 

SPPS procedures (Scheme 4.2). The Fmoc protecting group on the resin was first removed by 

20% (v/v) piperidine in DMF prior coupling to the amino acid residue for 2 h per coupling 

cycle using 3 equiv of O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HCTU) and 7% (v/v) DIPEA in DMF.  Following the deprotection of 

the last Fmoc using 20% piperidine in DMF, the Dmab group was removed using hydrazine 

hydrate in DMF for 30 min. The peptide was cyclised on-resin using PyClock (3 equiv.) and 

DIPEA (10 equiv.) in DMF for 48 h as described in Chapter 2. The Alloc group of Lys was 

then deprotected using PhSi3/Pd in DCM for 2 h and the free amine group was employed for 

the assembly of linear TAT by standard SPPS protocol. To generate a fluorolabelled peptide, 

4-aminohexanoic acid was added to the N-terminus following the last Fmoc-deprotection. 

Reagent K, TFA/thioanisole/water/phenol/EDT (82.5:5:5:5:2.5 v/v), was used to cleave the 

peptide from the resin, which also removes the side chain protecting groups. The crude peptide 

was recovered by precipitation with cold diethyl ether, isolated by centrifugation (2 x 10 min; 
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3000 rpm). The peptide was purified as previously described for the bicyclic peptide (Figure 

4.4). The overall yield of final purified CP3-TAT conjugate was approximately 10-20%.  

 

Scheme 4.2. Synthesis of CP3-TAT conjugate. Reagents and conditions: (a) Rink amide resin, 

HCTU, DIPEA, DMF, 2 h (b) SPPS; 20% piperidine/DMF, 2 x 5 min followed by Fmoc-amino 

acid (3 equiv), HCTU (3 eq), DIPEA/DMF (7% v/v) (c) 2 equiv. of hydrazine hydrate in DMF, 

30 min (d) 3 equiv. of PyClock, 10 equiv of DIPEA in DMF, overnight (e) 3 equiv. 

PhSi3/Pd(PPh3)4 in DCM/N2 gas, 2 h (f) SPPS; 20% piperidine/DMF, 2 x 5 min followed by 

Fmoc-amino acid (3 equiv), HCTU (3 equiv), DIPEA/DMF (g) (e) 82.5% (v/v)TFA, 5% (v/v) 

thioanisole, 5% (v/v) water, 5% (v/v) phenol, 2.5% (v/v) EDT, 4 h. 
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Figure 4.4. LC-MS profiles of the purified of CP3-TAT conjugate. Purity is ~95%, based on 

the peak area in the chromatogram. 

4.2.2 Surface plasmon resonance  

SPSB2 was expressed, purified and the SPR binding experiments was performed as described 

in Chapter 2.   

4.2.3 Cell culture and Griess assay  

A murine leukemic macrophage-like cell line, RAW 264.7 (ATCC, USA), was grown in plastic 

culture flasks in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with heat-

inactivated 10% foetal bovine serum (FBS), in a 5% CO2 incubator at 37 °C. Cells were seeded 

at an initial density of 1×106 cells/well in triplicates (same batch of cells) in a 24-well tissue 

culture plates. Cells were then challenged with LPS (10 ng/mL) and IFN-γ (20 ng/mL) and 

incubated for 48 and 72 h with or without 100 µM peptide. Untreated cells were also used as a 

control to confirm the production of NO upon LPS/IFN-γ stimulation. Cell supernatants were 

used for the determination of nitrite concentration. 

 The nitrite concentration was measured as an indicator of NO production, according to the 

Griess reaction.26 The Griess assay is a colourimetric assay that measures the concentration of 

nitrite as the stable product of nitric oxide in biological samples.26 150 µL of mixed 

1:1sulfanilamide and N-(1-naphtyl)ethylendiamine dihydrochloride dissolved in 2.5% H3PO4 

as 1% and 0.5% solutions, respectively, was incubated with 150 µL of cell culture supernatant 

for 15 min at room temperature, in the dark. The optical density was measured at 540 nm. 

Nitrite concentration was determined using sodium nitrite as standard (10-100 µM). Griess 

assays were performed by Arfatur Rahman (Monash Institute of Pharmaceutical Sciences, 

Australia). 

 

4.3 Results and Discussion 

4.3.1 Design of CP3-CPP conjugates  

Based on the structural information acquired from SAR and the crystal structure of the CP3-

hSPSB2 complex (Chapters 2 and 3), a bicyclic system in which ring A was designed for SPSB 

binding and ring B (cFΦR4) for cellular entry was explored (Figure 4.5).  In designing ring A, 

Dab was utilised to mimic the four-carbon spacer, Abu5 in CP3, previously found to be optimal 

for retaining nanomolar binding affinity (Chapter 3). A glutamic acid in ring A was also 
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introduced in which the side chain: 1) closely resembles the side chain of Ile in CP3 and 2) 

serves as a handle for the assembly of ring B (Figure 4.5).  

An on/off resin bicyclisation strategy was adapted to synthesise the bicyclic peptide 

(Scheme 4.1), where the side-chain lactamisation occurs on a solid support, followed by a 

head-to-tail cyclisation in solution. It was hypothesised that the location of ring A precisely in 

the middle of the extended linear precursor provides an element of rigidity, bringing the two 

ends of the cyclic peptide together, hence facilitating the cyclisation of ring B (Scheme 4.1). 

 

Figure 4.5. Schematic diagram of the design of the bicyclic peptide, by replacement of the Ile 

side chain in CP3 with the side chain of Glu (orange) and replacement of γ-Abu with a Dab 

amino acid (purple).  

 

With the goal of comparing the effect of bicyclisation on the binding affinity and 

permeability of CP3, CP3-TAT peptide was designed and synthesised.  As the Ile position in 

CP3 favours bulky group, as described in Chapter 3, it was replaced with a lysine residue where 

the free amine side chain of the Lys was used to assemble the linear TAT peptide 

(RRRQRRKKRR). A modified orthogonal Dmab/Alloc protection strategy was employed to 

synthesise the cyclic peptide conjugate (Scheme 2).  

4.3.2 Determination of binding affinity of CP3-CPP conjugates using SPR  

The ability of the CP3-CPP conjugates to bind to SPSB2 was assessed using SPR. The protein 

was immobilised on a gold surface of a CM5 chip using the standard amine coupling 

procedures. The peptides were prepared at 5- 6 concentrations ranging between 7 nM to 250 
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nM and run on the immobilised SPSB2 protein surface. The bicyclic-CP3 peptide was found 

to bind to SPSB with an affinity of 65 nM, approximately 9-fold weaker than that of CP3 (KD 

7 nM) (Figure 4.6a). This result suggests that the additional ring B is well tolerated by the 

protein and does not significantly affect binding, thus validating my design process. The KD of 

CP3-TAT was found to be 10 nM, comparable to that of the CP3 and 35-fold higher than the 

binding affinity of the lysine analogue of CP3 (KD 310 nM) (Chapter 3) (Figure 4.6b). This 

finding is consistent with the previous observation in Chapters 2 and 3 that the Ile side chain 

can be replaced by b ulky moieties without compromising the binding affinity (Chapter 3).  

 

Figure 4.6. CP3-CPP conjugates bind to SPSB2 with nM affinity. SPR sensorgrams obtained 

using five-six concentrations of a) CP3-TAT and b) Bicyclic CP3-CPP. The Y axis shows the 

response unit (RU) differences after reference subtraction. 

 

4.3.3 Evaluation of the permeability of the CP3-CPP conjugates using RAW 264.7 cells  

To assess the ability of CP3-TAT and Bicyclic-CP3 to enter live cells and enhance NO 

production. LPS/IFN-γ treated RAW264.7 cells were incubated with 100 µM of the peptides 

for 48 and 72 h. The supernatant was collected and Griess assays were used to compare the 

levels of NO in the presence and absence of peptides. Both peptides showed a slight increase 

in the production of nitric oxide after 48 h compared to the control experiment in the absence 

of the peptide (Figure 4.7). After 72 h, CP3-TAT showed a 2-fold increase in the level of NO 

compared to control, while no significant increase was observed for the bicyclic peptide 

(Figure 4.7).  

These results are very preliminary and need to be repeated many more times on these and 

other macrophage cell lines. They suggest that these conjugates can deliver the CP3 cargo into 

the cytoplasm and exert the anticipated biological effect, much more extensive experimental 

evidence will be needed to support these preliminary observations. Optimisation of the Griess 

assay conditions, including the number of cells, incubation times and concentration of the 
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peptides, will need to be explored further. Moreover, western blot analysis can be utilised to 

monitor iNOS protein levels in the cells to confirm the cellular uptake and inhibitory effect of 

these conjugates on iNOS degradation in RAW 264.7 macrophages.  

 

Figure 4.7. Effect of bicyclic CP3 and CP3-TAT on the production of NO. RAW 264.6 cells 

were treated with LPS (10 ng/mL) and IFN-γ (20 ng/mL) for 48 and 72 h in the presence of 

CP3-CPP conjugates followed by nitrite assay using the Griess assay. Results are the mean of  

triplicate assays (n=1). 

 

4.4 Conclusions  

A bicyclic SPSB-iNOS inhibitor and a TAT-conjugated CP3 peptide were successfully 

developed. Based on the previous investigation of the SAR of CP3 analogues, CP3-CPP 

conjugates that can perform the dual functions of cell penetration and targeting SPSB-iNOS 

intracellular interactions were designed and synthesised. The CP3-CPP peptides bind to SPSB2 

with nanomolar affinity. However, the effect of these peptides on NO levels in live cells needs 

to be further investigated in future, although the preliminary findings were encouraging. These 

inhibitors will provide useful tools for investigating the functional consequences of inhibiting 

the SPSB-iNOS interaction and developing SPSB-iNOS inhibitors as anti-infective leads. 
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Chapter 5 

Characterisation of a Novel Coumarin-Based 

Fluorescent Probe for Monitoring Nitric Oxide 

Production in Macrophages 
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5.1 Introduction  

Chapter 4 described the design and the synthesis of two potent CPP-CP3 conjugates as an 

attempt to facilitate the active transport of the cargo pentapeptide inhibitor. On the basis of the 

SAR study conducted in Chapter 3, the cyclic CPP, FΦRRRR, was fused to CP3 in a bicyclic 

structure using non-natural amino acids to mimic the Ile and Abu residues in CP3. The TAT 

peptide, however, was conjugated directly to the free amine side chain of the Lys residue in the 

CP3 analogue (23) (Chapter 3) using the standard SPPS procedures. Both conjugates were able 

to bind to hSPSB2 with nanomolar affinities (KD = 65 and 10 nM respectively) as measured by 

SPR. The Griess assay was used to detect the change in NO production in a macrophage cell 

line as a downstream effect following the internalisation of the conjugates and subsequent 

inhibition of the SPSB-iNOS interaction in the cytoplasm. The preliminary results suggested 

that the CPP conjugates may be able to permeate through the cell membrane however, other 

techniques need to be explored to further confirm these findings.   

Hence, in this Chapter, a novel fluorescent NO probe (CB) was investigated as a potential 

useful tool for future evaluation of the cell-permeable SPSB-iNOS inhibitors. In order to assess 

its ability to detect endogenously produced NO in stimulated macrophages, confocal 

microscopy was employed. Furthermore, the increase of NO levels was monitored over a 

certain period of time, to investigate whether CB can detect the dynamics of NO production. 

Using a cell organelle specific dye, the localisation of the probe inside the cells was also 

determined. Moreover, the effect of CB on the cell viability was evaluated using Operetta® 

microscopy.  These results have been published in the Bioorganic and Medicinal Chemistry 

journal; the formatting of the publication has been retained and is found in the following 

Chapter.
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Nitric oxide (NO) is an important effector molecule in host defence against bacterial pathogens. The
development of fluorescence imaging to monitor NO production in vitro and in vivo will increase our
understanding of its biological role. Recently, a novel ‘trappable’ fluorescent blue ‘turn-on’ Cu(II)-com-
plexed coumarin-based probe (CB) has been developed to detect NO. In this study, CB was investigated
to evaluate its ability to detect NO in macrophages. Using confocal microscopy, NO was successfully
detected in macrophages in the presence of stimuli that induce nitric oxide synthase (iNOS), the enzyme
responsible for production of NO. The time dependence and subcellular compartmentalisation of CB in
macrophages were evaluated. The probe can be trapped within cells and reacts directly and specifically
with NO, rendering it a promising tool for imaging NO in response to pharmacological agents that mod-
ulate its level, for example during bacterial infections.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Nitric oxide (NO) is a key modulator of numerous biological sys-
tems and plays a crucial role in vasodilation, neurotransmission,
and the immune response.1,2 Within the immune system, NO is
both a signalling molecule and an antimicrobial agent produced
by macrophages and other phagocytes to destroy enveloped
pathogens.3 NO is synthesised during the conversion of L-arginine
to L-citrulline by the enzyme inducible nitric oxide synthase
(iNOS). Monitoring the production, release and distribution of NO
within immune cells is an important aspect of understanding the
role of NO in controlling bacterial, viral or protozoan infections.2,4

Direct detection of NO in live cells in possible using a number of
different bio-imaging techniques such as chemi-luminescence,5

colorimetry,6 electron paramagnetic resonance,7 electrochemistry8

and fluorometry.9,10 Of these, fluorescent probes offer distinct
advantages, including high sensitivity and selectivity, convenience
and high spatio-temporal resolution.11 Transition metal ligand
probes in particular have been investigated as platforms for NO
detection, where the fluorophore is part of the ligand.10,11 Recently,
a blue ‘turn-on’ fluorescent NO probe (CB) based on a Cu(II)-com-
plexed coumarin fluorophore was developed.12 Scheme 1 shows
the mechanism of CB-Cu(II) formation, followed by replacement
of the Cu(II) with NO to produce CB-NO. The design of the CB probe
was inspired by Apfil et al.,13 who had employed a benzoresorufin
fluorophore rather than a substituted coumarin fluorophore.

In this strategy, 2-methyl-8-aminoquinoline is incorporated
into substituted coumarin and acts as a tridentate ligand for Cu
(II). Complexation with Cu as a paramagnetic ion results in partial
fluorescent quenching of the coumarin. Upon reaction of the CB-Cu
(II) with NO, the Cu(II) is displaced by NO, causing restoration of
fluorescence. The CB probe fluoresces in the blue spectral region
(405 nm) and exhibits excellent selectivity and sensitivity for NO
over other reactive nitrogen and oxygen species.12

To date, CB has been evaluated only in experiments that moni-
tor and visualise NO production in the biofilm of Pseudomonas
aeruginosa.12 However, the blue fluorescent wavelength of this flu-
orophore suggests its application in multi-wavelength experi-
ments on mammalian cells, where it could be used concurrently

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2017.08.054&domain=pdf
http://dx.doi.org/10.1016/j.bmc.2017.08.054
mailto:ray.norton@monash.edu
http://dx.doi.org/10.1016/j.bmc.2017.08.054
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc


Scheme 1. ‘Turn-on’ fluorescence mechanism of CB probe.
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with other probes that fluoresce at longer wavelengths (green and
red).

Whilst NO is protective against bacterial infection, excessive NO
can be detrimental to cells. One factor in the fine regulation of NO
levels is the lifetime in the cell of the enzyme iNOS. Previously, we
showed that the SPSB proteins are key regulators of iNOS lifetime
in macrophages as they mediate the interactions that lead to pro-
teolytic degradation of this enzyme.14,15 Inhibition of SPSB binding
to iNOS offers a means of prolonging the lifetime of iNOS, thereby
enhancing NO production and pathogen killing.14,16,17 The ability
to measure changes in NO levels in real time will therefore be a
useful marker of the inflammatory immune response, particularly
in the context of assessing new anti-infectives.

In this study, we have evaluated CB as a tool for the detection of
NO in macrophages. We have characterised the concentration
range where CB may be used effectively and cell toxicity avoided.
We show that modulation of NO levels by stimuli that mimic infec-
tion and induce NO expression can be detected and quantified.
Moreover, we show that inhibition of NO levels can also be quan-
tified. We further investigate the location and compartmentalisa-
tion of CB within macrophages and demonstrate the
compatibility of CB with longer-wavelength probes.
2. Material and methods

2.1. Cell culture and live cell imaging

RAW264.7 murine macrophages were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco) supplemented with 10%
fetal bovine serum (FBS, Gibco), 1% sodium pyruvate, 100 U/ml
penicillin, and 100 U/ml streptomycin (Gibco). Cells were passaged
and plated into eight-well l-slides (Ibidi) at a density of
50,000 cells/cm2 containing 250 mL of complete DMEM, and incu-
bated overnight at 37 �C with 5% CO2. iNOS was induced in
RAW264.7 macrophages with 10 ng/mL lipopolysaccharide (LPS)
and 20 ng/mL interferon-c (IFN-c) for 16 h. CB was synthesised
and characterised as described previously.12 A 1 mM stock solution
of CB was prepared in DMSO. While protected from light, the cells
were treated with a freshly prepared solution of CB (1:1 solution of
1 mM CuCl2 and 1 mM CB diluted in phosphate buffered saline
(PBS) to give a final concentration of 10 mM CB) and then incubated
for 1 h. Cells were washed three times with 250 mL of Dulbecco’s
PBS (Gibco) prior to imaging using a Leica SP8 confocal microscope
with a 63� UPlanApo NA 1.4 objective, fitted with sensitive HyD
detectors and 12 kHz resonant scanner at excitation and emission
wavelengths of 405 and 445–485 nm, respectively, for the CB
probe. All confocal images were processed with ImageJ for inten-
sity level adjustment, quantification and cropping. Control experi-
ments were carried out using the same protocol without adding
iNOS inducers (LPS and IFN-c).

For kinetic studies, cells were incubated with 10 ng/mL LPS,
20 ng/mL IFN-c and 10 mM CB for 4 h, removed from the incubator
and then imaged using the confocal microscope at predetermined
time points (6, 8, 10 and 12 h). Cells were imaged using excita-
tion/emission wavelengths as above.

To determine the specificity of NO detected by CB, RAW264.7
were exposed to an iNOS inhibitor, L-NG-monomethyl arginine
(L-NMMA). L-NMMA was diluted from 10 mM to a final concentra-
tion of 1 mM in fresh medium and added to cells along with LPS
(10 ng/mL) and IFN-c (20 ng/mL), then incubated for 16 h. The
adherent cells were washed with PBS prior to addition of CB
(10 mM) to image the change in NO levels in response to L-NMMA.
Images were captured at various positions and analysed as
described above.
2.2. Cytotoxicity assay

RAW246.7 cells were seeded into 96-well plates in triplicate
(100 lL total volume/well, 20,000 cells/well) in complete DMEM
and incubated at 37 �C with 5% CO2 for 12 h. The medium was
replaced with phenol-free DMEM (Gibco) and the cells incubated
with and without 100 lM–100 nM CB, together with 5 mM of pro-
pidium iodide (PI) for another 24 h. Plates were analysed on the
PerkinElmer Operetta� High Content Imaging System (PerkinEl-
mer). The maximum intensity projection images were analysed
using Harmony� High Content Imaging and Analysis Software
and the percent cell survival values are reported relative to those
of untreated control cells.
2.3. Fluorescence localisation

In order to assess the intracellular compartmentalisation of CB
we used cell-permeable organelle-selective fluorescent probes to
label the nuclei and mitochondria. MitotrackerTM Green FM (Invit-
rogen) was dissolved in DMSO to 1 mM concentration as recom-
mended. RAW246.7 cells were pre-incubated with 10 ng/mL LPS
and 20 ng/mL IFN-c for 12 h, followed by the addition of 10 lM
CB, 5 lM DRAQ5TM (Abcam) and 100 nM MitotrackerTM Green FM
(Invitrogen) for 30 min. Cells were washed three times with PBS
and then bathed in 250 mL of PBS during imaging. Images were
acquired by the confocal microscope using excitation/emission
wavelengths of 633/616–757 and 490/500–550 nm for DRAQ5TM

and MitotrackerTM Green FM, respectively, and were merged for
co-localisation studies.
2.4. NO production during bacterial infection

Escherichia coli ATCC 25922 cells were cultured in LB and incu-
bated at 37 �C for 3 h. 1 mL of the resultant mid-log phase culture
was washed once with PBS and then resuspended in 1 mL of PBS.
1 lL of this suspended bacteria solution was added to the adherent
macrophage cultures. CB (10 lM) was then added to the well, incu-
bated for 1 h at 37 �C, and then washed twice with PBS, prior to
analysis using confocal microscopy.
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3. Results

3.1. CB detection of endogenously produced NO

Macrophages are an important contributor to host defence,
their innate immune sensors detecting bacterial components such
as LPS and triggering the production of pro-inflammatory cytoki-
nes such as TNF-a and IFN-c. These signals converge to induce
expression of iNOS, which in turn catalyses NO production.18

RAW264.7 macrophages were used as the model cell line for NO
production and confocal microscopy was used to image the CB-
loaded cells.

We first evaluated whether the CB probe could permeate
through the cell membrane and detect endogenously produced
NO in stimulated RAW264.7 cells. Macrophages were incubated
with 10 ng/mL LPS and 20 ng/mL IFN-c for 16 h to induce NO, fol-
lowed by the addition of 10 mM CB for 1 h. Confocal microscopy
showed that the fluorescence signal was retained after washing,
confirming that the probe remains trapped inside the cells
(Fig. 1A). A predominately cytoplasmic, speckled staining pattern
was observed in treated cells (Fig. 1A lower, right panel). Quantifi-
cation of the fluorescent signal showed a corresponding twofold
Fig. 1. CB is permeable, trappable, and can detect endogenous NO production in RAW26
incubation with CB. A) Bright-field images of cells analysed using differential interferen
(emission from blue channel; lower panels). Scale bars, 25 mm. Images were captured o
intensity was measured and compared to control cells where the LPS/IFN-cwere not adde
of CB in RAW264.7 cells with and without LPS/IFN-c treatment (stimulated). Mean ± sta
increase in mean fluorescence intensity with LPS/IFN-c treatment
(Fig. 1B). Only a weak initial fluorescence signal was observed in
untreated cells, owing to the fact that CB fluorescence is partially
quenched by Cu(II), as reported previously.12

This experiment, along with our previous solution studies,12

strongly supports the hypothesis that CB-Cu(II) is the species
responsible for NO detection. The intensity of the observed signal
reflects the amount of nitric oxide produced in the activated cells
as well as presumably the integrity of the CB-Cu(II) complex intra-
cellularly These findings indicate that the probe is membrane-per-
meable, trappable and able to detect intracellular NO produced in
macrophage cells.

Owing to the dynamic change in the concentration of NO inside
live cells, fluorescent probes should be particularly useful for mon-
itoring NO production in a time-dependent manner.19 Hence, we
applied 10 mM of the probe to RAW264.7 macrophages pre-treated
with LPS and IFN-c for 4 h. The fluorescence intensity of the CB
probe was monitored by confocal microscope at 2 h intervals over
12 h. The mean fluorescence intensity slowly increased by twofold
over time relative to a steady fluorescence signal in the unstimu-
lated cells (Fig. 2 and Fig. S1), confirming that CB can detect
changes in NO production inside the cells. This result provides fur-
4.7 macrophages. Cells were stimulated with LPS and IFN-c for 16 h followed by 1 h
ce contrast (DIC; top panels) and fluorescent images of cells showing CB detection
n a confocal microscope after washing the cells three times with PBS. Fluorescence
d and is expressed as arbitrary units (AU). B) Quantification of fluorescence intensity
ndard deviation; n = 3.



Fig. 2. CB detects NO in a time-dependent manner. CB was added to RAW264.7
cells pre-treated for 4 h with LPS and IFN-c. Images were taken on Leica SP8
confocal microscope after removing DMEM and washing with PBS at 6, 8, 10 and
12 h and compared to unstimulated control cells. The mean fluorescence intensity
of CB was plotted against incubation time. Fluorescence intensity quantification is
expressed as arbitrary units (AU). Error bars indicate standard deviation, n = 3.

Fig. 4. CB is minimally toxic to RAW264.7 cells. Macrophages were incubated with
increasing concentrations of CB (100 nM–100 mM) and PI (5 mM) for 24 h. Images
were captured using the Operetta� high-throughput screening microscope. Cell
death was determined as the % of PI-positive cells.
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ther evidence that the turn-on fluorescence signal in the treated
cells is due to the direct reaction of CB with NO in the treated cells,
and not due to reduction of the Cu(II) ions by intracellular thiols.

We then confirmed that the CB-associated fluorescence specifi-
cally detected NO and demonstrated, using L-NMMA (1 mM), a
well-characterised and selective NOS inhibitor,20 that it derived
from iNOS activity. Macrophages were treated with L-NMMA in
the presence of LPS and IFN-c for 16 h. The fluorescence intensity
Fig. 3. iNOS production of NO is detected with CB. RAW264.7 macrophages were incubat
16 h). Cells were treated with CB for 1 h, washed then imaged using a Leica SP8 conf
fluorescent images of cells showing CB detection (emission from blue channel; lower pa
observed with CB was significantly attenuated in the presence of

L-NMMA (Fig. 3 and Fig. S2). This result is consistent with the
hypothesis that CB detects iNOS–dependent production of NO in
macrophages.
3.2. Cytotoxicity of CB

An ideal probe should report the accumulation of a target mole-
cule without affecting cell viability.19 NO insertion in copper-based
probes is followed by the release of N-nitrosyl amine and copper
ions, which can compromise the viability of the cells.21 We inves-
tigated the potential toxicity of CB towards the RAW264.7 cells
ed with LPS/IFN-c in the presence or absence of the iNOS inhibitor L-NMMA (1 mM;
ocal microscope. Bright-field images of cells analysed using DIC (top panels) and
nels). Scale bar 25 mm.



M.M. Sadek et al. / Bioorganic & Medicinal Chemistry 25 (2017) 5743–5748 5747
over 24 h. A no-wash image-based assay was performed over a
24 h period to determine the percentage of dead macrophages in
the presence of increasing concentrations of the CB probe
(100 nM–100 mM) and PI (5 lM). PI is a red fluorescent dye that
intercalates with DNA and only permeates through the cell mem-
Fig. 5. Localisation of CB in mitochondria. (A) RAW264.7 cells were co-stained with 5 m
examined by confocal microscopy. Scale bar 25 mm. (B) Fluorescence microscopy image o
distributions. Scale bar 10 mm.

Fig. 6. CB can detect NO production during bacterial infection. Macrophages were incuba
probe was monitored using a Leica SP8 confocal microscope. Bright-field images of cells a
(emission from blue channel; lower panels). Scale bar 25 mm.
brane of dead cells.22 The percentage of dead (PI-positive) cells
was calculated. Cell survival was approximately 95% when cells
were incubated with 100 nM–100 lM of the fluorescent probe
over the first 12 h (Fig. 4). A significant decrease in cell viability,
however, was observed in the subsequent 12 h at the highest con-
M of DRAQ5TM, 10 mM of CB and 100 nM of MitotrackerTM Green FM for 30 min and
f the magnified area marked in the overlay showing Mitotracker and CB coincident

ted with E. coli for 3 h prior to the addition of CB (10 mM) for 1 h. The intensity of the
nalysed using DIC (top panels) and fluorescent images of cells showing CB detection
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centration of CB tested. These experiments show that CB is mini-
mally cytotoxic to RAW264.7 cells.

3.3. Monitoring NO in subcellular compartments by CB

Localisation studies using cell-organelle specific dyes were per-
formed to determine the sub-cellular localisation of the probe in
RAW264.7 macrophages. Cells were incubated with the DNA dye
DRAQ5TM and the mitochondrial specific MitoTrackerTM Green FM
dye, together with CB (10 mM) for 1 h at 37 �C, and images captured
using confocal microscopy. Superimposing the fluorescence images
showed no overlap in the fluorescence signals of CB and DRAQ5TM,
indicating that CB probe in not localised in the nucleus (as
expected if the ester is converted to the negatively-charged car-
boxylate in the cells, excluding it from the nucleus through charge
repulsion) (Fig. 5).23,24 Conversely, overlay of the green (MitoTrack-
erTM green FM) and blue (CB) detector channels suggested mito-
chondrial accumulation of CB (Fig. 5), which allows real-time
monitoring of endogenous NO in mitochondria in mammalian
cells. Therefore, CB can also be used to provide spatial information
about NO production in the cells.

3.4. CB detection of NO during bacterial infection

We next explored the ability of the probe to detect NO produced
during bacterial infection. RAW264.7 cells were challenged with
E. coli for 3 h and then incubated with CB for 1 h and washed prior
to imaging. Confocal microscopy indicated that the probe intensity
increased moderately compared to background levels observed in
control cells without bacteria, indicating that the probe can suc-
cessfully detect NO produced by macrophages during bacterial
encounter (Fig. 6).

4. Discussion

Recently, a novel Cu(II)-complexed coumarin-based imaging
probe, CB, was developed for NO detection.12 The ability of CB to
detect NO directly, rapidly and specifically at a physiological pH
encouraged us to use it to image live-cell NO production. In the
present study, CB was used successfully to image NO in
RAW264.7 macrophages. We demonstrated that CB can provide
direct dynamic information concerning NO production in live cells,
with good photostability, low cellular toxicity and biorthogonal
compatibility in a multi-dye system. The observation that the
probe remains trapped inside cells implies that the probe could
be used in biological experiments where continuous media perfu-
sion is required, such as brain cell imaging.25 We hope that these
properties will make this coumarin-based fluorescent probe useful
for future in vitro and in vivo NO experiments.
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Figure S1. The fluorescence intensity of CB is stable over time in unstimulated cells. Cells were 
incubated with 10 µM CB, removed from the incubator and then imaged using the confocal 
microscope at predetermined time points (4, 6, 8, 10 and 12 h) after removing DMEM and washing 
with PBS. Data are expressed as mean fluorescence intensity (AU) Mean ± standard deviation; 
n=3. 

 

 
 

Figure S2. CB specifically detects NO produced in LPS/IFN-γ treated cells. Cells were stimulated 
with LPS and IFN-γ in the presence and absence of L-NMMA for 16 h, followed by 1 h incubation 
with CB. Images were captured on a confocal microscope after washing the cells three times with 
PBS. Fluorescence intensity was measured and compared to control cells where the LPS/IFN-γ 
were not added and is expressed as arbitrary units (AU).  Mean ± standard deviation; n=3. 
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Chapter 6 

Conclusions and Future Directions 
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The main focus of this thesis was to develop potent SPSB-iNOS inhibitors that are able to cross 

the cell membrane and inhibit the cytoplasmic SPSB-iNOS interaction. As an attempt to 

generate these cell permeable inhibitors, two strategies were adopted: 1) Direct structural 

modification of previous inhibitors to facilitate passive transport and 2) Conjugation to a carrier 

that allows the active transport of the peptide-conjugate.  

In the first strategy, an in silico approach was successfully performed to design a potent 

cyclic pentapeptide inhibitor, INNNAbu, (CP3) by minimizing the size, decreasing the 

conformational flexibility and effective polar surface areas and increasing the lipophilicity of 

the previously reported heptapeptide inhibitors (CP1 and CP2). To illustrate, the crystal 

structures of these cyclic heptapeptides in complex with the hSPSB proteins (CP1-hSPSB2, 

CP2-hSPSB2, CP2-hSPSB4) were determined and analysed. CP3 was then designed by 

utilising a covalent bond in place of a main chain intramolecular hydrogen bond observed in 

the bound structure of CP2. The resulted pentapeptide binds to the iNOS binding site of 

hSPSB2 with strong affinity of 7 nM. It can also inhibit the interaction between hSPSB2 and 

endogenous iNOS in macrophage cell lysates. The crystal structure of the CP3-hSPSB2 

complex was also determined revealing that CP3 adapts a turn structure which may account 

for its enhanced potency. The pentapeptide, however, was found to be cell impermeable 

suggesting the need to introduce different structural modifications to CP3 to improve its 

permeability.  

Consequently, CP3 analogues were designed and synthesised based on the crystal structure 

of CP3-hSPSB2. Natural and non-natural amino acids with diverse lipophilicity and hydrogen 

bond donor potentials replaced Ile, Abu and the middle Asn residues in CP3. The N-methylated 

Asn- modified analogue showed the strongest binding affinity among all designed analogues 

(KD =10 nM). Moreover, thirteen analogues were found to bind to hSPSB2 with 20-100 fold 

reduction in affinity (KD= 140-700 nM) compared to CP3 while the rest of the analogues 

showed a significant loss of affinity. The designed peptides, however, failed to show any 

improvement in the cell permeability of CP3.  

Alternatively, conjugation of CP3 to CPP motifs was attempted to encourage the active 

transport permeability of CP3. A potent bicyclic peptide was designed and synthesised 

featuring c(FΦR4) as the CPP motif with superior internalisation and endosomal escape ability 

along with a CP3 motif that can target the SPSB-iNOS interaction. Conjugation of the CP3 to 

the CPP did not significantly affect the binding to SPSB2 (KD= 65 nM). Another potent CP3 

conjugate was also generated using the well-studied CPP, linear TAT peptide. The conjugate 
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maintained a strong binding affinity (KD= 10 nM) comparable to that of CP3 (KD= 7 nM). 

Furthermore, the ability of the CPP conjugates to facilitate the cellular uptake and endosomal 

escape was evaluated using Griess assay. However, further repeats and optimisation of the 

assay need to be undertaken including incubation times, number of cells and concentration of 

NO stimulants (LPS and IFN-γ). Other more accurate detection and quantification methods of 

NO need to be explored to complement the colorimetric Griess assay such as using the small 

molecule fluorescent probe (CB) described in Chapter 5. CB successfully detected the changes 

in NO levels after LPS/IFN-γ activation of RAW 264.7 macrophages using confocal 

microscopy. Others small molecule probe1-3 such as 4-amino-5-methylamino-2,7-

difluorofluorescein (DAF-FM)4 can also be utilised in the future detection of NO levels 

following treatment of the macrophage cells with the CP3-CPP conjugates. Moreover, the 

change in iNOS protein levels can be monitored using western blots to confirm the ability of 

the CPP conjugates to specifically enhance NO production following SPSB-iNOS pathway 

inhibition. 

Direct visualisation of the conjugates inside the cells can also be performed by labelling the 

peptides with a fluorescent dye e.g rhodamine5 or CY-56 and subsequent imaging using 

confocal microscope. The exact subcellular localisation of the conjugates can be determined 

using cell organelles specific dyes7 such as LysoTracker® green for lysosome or Rab5 

transfection for early endosomes labelling. The extent of endosomal escape can also be 

measured using flow cytometry through calculating the ratios of signals for the pH sensitive 

(e.g., naphthylfluorescein) and insensitive dyes labelled peptides.8 The cytotoxicity of the CPP 

conjugates should also be assessed using cell viability assay such as the standard 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay9 or propidium iodide (PI) 

followed by imaging using Operetta® microscopy technique described in Chapter 5.10  

Apart from confirming the permeability properties of the current CP3-CPP conjugates, other 

approaches can be utilised to promote the cellular uptake of SPSB-iNOS inhibitors while 

maintaining binding affinity. The prodrug method, for instance, has been reported to confer 

increased membrane permeability and better pharmacokinetics of hydrophilic compounds.11 

To illustrate, introduction of N-acyl moieties on the amide side chains of the three Asn of CP3 

may result in a biologically inactive permeable peptide that can metabolised by esterases in the 

cytoplasm to produce the active form of the peptide.12 One other approach that can be explored 

is direct lipidation. As Ile position of CP3 favours bulky group, it can substituted by lipoamino 
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acids (e.g palmitic acid) which may modulate the overall hydrophobicity of the peptide, hence 

enhance permeability.13 

To summarise, a number of potent SPSB-iNOS inhibitors (cyclic pentapeptides and CPP 

conjugates) was generated in this thesis. The crystal structures and the SAR study presented 

here allow more comprehensive understanding of the nature of interaction between these 

inhibitors and the SPSB proteins. Future work will be aimed at extending the ideas explored in 

this research for the development of permeable inhibitors and addressing some of the 

shortcomings of the current biological assays. This study represents an important step in the 

progress of SPSB-iNOS inhibitors as potential anti-infective agents. 
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ABSTRACT: Grafting bioactive peptide sequences onto small cysteine-rich scaffolds is a
promising strategy for enhancing their stability and value as novel peptide-based
therapeutics. However, correctly folded disulfide-rich peptides can be challenging to
produce by either recombinant or synthetic means. The single disulfide-directed β-hairpin
(SDH) fold, first observed in contryphan-Vc1, provides a potential alternative to complex
disulfide-rich scaffolds. We have undertaken recombinant production of full-length
contryphan-Vc1 (rCon-Vc1[Z1Q]) and a truncated analogue (rCon-Vc11−22[Z1Q]),
analyzed the backbone dynamics of rCon-Vc1[Z1Q], and probed the conformational and proteolytic stability of these peptides to
evaluate the potential of contryphan-Vc1 as a molecular scaffold. Backbone 15N relaxation measurements for rCon-Vc1[Z1Q]
indicate that the N-terminal domain of the peptide is ordered up to Thr19, whereas the remainder of the C-terminal region is
highly flexible. The solution structure of truncated rCon-Vc11−22[Z1Q] was similar to that of the full-length peptide, indicating
that the flexible C-terminus does not have any effect on the structured domain of the peptide. Contryphan-Vc1 exhibited
excellent proteolytic stability against trypsin and chymotrypsin but was susceptible to pepsin digestion. We have investigated
whether contryphan-Vc1 can accept a bioactive epitope while maintaining the structure of the peptide by introducing peptide
sequences based on the DINNN motif of inducible nitric oxide synthase. We show that sCon-Vc11−22[NNN12−14] binds to the
iNOS-binding protein SPSB2 with an affinity of 1.3 μM while maintaining the SDH fold. This study serves as a starting point in
utilizing the SDH fold as a peptide scaffold.

Grafting bioactive peptide sequences that target specific
protein−protein interactions onto stable scaffolds is a

promising approach for the development of peptide-based
therapeutics.1 Disulfide-rich peptides have proven to be
valuable acceptor scaffolds, with applications as drugs,
pharmacological probes, and imaging agents.2−7 A valuable
scaffold in such applications is the inhibitor cystine knot (ICK)
motif,8,9 which is found in peptides from plants, cone snails,
scorpions, and spiders.10,11 The ICK motif peptides agatoxin
and Agouti-related protein (AgRP) have been engineered for in
vivo tumor imaging12 and targeting tumor angiogenesis,13

respectively.
The production of correctly folded disulfide-rich peptides by

chemical synthesis or recombinant expression can be
challenging, especially for peptides containing three or four
disulfide bridges.14−16 Recently, contryphan-Vc1, a 31-residue
peptide identified in the venom of the marine cone snail Conus
victoriae,17,18 has been shown to have a unique fold, designated
as the single disulfide-directed β-hairpin (SDH).19 The core
structure of contryphan-Vc1 is a double-stranded antiparallel β-
sheet stabilized by just a single disulfide bridge. The β-hairpin
core of contryphan-Vc1 consists of two loops, the first of which
comprises residues Gln4, Pro5, Gly6, and Tyr7 (QPGY), which
form a type II β-turn that leads to the first β-strand. The second
loop comprises residues Pro11, Val12, Leu13, and Gly14, which

form a type IV β-turn. Residues from Thr19 to Tyr31 are
flexible and unstructured. The β-hairpin core of contryphan-
Vc1 displays an ordered structure and remarkable thermal
stability and is very similar structurally to the ICK fold despite
its simpler cysteine framework; these properties suggest that it
may have potential as a useful scaffold for grafting.
In this study, we have investigated the stability of the SDH

fold to chemical denaturation and proteolytic enzymes, as well
as its resilience to truncation and the insertion of non-native
peptide motifs, to evaluate its potential as a scaffold. We have
undertaken recombinant production of full-length contryphan-
Vc1 (rCon-Vc1[Z1Q]) by replacing the N-terminal pyrogluta-
mic acid with a glutamine residue. We analyzed the backbone
dynamics of contryphan-Vc1 to identify the ordered and
flexible regions of the peptide and showed that the flexible C-
terminal region could be deleted without affecting the ordered
structure of the peptide. We also investigated whether
contryphan-Vc1 can accept a bioactive epitope by utilizing
the DINNN motif of inducible nitric oxide synthase (iNOS),
which is essential for recognition of iNOS by the SPRY
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domain-containing SOCS (suppressor of cytokine signaling)
box (SPSB) proteins in circulating macrophages.20−22 The
peptide analogues sCon-Vc11−22[Z1Q,DINNN4−8], sCon-
Vc11−22[Z1Q,DINNN12−16], and sCon-Vc11−22[NNN12−14]
were tested for their affinity for human SPSB2 utilizing surface
plasmon resonance (SPR) and analyzed conformationally by
NMR.

■ EXPERIMENTAL PROCEDURES

Construction of Plasmids Expressing Full-Length and
Truncated Contryphan-Vc1. Codon-optimized DNA corre-
sponding to the mature peptide sequence of contryphan-Vc1
was synthesized (GenScript) with SalI and XhoI restriction
sites, respectively, at the 5′ and 3′ ends. An enterokinase
cleavage site was included at the 5′ end after the SalI restriction
site. The gene fragment was ligated into the pET32a vector
(Novagen) using the SalI and XhoI restriction sites to generate
modified pET32a expressing a thioredoxin (Trx) fusion protein
of full-length contryphan-Vc1. The DNA sequence of
contryphan-Vc1 was then amplified with a forward primer for
contryphan-Vc1 with a SalI restriction site and enterokinase
cleavage site and a reverse primer with a stop codon after the
Arg22 codon, and the gene fragment was ligated into the
pET32a vector using the SalI and XhoI restriction sites to
generate modified pET32a expressing the Trx fusion protein of
truncated contryphan-Vc1 (rCon-Vc11−22[Z1Q]) (Table 1).
Peptide Expression and Purification. Trx fusion proteins

of both full-length contryphan-Vc1 and the truncated analogue
Con-Vc11−22 were expressed in Escherichia coli BL21(DE3)
cells at 30 °C, induced for 4 h with 0.5 mM isopropyl β-D-1-
thiogalactopyranoside. To generate 15N-labeled and 15N- and
13C-labeled contryphan-Vc1 peptides, E. coli BL21(DE3) cells
were grown in M9 minimal medium supplemented with 1 g/L
15NH4Cl and 3 g/L [13C]glucose. For purification of the Trx-
fused peptides, cells were resuspended in bug buster (Novagen)
at a concentration of 1 g of cell paste per mL and incubated for
20 min in the presence of EDTA-free protease inhibitor cocktail
(Roche) and then clarified by centrifugation at 23660g for 30
min at 4 °C. The supernatant was loaded onto a pre-
equilibrated Ni-NTA Hitrap column (GE Healthcare, 5 mL) at
a flow rate of 0.25 mL/min. Unbound material was removed by
extensive washing with buffer A [20 mM Tris-HCl (pH 8), 10
mM imidazole, and 100 mM NaCl] followed by a wash with
buffer A containing 0.5 M NaCl. The fusion protein was eluted
with buffer A containing 250 mM imidazole and buffer-
exchanged with enterokinase cleavage buffer [50 mM Tris-HCl
(pH 8), 1 mM CaCl2, and 50 mM NaCl]. The Trx tag was
removed by incubating the fusion protein with enterokinase
(NEB) at a concentration of 0.005 μg/mg of protein at 23 °C

for 16 h and passing the mixture onto a Ni-NTA Hitrap
column. Unbound supernatant was collected and purified by
reversed-phase HPLC (RP-HPLC) on a Phenomenex Luna
C18 column (100 Å, 5 μm, 100 mm × 10 mm) using a gradient
from 5 to 95% B [A, 99.9% H2O and 0.1% TFA; B, 80%
acetonitrile (ACN), 19.9% H2O, and 0.1% TFA] over 30−60
min, and then the samples were lyophilized. The peptides were
further purified by peptide gel filtration using a Superdex
peptide 10/300 GL column, and the purity and molecular mass
of each peptide were confirmed by liquid chromatography and
mass spectrometry (LC−MS) on a Shimadzu LCMS2020
instrument, incorporating a Phenomenex Luna C8 column
(100 Å, 3 μm, 100 mm × 2 mm) using a linear gradient of
water having 0.05% TFA for 4 min, followed by 0−60% ACN
(0.05% TFA) in water over 10 min at a flow rate of 0.2 mL/min
(Table 1 and Figures S1 and S2).

Peptide Synthesis. Full-length contryphan-Vc1 was
synthesized using N-(9-fluorenyl) methoxycarbonyl (Fmoc)-
Tyr (tBu)-Wang resin on a Prelude automated peptide
synthesizer (Protein Technologies, Tucson, AZ). All couplings
were mediated with diisopropylcarbodiimide with 6-chloro-1-
hydroxybenzotriazole (6-Cl-HOBT) for 3 h. The peptide was
cleaved from the resin support and simultaneously deprotected
using a cocktail of trifluoroacetic acid, anisole, triisopropylsi-
lane, thioanisole, water, and 1,2-ethanedithiol [9:1:2:1:1:1 (v/
v)] for 2 h at room temperature. The crude peptide was
precipitated and washed thrice with ice-cold diethyl ether, then
dissolved in 50% aqueous acetic acid, and diluted in water to a
concentration of 0.3 mg/mL. The pH of the peptide solution
was adjusted to 7.8 with ammonium hydroxide (NH4OH).
Disulfide bond formation was accelerated by adding 1 mL of
3% hydrogen peroxide (H2O2), and the peptide solution was
allowed to stir gently for 18 h. Other contryphan-Vc1 peptide
analogues were synthesized on a PTI Instruments PS3 peptide
synthesizer, using Rink amide AM resin. Peptides were
deprotected with 20% piperidine in dimethylformamide
(DMF), activated with 70 mL/L N,N-diisopropylethylamine
(DIPEA) in DMF, and coupled with a 3-fold excess of 2-(6-
chloro-1H-benzotriazol-1-yl)-1,1,3,3-tetramethylaminium hexa-
fluorophosphate (HCTU) for 50 min. Cleavage from the resin
was performed over 2 h with a mixture of 3,6-dioxa-1,8-
octanedithiol, triisopropylsilane, 1,3-dimethoxybenzene, and
trifluoroacetic acid [2.5:2.5:5:92.5 (v/v) DODT/TIPS/DMB/
TFA]. The cleavage mixture was purged with nitrogen, and the
crude peptide was precipitated and washed thrice with ice-cold
diethyl ether, then dissolved in 0.1 M ammonium bicarbonate
(pH 8.0), and allowed to fold by adjusting the concentration to
0.3 mg/mL. The crude folded peptide was purified by RP-
HPLC on a Phenomenex Luna C18 column (100 Å, 5 μm, 100

Table 1. Peptide Sequences Investigated in This Study

aPyroglutamate modification is indicated as Z.
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mm × 10 mm) using a gradient of 5 to 95% B (A, 99.9% H2O
and 0.1% TFA; B, 80% ACN, 19.9% H2O, and 0.1% TFA) over
30−60 min, and the samples were lyophilized. The purity and
molecular mass of the each peptide were confirmed by LC−MS
on a Shimadzu LCMS2020 instrument, incorporating a
Phenomenex Luna C8 column (100 Å, 3 μm, 100 mm × 2
mm) using a linear gradient of water having 0.05% TFA for 4
min, followed by 0 to 60% ACN (0.05% TFA) in water over 10
min at a flow rate of 0.2 mL/min (Table 1 and Figures S1 and
S3).
NMR Spectroscopy. All spectra were recorded on a Bruker

600 MHz spectrometer equipped with a cryogenically cooled
triple-resonance probe. The lyophilized peptide was dissolved
in either 93% H2O with 7% 2H2O or 100% 2H2O (pH 4.0).
One-dimensional 1H spectra were recorded at different
temperatures between 5 and 30 °C, at intervals of 5 °C, and
between pH 3 and 9. Two-dimensional NMR spectra utilized
for sequence-specific assignments and structure calculations
were recorded at pH 4 and 20 °C. Two-dimensional
homonuclear TOCSY spectra with a spin-lock time of 80 ms
were recorded using the DIPSI-2 pulse sequence23 with
excitation sculpting for water suppression24 at 15, 20, and 25
°C. Two-dimensional NOESY spectra were recorded at two
different mixing times, 50 and 200 ms, to analyze the time
dependence of NOE intensities. A DQF-COSY spectrum was
recorded in 100% 2H2O for measuring J couplings. 13C HSQC
and 15N HSQC spectra were recorded for carbon and nitrogen
chemical shifts, respectively. A sine-bell squared window
function was used for processing spectra. All spectra were
processed using Bruker TopSpin (version 3.2) and analyzed
using CcpNmr Analysis (version 2.1.5).25 The sequence-
specific resonance assignments are summarized in Table S1
and deposited in BMRB26 (entry 30124). For the determi-
nation of potential amide backbone hydrogen bonding in rCon-
Vc11−22[Z1Q], a series of one-dimensional 1H spectra was
recorded at 10, 15, 20, 25, and 30 °C, and the amide resonance
temperature coefficients were determined from the slope of
linear least-squares fits to the data.
Structure Calculation. The intensities of cross-peaks in

NOESY spectra with a mixing time of 200 ms were utilized to
generate distance constraints. 3JHN−Hα coupling constants were
measured from one-dimensional 1H spectra, which yielded 11 φ
angle constraints. These φ angles were restrained to −120 ±
30° for 3JHN−Hα values of ≥8.0 Hz and −65 ± 25° for 3JHN−Hα
values of ≤6.0 Hz. Three distance constraints were added for
the disulfide bridge as follows: 2.00, 3.00, and 3.00 Å for S(i)−
S(j), S(i)−Cβ(j), and S(j)−Cβ(i), respectively. The initial
structures of contryphan-Vc11−22 were generated using CYANA
(version 3.0)27 and then refined utilizing Xplor-NIH.28

Structure calculations were performed using 297 interproton
distance constraints derived from the NOESY spectrum (88
intraresidue, 88 sequential, 66 medium-range, and 55 long-
range NOE constraints), 11 dihedral angle constraints derived
from 3JHN−Hα J coupling measurements from one-dimensional
1H, two other dihedral angle constraints derived from two-
dimensional DQF-COSY spectra, and three disulfide bond
restraints. Conventional simulated annealing protocols were
used in Xplor-NIH to generate an ensemble of 100 structures,
from which the 20 lowest-energy structures were chosen to
represent the solution structure of rCon-Vc11−22[Z1Q]. The
root-mean-square deviation (RMSD) values for these structures
were assessed using MolMol (version 2K.1).29 Structural figures
were prepared using PyMOL (version 1.5.0.4).

NMR Relaxation Measurements. 15N relaxation experi-
ments were performed at 20 °C on a Bruker 600 MHz
spectrometer. Spin−lattice relaxation times (T1) were obtained
from a series of 1H−15N correlation spectra with relaxation
delays of 0, 50, 100, 200, 400, 800, and 1600 ms. Spin−spin
relaxation times (T2) were obtained using spin-lock periods of
0, 20, 50, 80, 120, 150, 180, 240, and 300 ms. The T1 and T2
time constants were calculated using CcpNmr Analysis by
plotting peak volumes versus relaxation delay times with an
equation for single exponential decay. The reported errors are
standard deviations derived from the fit of the data. Steady-state
1H−15N nuclear Overhauser enhancement (NOE) values were
determined from the ratio of peak intensities for spectra
recorded with and without 3 s proton presaturation. The peak
intensities of residues with and without proton presaturation
were calculated utilizing CARA.30

Reduction Assay. Tris(2-carboxyethyl)phosphine (TCEP)
stock solutions (0.5 M) were prepared in Milli-Q water
immediately prior to use. TCEP was added to 0.5 mM synthetic
contryphan-Vc1 (sCon-Vc1) to a final concentration of 10 mM,
and the sample was incubated at room temperature. Peptide
samples were assayed at time intervals of 0, 1, 6, 18, 24, and 48
h using LC−MS on a Shimadzu LCMS2020 instrument
incorporating a Phenomenex Luna C8 column (100 Å, 3 μm,
100 mm × 2 mm) with a linear gradient of 0.05% TFA in water
for 4 min, followed by 0 to 60% ACN (0.05% TFA) in water
over 10 min at a flow rate of 0.2 mL/min. One-dimensional 1H
NMR spectra were recorded on synthetic contryphan-Vc1
(sCon-Vc1) in 6 mM TCEP (pH 4 and 20 °C) after incubation
for 1, 2, 16, and 24 h.

Proteolysis Assays. Proteolysis assays were performed at a
250:1 substrate (peptide):enzyme ratio with pepsin, trypsin,
and α-chymotrypsin. For all assays, peptides were incubated
with protease at 37 °C for up to 4 h. As a positive control to
ensure that active enzyme was present, bovine serum albumin
was used as a substrate. All digestion assay products were
analyzed by LC−MS (0 to 60% ACN gradient, 10 min).
Trypsin (EC 3.4.21.4, Sigma) and α-chymotrypsin (EC
3.4.21.1, Sigma) stocks were prepared in 50 mM Tris (pH
7.4) and 100 mM NaCl, and pepsin (EC 3.4.23.1, Sigma)
stocks were prepared in 10 mM HCl (pH 2). The reactions for
trypsin and α-chymotrypsin were performed in 50 mM Tris-
HCl (pH 7.4), 100 mM NaCl, and 2 mM CaCl2. The reaction
for pepsin was performed in 1 mM HCl (pH 2). The trypsin
and α-chymotrypsin reactions were quenched with 0.1% TFA,
and the pepsin reaction was quenched with 50% 1 M NaOH.

Surface Plasmon Resonance. The binding affinities of the
Con-Vc1 peptide analogues were analyzed by surface plasmon
resonance (SPR), using a Biacore T200 instrument (GE
Healthcare). All experiments were performed in degassed buffer
containing 25 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM
EDTA, and 0.005% surfactant P-20 at 25 °C. Human SPSB2
was immobilized on a Biacore CM5 biosensor chip by amine
coupling as follows. The CM-dextran matrix was activated with
0.2 M 1-ethyl-3-[3-(diethylamino)propyl]carbodiimide hydro-
chloride (EDC) and 0.05 M N-hydroxysuccinimide; 100 μg/
mL human SPSB2 in 10 mM sodium acetate (pH 5.5) was then
passed over the activated surface at a rate of 10 μL/min for 10
min. Finally, 1 M ethanolamine-HCl (pH 8.5) was injected into
both target and reference flow cells to deactivate any remaining
activated carboxyl groups on the surface. The binding of the
contryphan-Vc1 peptide analogues to immobilized human
SPSB2 was investigated in a running buffer containing 10
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mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.005%
surfactant P-20, with and without 1 mM DTT (pH 7.4). The
peptides were injected onto the surface with a contact time of
100 s at a flow rate of 100 μL/min and a dissociation time for
600 s. Sensorgrams were further corrected for nonspecific
binding to the surface by subtracting the signals of the reference
surface from that of the human SPSB2-bound surface. The
corrected signal was then fitted to a 1:1 Langmuir binding
model using Biacore T200 Evaluation Software (version 2.0) to
estimate the association rate, kon, and dissociation rate, koff. In
cases in which kinetics could not be measured, SPR data were
evaluated using a 1:1 steady-state binding model to determine
the binding affinity (KD).

■ RESULTS

Recombinant Production of Contryphan-Vc1 Pepti-
des. Full-length contryphan-Vc1 (rCon-Vc1[Z1Q]) and a
truncated analogue, rCon-Vc11−22[Z1Q], were expressed as Trx
fusion proteins in E. coli BL21(DE3). The Trx fusion proteins
were expressed in M9 medium to produce 15N-labeled and 15N-
and 13C-labeled peptides. The Trx fusion proteins were highly
soluble, with yields of 20 mg/L from expression in both Luria-
Bertani broth and M9 medium. Clarified cell lysates containing
His-tagged Trx fusion proteins were loaded onto a Ni-NTA
column, and then bound protein was eluted from the Ni-NTA
column and cleaved with enterokinase. The cleaved fusion
protein was passed through a Ni-NTA column to remove His-
tagged Trx, and the desired peptide was purified by RP-HPLC.
The identities and purities of the peptides were confirmed by
LC−MS. RP-HPLC and LC−MS showed that purified rCon-

Vc1[Z1Q] and rCon-Vc11−22[Z1Q] were essentially homoge-
neous and ∼95% pure (Figure S2).30

Comparison of Synthetic and Recombinant Contry-
phan-Vc1. Contryphan-Vc1 from the venom gland of Conus
victoriae has an N-terminal pyroglutamate modification, which
is in the proximity of the Tyr9 side chain in the structure of the
peptide.19 To assess the role of the pyroglutamate modification
in the structure of the peptide, we produced recombinant full-
length contryphan-Vc1 having unmodified glutamine at the N-
terminus and compared its chemical shifts with those of
synthetic contryphan-Vc1 with pyroglutamate at its N-
terminus. Plots of the deviations of Hα and backbone chemical
shifts from random coil values were nearly identical for the two
peptides, with minor differences observed only near the N-
terminus (Figure 1). This confirms that synthetic and
recombinant contryphan-Vc1 have similar structures and that
the pyroglutamate modification has no significant effect on the
structure of contryphan-Vc1.

Backbone Dynamics of Recombinant Contryphan-
Vc1. Backbone 1H−15N NOEs and 15N R1 and R2 relaxation
rates for rCon-Vc1[Z1Q] are shown in Figure 2. Uniform
heteronuclear NOE values of ∼0.6 were observed for residues
Trp2−Ile18, consistent with the dynamics of these residues
being dominated by a single process on a time scale of
approximately 2 ns, as would be expected for the overall
tumbling of a molecule of this size. In contrast, most residues
beyond Thr19 showed either negative or zero 1H−15N NOE
values, indicating the presence of faster dynamic processes
(Figure 2). Consistent with the heteronuclear NOE values, the
R1 and R2 rates for residues Trp2−Ile18 are relatively uniform

Figure 1. Secondary chemical shift difference plots for synthetic and recombinant contryphan-Vc1. (A) Sequences of sCon-Vc1 and rCon-Vc1[Z1Q]
indicating disulfide connectivity. (B) Hα shift deviations from random coil chemical shifts. (C) HN shift deviations from random coil chemical
shifts.31
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and larger than those of the C-terminal residues Thr19−Tyr31.
Together, these relaxation data indicate a well-defined
conformation and limited internal mobility for residues
Trp2−Ile18 and significant flexibility across the C-terminal tail.
Sequence-Specific Resonance Assignments for rCon-

Vc11−22[Z1Q]. Spin systems were identified through combined
analysis of DQF-COSY, TOCSY (80 ms spin-lock time), and
NOESY (200 ms mixing time) spectra recorded at 293 K and
pH 3.9. Sequential resonance assignments were made utilizing
two-dimensional NOESY and three-dimensional HNCA and
HNCACB spectra. Residues containing methyl groups such as
Ala8, Thr17 and -19, Leu13 and -20, and Ile15 and -18 served
as good starting points for the identification of spin systems and
the sequential assignment process. The spin systems for Pro5
and Pro11 were identified by the observation of strong NOE
cross-peaks between Gln4α-Pro5δ and Asn10α-Pro11δ; the
presence of strong αδ NOEs confirmed the trans conformations
of both X−Pro bonds. Complete backbone and side chain
proton resonance assignments were obtained for all spin
systems (Table S1). Backbone resonances of recombinant full-
length contryphan-Vc1 were assigned by comparing the
chemical shifts with those of synthetic contryphan-Vc1.19

Solution Structure of Con-Vc11−22. To investigate the
influence of the unstructured and highly flexible C-terminal tail
of contryphan-Vc1, the structure of truncated contryphan-Vc1
(rCon-Vc11−22[Z1Q]) was determined and compared with that
of full-length contryphan-Vc1.19 Structural constraints are
summarized in Table 2. rCon-Vc11−22[Z1Q] retained its
ordered structure after deletion of the flexible C-terminal tail
region and is almost identical to that of the full-length peptide,

Figure 2. R1, R2, and
1H−15N NOE parameters (A−C, respectively) for recombinant full-length contryphan-Vc1. Overlapping residues are denoted

with circles, and the residues with zero intensity after NOE saturation are denoted with triangles.

Table 2. Structural Statistics for rCon-Vc11‑22[Z1Q]

NMR Distance and Dihedral Constraints
no. of distance constraints

total NOEs 297
intraresidue 88
inter-residue

sequential (|i − j| = 1) 88
medium-range (1 < |i − j| < 5) 66
long-range (|i − j| > 5) 55

hydrogen bond 4
total no. of dihedral angle restraints

backbone (φ angle) 12
side chain (χ1 angle) 3

Structural Statistics
energya

ENOE (kcal mol−1) 0.605 ± 0.41
EVdW (kcal mol−1) 3.02 ± 0.20

RMSD among 20 conformers (residues 2−16), average
pairwise RMSDb

backbone (Å) (N, Cα, C) 0.36 ± 0.12
all heavy atoms (Å) 0.91 ± 0.25

Ramachandran Analysis
residues in most favored regions (%) 68.4
residues in additionally allowed regions (%) 31.6
residues in generously allowed regions (%) 0.0
residues in disallowed regions (%) 0.0
aThe values for ENOE were calculated from a square-well potential with
force constants of 150 kcal mol−1 Å2. bThe pairwise RMSD was
calculated across 20 refined structures.
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as shown in Figure 3. Backbone superimposition of the full-
length form and rCon-Vc11−22[Z1Q] yielded an RMSD of 0.74

Å over Cα atoms of residues 3−16 (Figure 3A). The main
feature of the structure of rCon-Vc11−22[Z1Q] is an antiparallel
β-sheet with two β-strands connected by a β-turn (Figure
3B,C). The first two residues of rCon-Vc11−22[Z1Q], Glu1 and
Trp2, were less well-defined and had R1 and R2 rates that were
smaller than those of residues in the β-hairpin core of the
peptide. Residues Gln4, Pro5, Gly6, and Tyr7 form a type II β-
turn that leads to the first β-strand. Ala8, Tyr9, and Asn10 form
the first β-strand, and Ile15, Cys16, and Thr17 make up the
other strand. Pro11, Val12, Leu13, and Gly14 form a type IV β-
turn. Residues after the second β-strand, Ile18−Arg22, are
unstructured and highly flexible. The amides of Ala8, Asn10,
Ile15, and Thr17 had temperature coefficients less negative
than −4.75 ppb/K, indicating that these residues participate in
hydrogen bonding. The hydrogen bonds inferred from the
structure are between Ala8 HN and Thr17 O, Asn10 HN and
Ile15 O, Ile15 HN and Asn10 O, and Thr17 HN and Ala8 O,
which are all part of the antiparallel β-sheet.
Conformational Stability of Contryphan-Vc1. Contry-

phan-Vc1 has been shown to have remarkable thermal

stability.19 The conformational stability of the SDH fold was
explored further by observing the effects of urea and pH on
conformation. One-dimensional 1H NMR spectra of sCon-Vc1
recorded in the presence of increasing concentrations of urea
(≤7 M) showed subtle changes in the spectrum, indicating the
interaction of urea with the peptide. Although subtle chemical
shift changes were observed in the one-dimensional 1H NMR,
the chemical shift dispersion was maintained even at 7 M urea,
indicating that the peptide was still folded (Figure S4). Limited
unfolding of the peptide can be inferred from the appearance of
a minor peak from the Trp2 indole proton around 9.6 ppm as
the concentration of urea increased (Figure S4C). The degree
of unfolding of the peptide was estimated from the relative
intensity of this peak. The resulting urea unfolding curve
(Figure S4D) shows that <30% of the peptide was unfolded at
7 M urea, confirming the exceptional conformational stability of
contryphan-Vc1.
sCon-Vc1 was also examined over the pH range of 2−9.

One-dimensional 1H NMR spectra of sCon-Vc1 showed subtle
chemical shift changes in the pH titration between pH 2 and 8,
but the overall spectral dispersion was maintained. Most of the
amide peaks were broadened at pH 9 because of solvent
exchange (Figure S5). The titratable residues Glu24 and His25
are present in the highly flexible and unstructured C-terminal
region, and their titrations have no effect on the conformation
of the peptide.

Redox Stability. To test the redox stability of the SDH
fold, 0.5 mM sCon-Vc1 was subjected to a high concentration
of the reducing agent TCEP. Contryphan-Vc2, a seven-residue
peptide that also has a single disulfide bridge, was used as
control for the reduction assay.18 Unlike sCon-Vc1, con-
tryphan-Vc2 was completely reduced within 1 h upon
incubation with 10 mM TCEP at room temperature (Figure
S6A). In contrast, only <5% of sCon-Vc1 was reduced under
similar conditions (Figure 4A). The reduction kinetics of sCon-
Vc1 were slow at room temperature, and even after being
incubated for 48 h, the peptide was not completely reduced
(Figure 4A). One-dimensional 1H NMR spectra and 13C
HSQC spectra of sCon-Vc1 (0.5 mM) showed no significant
changes in the presence of a 12-fold excess of TCEP (6 mM)
after incubation for 1 h at 20 °C. After incubation for 16 h with
the same concentration of TCEP (Figure 4C and Figure
S6C,D), a minor peak at 10.04 ppm appeared, corresponding to
the Trp2 indole proton resonance of the reduced species of
contryphan-Vc1. Even after incubation for 24 h with 6 mM
TCEP at 20 °C, one-dimensional 1H NMR spectra showed
only a slight increase in the reduced species. One-dimensional
1H NMR spectra recorded on contryphan-Vc11−22[Z1Q]
incubated with 24 mM TCEP showed that the peaks
disappeared completely after TCEP incubation for 7 days,
showing that the disulfide bond contributes to the stability of
the SDH fold (Figure S6E,F).

Proteolytic Stability of Contryphan-Vc1. In vitro
proteolysis was performed on sCon-Vc1, rCon-Vc1[Z1Q],
and rCon-Vc11−22[Z1Q] utilizing the enzymes trypsin, α-
chymotrypsin, and pepsin to assess the proteolytic stability of
contryphan-Vc1 and its analogues. In the presence of trypsin,
sCon-Vc1 showed accumulation of a peak with a mass of
2464.8 Da, which corresponds to residues 1−22 (cleavage
following Arg22) according to LC−MS. Tryptic digestion of
rCon-Vc1[Z1Q] also showed accumulation of a peak having a
mass of 2481.8 Da, also corresponding to residues 1−22 (the
difference in the mass of the fragments between sCon-Vc1 and

Figure 3. (A) Backbone superposition (using MolMol) of the closest-
to-average structures of recombinant rCon-Vc11−22[Z1Q] (blue) with
sCon-Vc1 (red).19 (B) Stereoview of the ensemble of the final 20
structures of rCon-Vc11−22[Z1Q] from Xplor-NIH superimposed over
the backbone heavy atoms (N, Cα, and C) of residues 3−16. (C)
PyMOL representation of the closest-to-average structure of rCon-
Vc11−22[Z1Q]. Loop 1 and loop 2 are colored green; β-strands are
colored blue, and the unstructured C-terminus is colored gray. (D)
Surface representation of structure of rCon-Vc11−22[Z1Q], with the
single disulfide bridge colored bright orange.
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rCon-Vc1[Z1Q] is due to the N-terminal pyroglutamate
modification). The pattern of cleavage with trypsin is expected
because this protease cleaves the peptide chain mainly C-
terminal to lysine and arginine (Figure 5, Figure S7, and Table
S2). In contrast, trypsin did not degrade rCon-Vc11−22[Z1Q]
over the observed time range (0.5, 1, 2, and 4 h) (Figure S7C)
as the peptide has no tryptic cleavage site. In the presence of α-
chymotrypsin, sCon-Vc1 showed accumulation of two major
peaks in the LC−MS chromatogram with masses of 2221.5 and
1350.4 Da, which correspond to fragments 1−20 and 21−31,
respectively (Figure S7A). Similarly, α-chymotrypsin digestion
of rCon-Vc1[Z1Q] also showed accumulation of two major
peaks with masses of 2238.6 and 1350.4 Da, also corresponding
to fragments 1−20 and 21−31, respectively (Figure S7B).
rCon-Vc11−22[Z1Q] in the presence of α-chymotrypsin shows
accumulation of a single major peak with a mass of 2238.6 Da,
which corresponds to fragment 1−20 in rCon-Vc11−22[Z1Q]
(Figure 5, Figure S7C, and Table S2). Thus, the major cleavage
site for α-chymotrypsin is Leu20 (Figure 5). In contrast,
incubation for 1 h with pepsin resulted in significant digestion
of sCon-Vc1, rCon-Vc1[Z1Q], and rCon-Vc11−22[Z1Q]
(Figure S7).
Evaluation of a Single Disulfide-Directed β-Hairpin

(SDH) Fold as an Acceptor Scaffold. To test whether the
SDH fold can accommodate foreign peptide sequences, we
replaced loop 1 or 2 of rCon-Vc11−22[Z1Q] with the DINNN
motif of iNOS based on the structural similarity between this
epitope bound to its target SPSB proteins and the part of the
scaffold it was replacing (Figure 6A,B).19−21 1H NMR spectra
of both sCon-Vc11−22[Z1Q,DINNN4−8] and sCon-

Vc11−22[Z1Q,DINNN12−16] showed a significant decrease in
the level of peak dispersion compared to that of native rCon-
Vc11−22[Z1Q], indicating that these peptides did not adopt the
SDH fold (Figures S8 and S9). Somewhat surprisingly,
however, both peptides bound to human SPSB2 with KD
values of 25 ± 8 and 5.7 ± 3 nM, respectively, comparable
to the affinity of disulfide-cyclized CVDINNNC (Figure 6 and
Table 3).32 Because the majority of the direct interactions
between the DINNN motif and SPSB2 are with the three Asn
residues, we substituted loop 2 of sCon-Vc11−22 with just the
NNN sequence.21 , 33 1H NMR spectra of sCon-
Vc11−22[NNN12−14] showed good peak dispersion, and a
comparison of backbone chemical shifts with those of sCon-
Vc11−22 showed that the peptide maintained the native fold
(Figures S8 and S9). The sCon-Vc11−22[NNN12−14] peptide
bound to the human SPSB2 protein with an affinity of 1.3 μM,
which is almost 4-fold weaker than the affinity of the linear
DINNN motif for the human SPSB2 protein. However, the
binding affinity of sCon-Vc11−22[NNN12−14] is almost 50-fold
higher than that of the linear NNN epitope itself (Figure 6 and
Table 3).

■ DISCUSSION

In this study, we have further characterized the stability of the
SDH fold first described in contryphan-Vc119 and shown that it
can be truncated without loss of ordered structure. Because the
molecule is stabilized by just a single disulfide bridge, it was
possible to obtain good expression in E. coli. We further
established that the N-terminal pyroglutamate modification has

Figure 4. (A) Plot showing the percentage of oxidized species of sCon-Vc1 over the time course of 45 h in the presence of 10 mM TCEP at room
temperature. (B) LC−MS chromatogram of sCon-Vc1 at the 6 h time point after incubation with 10 mM TCEP at room temperature, with observed
mass differences for oxidized and reduced species of sCon-Vc1 marked. (C) Amide and aromatic regions of one-dimensional 1H NMR spectra of
sCon-Vc1 after incubation for 1 h, overnight, and for 24 h with 6 mM TCEP at pH 4.0 and 20 °C in water containing 7% 2H2O.
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a negligible effect on the core structure of the peptide, as
monitored by NMR chemical shifts. Backbone 15N relaxation
data showed that residues Trp2−Ile18 adopt a well-defined,
stable conformation. Residues beyond Thr19 showed either
negative or zero 1H−15N NOE values and relatively lower R1
and R2 values, indicating that the region from residue 19 to 31
is highly disordered, with the flexibility increasing toward the C-
terminus.
Contryphan-Vc1 exhibited remarkable thermal stability.19

The secondary structure monitored by circular dichroism
spectroscopy did not change even at 95 °C, and one-
dimensional NMR spectra showed no change in peak
dispersion up to 70 °C (the highest temperature examined).19

To further assess the conformational stability of contryphan-
Vc1, we investigated the effects of urea, pH, and reducing
agents on its structure, as monitored by NMR. The peptide
exhibited remarkable chemical stability in the presence of urea,
showing <30% unfolding even at 7 M urea (Figure S4).
Contryphan-Vc1 is also quite stable over a broad pH range,
with one-dimensional NMR spectra showing no significant
changes to the core structure between pH 2 and 8 (Figure S5).
One of the potential limitations of peptides having disulfide

bridges as therapeutic leads is their redox stability. Most cellular
compartments are reducing environments,34 and in the

circulation and extracellular space, thiol−disulfide exchange
reactions35 are performed by different members of the protein
disulfide isomerase family.36 Disulfide bridges are usually
unstable in reducing environments and are susceptible to
disulfide bond exchange reactions with biological thiols such as
glutathione.37,38 This can partially or completely inactivate
peptides that have disulfide bridges,39,40 rendering them more
susceptible to proteolytic cleavage.37 With less stable disulfide-
cyclized peptides such as Ac-c[CVDINNNC]-NH2,

41 which
was shown to be reduced within 0.5 h,41 and contryphan-Vc218

[used in this study (Figure S6)], 5 mM TCEP at pH 4 was
sufficient to reduce these peptides within 1 h at room
temperature. In contrast, to completely reduce a highly stable
peptide such as sCon-Vc1, incubation with 10 mM TCEP (pH
4) for more than 2 days at room temperature was required,
emphasizing the remarkable redox stability of contryphan-Vc1.
Both the calculated structures and the backbone relaxation

parameters concur in showing that the N-terminal region of
contryphan-Vc1 up to Thr19 adopts an ordered structure while
the C-terminal region from residues Thr19−Tyr31 is flexible.
To identify the minimal region sufficient to maintain the
structure and to analyze the influence of the highly flexible C-
terminus, a truncated variant of the peptide encompassing
residues 1−22 was generated. Even though residues Thr19−

Figure 5. Reversed-phase HPLC analysis after treatment of sCon-Vc1, rCon-Vc1[Z1Q], and rCon-Vc11−22[Z1Q] with trypsin, α-chymotrypsin,
and pepsin for 2 h. (A) Sequences of peptides sCon-Vc1, rCon-Vc1[Z1Q], and rCon-Vc11−22[Z1Q] used in the study with expected trypsin and α-
chymotrypsin cleavage sites colored red and green, respectively, and the observed trypsin and α-chymotrypsin cleavage sites underlined with red and
green lines, respectively. (B) Observed trypsin cleavage site Arg22 and α-chymotrypsin cleavage site Leu20 are mapped on the structure of full-length
contryphan-Vc1. (C) Reversed-phase HPLC chromatogram for trypsin digestion of peptides sCon-Vc1, rCon-Vc1[Z1Q], and rCon-Vc11−22[Z1Q].
(D) Reversed-phase HPLC chromatogram for α-chymotrypsin digestion of peptides sCon-Vc1, rCon-Vc1[Z1Q], and rCon-Vc11−22[Z1Q].
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Arg22 are flexible, with negative or zero 1H−15N NOE values,
truncation was performed at Arg22 with a view to retaining
polar residues Thr19 and Ser21 and the charged Arg22, to
maintain aqueous solubility. The structure of rCon-
Vc11−22[Z1Q] revealed that the peptide retained its structure
even after deletion of the C-terminal tail region (Figure 3).
A key attribute of a peptide scaffold is its resistance to

proteolytic degradation.42 Proteolysis of full-length contryphan-

Vc1 with trypsin yielded a major cleavage product, correspond-
ing to cleavage at Arg22. In contrast, the truncated peptide
rCon-Vc11−22[Z1Q], which lacks the tryptic cleavage site, is
highly resistant to trypsin cleavage. Both synthetic and
recombinant contryphan-Vc1 full-length peptides showed two
cleavage products upon digestion with chymotrypsin, indicating
that these peptides are cleaved at a major cleavage site,
identified as Leu20 (Figure 5). Cleavage of rCon-Vc11−22[Z1Q]
with chymotrypsin yielded a single major cleavage product
corresponding to fragment 1−20. Observation of a single
cleavage site for contryphan-Vc1, even though there are several
residues in the core β-sheet structure that can serve as cleavage
sites for chymotrypsin, indicates that this structure imparts
resistance to proteolysis. In contrast, both full-length and
truncated peptides were found to be susceptible to pepsin
cleavage, with both peptides being digested completely by this
protease.
Even some peptides with the highly stable ICK fold and

multiple disulfide bonds are susceptible to proteolytic
degradation. Derivatives of Agouti-related protein and two
squash protease inhibitors were stable to pepsin and elastase
but were extensively degraded by trypsin and chymotrypsin.43

Figure 6. (A) PyMOL representation of the alignment of the DINNN motif (cyan) bound to SPSB2 (3EMW)21 and loop 1 (QPGY) (green) of
rCon-Vc11−22[Z1Q]. (B) PyMOL representation of the alignment of the DINNN motif (cyan) bound to SPSB2 (3EMW)21 and loop 2 (PVLG)
(green) of rCon-Vc11−22[Z1Q]. SPR sensorgrams of the interactions between immobilized human SPSB2 and the Vc1-DINNN analogues: (C)
rCon-Vc11−22[Z1Q], (D) cystathionine-cyclized c[CVDINNNC], (E) linear DINNN, (F) sCon-Vc11−22[Z1Q,DINNN4−8], (G) sCon-
Vc11−22[Z1Q,DINNN12−16], and (H) sCon-Vc11−22[NNN12−14].

Table 3. Association Rates (ka), Dissociation Rates (kd), and
Binding affinities (KD) for the Vc1-DINNN Peptide
Analogues and Controls

peptide ka (M
−1 s−1) kd (s

−1) KD (nM)

rCon-Vc11−22[Z1Q] no binding no binding no binding
sCon-Vc11−22[NNN12−14] 5.1 × 10−3 0.007 1300
sCon-Vc11−22[Z1Q,DINNN4−8] 7.9 × 10−5 0.00064 25 ± 8
sCon-
Vc11−22[Z1Q,DINNN12−16]

5.7 × 10−5 0.002695 5.7 ± 3

DINNN 1.1 × 10−6 0.12 350
Ac-[CVDINNNC] 4.7 × 10−5 0.0074 10
NNN33 a a 74.6
aAssociation and dissociation rates were too rapid to be determined.
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Similarly constrained peptides, including ω-conotoxin MVIIA
and a hybrid of two squash trypsin inhibitors (EETI-II and
MCoTI-II), were degraded by trypsin and chymotrypsin.44,45

Multiple strategies for increasing the proteolytic stability of the
peptides are emerging, including backbone cyclization,46,47

where the N- and C-termini of the linear peptide are linked
using peptide coupling agents.48 Depending on the target of an
engineered analogue of contryphan-Vc1, individual residues
that are sites of proteolysis, for example, Leu20 in the case of
chymotrypsin, could be replaced to enhance resistance.
To assess the capacity of the SDH fold to incorporate foreign

peptide sequences and present them in a functional manner,
the loops in the core structure of contryphan-Vc1 were replaced
with a five-residue DINNN epitope from iNOS that interacts
with SPSB proteins and mediates its proteolytic degrada-
tion.21,49 In the sCon-Vc11−22[Z1Q,DINNN4−8] analogue, the
four residues comprising loop 1 of rCon-Vc11−22[Z1Q]
(QPGY) were replaced by the DINNN motif, while the three
residues in loop 2 (VLG) were substituted with the DINNN
motif in the sCon-Vc11−22[Z1Q,DINNN12−16] analogue. Pro-
line is preferred at some positions of β-turns and has been
shown to increase their stability;50,51 hence, Pro11 was retained
in sCon-Vc11−22[Z1Q,DINNN12−16]. Even though both Vc1-
DINNN analogues bound to SPSB2 with affinities of 25 ± 8
and 5.7 ± 3 nM, respectively (Figure 6), 1H NMR spectra of
both peptides showed poor peak dispersion, indicating that
substituting loop 1 and loop 2 residues with the entire DINNN
motif disrupted the native fold (Figures S8 and S9). While this
indicates that there are limitations on the sequence variation
that can be accommodated in either of these loops, the
retention of the high binding affinity for SPSB2 implies that the
incorporated DINNN sequences can adopt a conformation that
is recognized by SPSB2 even as part of this larger, partially
constrained peptide.21

In an effort to maintain the structure of the turn in the β-
hairpin, we replaced the VLG residues of loop 2 with a shorter
three-residue NNN epitope, noting that the majority of the
direct contacts with SPSB2 are mediated by the three Asn
residues.33 The sCon-Vc11−22[NNN12−14] analogue bound to
human SPSB2 with an affinity of 1.3 μM, which is almost 50-
fold stronger than that of the linear NNN epitope itself (Figure
6 and Table 3).33 Moreover, 1H NMR spectra of this analogue
showed good peak dispersion and native-like chemical shifts,
indicating that the native fold was maintained. The binding
affinity for SPSB2 implies that the NNN motif is constrained
appropriately for binding to SPSB2, but the absence of the Asp
residue of the original DINNN motif precludes tighter binding.
In the study presented here, important structural, dynamic,

and stability properties of the recently discovered contryphan-
Vc1 have been evaluated. Contryphan-Vc1 offers a significant
advantage in that it contains just a single disulfide bond, while
exhibiting remarkable thermal, redox, and chemical stability and
reasonable proteolytic stability. Contryphan-Vc1 can accept the
NNN sequence without compromising the core structure of the
peptide, although more substantial insertions did affect the
structure. Further exploration of the capacity of rCon-
Vc11−22[Z1Q] to accommodate other functional epitopes is
clearly warranted.
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■ ABBREVIATIONS

HSQC, heteronuclear single-quantum coherence; ICK, inhib-
itor cystine knot; NMR, nuclear magnetic resonance; NOE,
nuclear Overhauser effect; RMSD, root-mean-square deviation;
rCon-Vc1[Z1Q], recombinant contryphan-Vc1; rCon-
Vc11−22[Z1Q], recombinant truncated contryphan-Vc1; RP-
HPLC, reversed-phase high-performance liquid chromatogra-
phy; RMSD, root-mean-square deviation; sCon-Vc1, synthetic
contryphan-Vc1; TCEP, tris(2-carboxyethyl)phosphine.
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Table S1. Chemical shifts for truncated contryphan-Vc1 (rCon-Vc11-22[Z1Q]) at pH 3.9, 

293K 

Residue H
N
 H

α
 H

β
 N C

α
 C

β
 other 

  

Gln1 

          

NA 3.8 

   

1.53,1.65 

          

NA 52.6 27.1 Hγ 2.07, Hε 6.91 

 

Trp2 8.75 4.5 3.17 125.9 58.4 30.0 

H
δ
1 7.23; H

ε
1 10.01;  

Hε3 7.43; Hζ2 7.43; 

Hζ3 7.04,7.45; Hη2 7.20 

 

Cys3 7.8 4.69 

   

2.92,2.39 121.3 51.8 42.1 

 

Gln4 8.65 4.04 

   

1.96,1.77 121.4 54.5 27.2 Hγ 2.17,2.05  Hε 6.72,7.12 

 

Pro5 

              

- 4.37 

   

2.37,1.91 

            

- 64.6 31.7 Hγ 2.08, 2.20; Hδ 3.69, 3.83 

 

Gly6 8.9 

   

4.35,3.62 - 112.3 45.1 

 

 

Tyr7 8.31 5.05 

  

3.35,2.39 120.1 56.4 41.6 Hδ 6.70; Hε 6.69 

 

 

Ala8 9.25 4.65 1.35 121.3 51.1 22.3 

 

 

Tyr9 9.08 4.31 

   

2.80,3.02 124.6 59.7 39.1 Hδ 6.85; Hε 6.57 

 

 

Asn10 8.17 5.08 

  

3.00,2.80 128.5 49.3 39.5 Hδ2 7.36, 7.76 

 

 

Pro11 

              

 

- 

 

 

4.03 

 

 

2.41 

            

 

- 

 

 

64.1 

 

 

32.3 

 

 

Hγ 2.05, 2.11; Hδ 3.90 

 

 

Val12 7.57 3.75 2.11 119.5 65.4 32.1 Hγa 0.90; Hγb 1.00 

 

 

Leu13 

 

 

6.95 

 

 

4.28 

 

 

1.29 

 

 

116.7 

 

 

54.8 

 

 

44.2 

 

 

Hγ 1.52 Hδa 0.82; Hδb 0.86 

        

 

Gly14 8.4 

  

3.96,3.73 - 108.5 46.3 
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Ile15 6.77 4.85 1.91 109.8 57.5 42.2 Hγ1  1.172; Hγ2 0.89; 

H
δ
1 0.82 

 

 

 

Cys16 8.86 5.15 

   

3.10,2.77 120.8 56.2 42.9 

 

 

Thr17 9.35 4.85 4.28 116.6 71.6 Hγ2 1.20 

 

 

Ile18 8.42 3.43 1.3 124.5 62.2 38.9 

H
γ
1  0.79, 1.06; H

γ
2 0.69;  

H
δ
1 0.67 

 

 

Thr19 8.19 4.29 3.96 121.3 61.7 69.6 Hγ2 1.07 

 

 

Leu20 8.31 4.38 

              

- 126.2 54.9 42.6 H
γ
 1.59; H

δ
a 0.83; H

δ
b 0.90 

 

 

Ser21 8.33 4.42 3.83 117.8 58.3 63.8 

 

 

Arg22 8.06 4.21 

 

1.72,1.86 127.6 57.4 31.5 H
γ
 1.58; H

δ
 3.18; H

ε
 7.18 

 

30124 - BMRB accession number for the chemical shifts of rCon-Vc11-22[Z1Q] 
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Table S2. Fragments and their masses observed after proteolytic digestion of sCon-Vc1, 

rCon-Vc1[Z1Q] and rCon-Vc11-22[Z1Q] with the enzymes trypsin and α-chymotrypsin. 

 

Peptide Fragment sequence 

1
MH+1 

(calculated) 

 
1
MH+1 

(observed) 

sCon-Vc1 1-31 
 

ZWCQPGYAYNPVLGICTITLSRIEHPGNYDY 

   

   3554.7 

 

3554.6 

sCon-Vc1 1-22 ZWCQPGYAYNPVLGICTITLSR    2466.2 2464.8 

sCon-Vc1 23-31                                                          IEHPGNYDY    1107.5 1107.1 

sCon-Vc1 1-20 ZWCQPGYAYNPVLGICTITL    2221.1 2224 

sCon-Vc1  21-31                                                     SRIEHPGNYDY    1350.4 1350.4 

rCon-Vc1[Z1Q]1-31 QWCQPGYAYNPVLGICTITLSRIEHPGNYDY    3573 3573 

rCon-Vc1[Z1Q]1-22 QWCQPGYAYNPVLGICTITLSR     2481.9 2482.2 

rCon-Vc1[Z1Q] 23-31                                                         IEHPGNYDY    1107.1 1107.1 

rCon-Vc1[Z1Q]1-20 QWCQPGYAYNPVLGICTITL    2238.6 2240 

rCon-Vc1[Z1Q] 21-31                                                     SRIEHPGNYDY    1350.4 1350.4 

rCon-Vc11-22[Z1Q] QWCQPGYAYNPVLGICTITLSR    2481.9 2482.2 

rCon-Vc11-22[Z1Q] QWCQPGYAYNPVLGICTITL    2238.6 2240 

 

1
 Mono Isotopic mass 
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Figure S1. A. RP-HPLC chromatogram of sCon-Vc1 using an ODS-silica column gradient 

from 10-70% B in 30 min at 1 mL/min. Absorbance at 220 nm. B. ESI-MS results for 

purified sCon-Vc1 peptide. Molecular ion peaks of MH
+2

, MH
+3

 and MH
+4

, indicating a 

molecular mass of 3554.01. 
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Figure S2. A. LC-MS profile of recombinant full-length contryphan-Vc1. B. LC-MS profile 

of recombinant rCon-Vc11-22[Z1Q]. 
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Figure S3. A. LC-MS profile of sCon-Vc11-22[Z1Q,DINNN4-8]. B. LC-MS profile of sCon-

Vc11-22[Z1Q,DINNN12-16] and C. sCon-Vc11-22[NNN12-14]. 
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Figure S4. A. 1D 
1
H NMR spectra of synthetic full-length contryphan-Vc1 with increasing 

concentrations of urea to 7 M at pH 4.0 and 20°C in water containing 7% 
2
H2O. Broad signal 

at 5.5 ppm is due to urea. B. Amide and aromatic regions of spectra in A. C. Region of 1D 
1
H 

NMR spectra showing Trp2 indole peak of both folded and unfolded conformations of sCon-

Vc1. D. Urea unfolding curve for Trp2 indole proton peak of sCon-Vc1. Fraction of unfolded 

peptide was obtained from the relative intensities of the unfolded and folded resonances of 

Trp2 indole NH. 
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Figure S5. A. One-dimensional 
1
H NMR spectra of synthetic full-length contryphan-Vc1 

over the pH range 2-9 at 20°C in water containing 7% 
2
H2O. B. Amide and aromatic region 

of spectra in A. C. Aliphatic region of spectra in A. 
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Figure S6. A.  LC-MS chromatogram of contryphan-Vc2 before and after 1 h incubation 

with 10 mM TCEP at room temperature.  B.  LC-MS chromatogram of sCon-Vc1 at different 

time points after incubation with 10 mM TCEP at room temperature, with observed mass 

difference for oxidized and reduced species of sCon-Vc1marked. C. Overlay of 
13

C HSQC 

spectra of sCon-Vc1 in presence and absence of 6 mM TCEP. D. Region of 
13

C HSQC 

spectra of sCon-Vc1 showing 
β
H peaks for Cys 3 and Cys16. E. One-dimensional 

1
H NMR 

spectra of contryphan-Vc11-22[Z1Q] in the presence of 24 mM TCEP at  24 h , 6 days and 7 

days at 20°C, pH 4.0 in water containing 7% 
2
H2O.E. Amide and aromatic region of spectra 

in A. 
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Figure S7. Reversed-phase HPLC analysis of synthetic, recombinant full-length contryphan-

Vc1 and rCon-Vc11-22[Z1Q] treated with trypsin, α-chymotrypsin and pepsin. A. 

Chromatograms for synthetic full-length contryphan-Vc1 digested with trypsin, α-

chymotrypsin and pepsin. B. Chromatograms for recombinant full-length contryphan-Vc1 

digested with trypsin, α-chymotrypsin and pepsin. C. Chromatograms for rCon-Vc11-22 [Z1Q] 

digested with trypsin, α-chymotrypsin and pepsin. D. Chromatograms for bovine serum 

albumin control digested with trypsin, α-chymotrypsin and pepsin. 
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Figure S8. A. One-dimensional 
1
H NMR spectra of rCon-Vc11-22[Z1Q], sCon-Vc11-

22[NNN12-14], sCon-Vc11-22[Z1Q,DINNN4-8] and sCon-Vc11-22[Z1Q,DINNN12-16] at pH 4 at 

20°C in water containing 7% 
2
H2O. B. Amide and aromatic regions of spectra in A. 
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Figure S9.  Deviations from random coil chemical shifts for rCon-Vc11-22[Z1Q], sCon-Vc11-

22[NNN12-14] and sCon-Vc11-22[Z1Q,DINNN4-8] A. H
α
 chemical shift comparison between 

rCon-Vc11-22[Z1Q] and sCon-Vc11-22[Z1Q,DINNN4-8]  . B. H
N
 chemical shift comparison 

between rCon-Vc11-22[Z1Q] and sCon-Vc11-22[Z1Q,DINNN4-8].C. H
α
 chemical shift 

comparison between rCon-Vc11-22[Z1Q] and sCon-Vc11-22[NNN12-14]. D. H
N
 chemical shift 

comparison between rCon-Vc11-22[Z1Q] and sCon-Vc11-22[NNN12-14].
1
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