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Abstract 

Protein-protein interactions (PPIs) involving short α-helix fragments are of critical importance in cellular 

processes. Stapling of α-helical peptides improves their conformational stability, affinity, and resistance to 

proteases. ELMO proteins (ELMO1 and ELMO2) play a crucial role in cellular processes, and recent studies 

highlight ELMO1's distinct role in interacting with, and modulating, DOCK2 levels. To harness the full therapeutic 

potential of peptides mimicking the DOCK protein for interference with the ELMO/DOCK interaction, we 

propose employing deoxycholic acid and conventional small molecules for stapling, thus enhancing the 

therapeutic potential of these peptides. Our method employs solid-phase peptide synthesis, strategically 

incorporating two cysteine amino acids to create well-defined, constrained cyclic peptides upon stapling. In 

addition to their structural stabilisation, these stapled peptides exhibit remarkable proteolytic stability, defying 

enzymatic degradation, even in the presence of human serum. 
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Introduction 

 

Proteins play a pivotal role in many aspects of cellular systems. Their roles range from structural stabilization 

and the transport of nutrients, ions and small molecules over complex biological processes, to enzymatic 

reactions.1 Protein-protein interactions (PPIs) are defined as specific physical interactions between protein pairs 

that occur by selective molecular docking in a particular biological context.1 These associations originate from, 

and owe their specificity to, supramolecular forces such as electrostatic interactions, hydrogen bonding and 

hydrophobic effects.1,2 Simplifying interacting proteins into structural elements, and locking their functional 

conformation via synthetic manipulation, is a promising approach to bridge the targeting space gap between 

small molecules and biologics. 

It is well documented that over fifty percent of PPIs involve short α-helical fragments from the involved 

proteins.3,4 Short peptides are generally unstructured in aqueous solution as water molecules compete with the 

intramolecular hydrogen bonding of the peptide backbone. This denatured conformation in solution is also 

entropically favorable. As a result, short, isolated peptide fragments usually lose their affinity for the target as 

a consequence of this structural instability. Conformational rigidification of -helical peptides has been shown 

to reduce the entropic penalty for target binding, which potentially allows increasing target affinity.5 Indeed, 

short peptides can be induced to fold into protein-like bioactive conformations (strands, helices, turns) by 

proper cyclization through various so-called stapling methodologies.6 This can be achieved by using various non-

peptide molecular constraints (stapling molecules) that help to fine-tune three-dimensional (3D) structures.7 

Interestingly, by hiding the amide bonds inside the helix, this conformation is also more resistant to proteases, 
8 and has further been demonstrated to more easily permeate into the cellular membrane.9,10 These two 

characteristics are critical for an efficient therapeutic use of such peptides, especially for intracellular targets.  

The engulfment and cell motility protein 1 (ELMO1) is a scaffolding component of the Elmo-Dock complex. 

It interacts with DOCK (dedicator of cytokinesis)180, a large protein (~180 kD) involved in a variety of cellular 

functions, which is essential for activation of Rac GTPase-dependent biological processes. Its C-terminal 

pleckstrin homology (PH) domain mediates direct interaction with DOCK180, and is critical in Rac signaling, a 

process implicated in the control of cell-cell adhesions, cell-matrix adhesions, cell migration, cell-cycle 

progression and cellular transformation.11 ELMO1 also interacts with DOCK2 and plays a role in controlling 

DOCK2 levels and DOCK2-dependent T-cell migration in primary lymphocytes.12,13 ELMO1 has been linked to 

invasive phenotypes of cancer cells.14–16 

 

 
 

Scheme 1. ELMO1:DOCK2 complex from PDB code 3a9817 (left) with detail of DOCK2 amino acids (86–108 

region) in blue and ELMO1 target helix in red (right). The structure was visualized using ChimeraX-1.7 software. 
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More recently, the Ravichandran group identified multiple single-nucleotide polymorphisms (SNPs) in 

ELMO1 and DOCK2 genes, associated with the outcome of rheumatoid arthritis.18 The same group reported the 

involvement of ELMO1 signaling in osteoporosis, with a decrease in bone resorption in wild-type osteoclasts (in 

vitro) induced by treatment with an ELMO1 binding peptide. This peptide, designed from a DOCK2 -helix 

interacting with ELMO1 and associated with a Tat sequence, is suggested to impair the ELMO/DOCK interaction, 

inhibiting the ELMO1 signaling pathway. While promising, the use of such a peptide as a therapeutic agent is 

well known to face limited in-vivo stability, as well as a random conformational structure, that would hamper 

its binding to the specific target. To address these limitations, we propose to apply a versatile stapling 

methodology to the 23-mer ELMO1-interacting peptide, using an amphipathic molecule (deoxycholic acid) on 

the one hand, and conventional small molecules (e.g., 4,4′-Bis(bromomethyl)biphenyl for i,i+7 and 1,3-

Bis(bromomethyl)benzene for i,i+4) on the other hand. In this work, we used solid-phase peptide synthesis 

(SPPS) for preparing a diversity of linear peptides incorporating two cysteine amino acids (Cys) in different 

positions (i,i+7 and i,i+4). The thiol group (-SH) of the cysteines is prone to engage in SN2 nucleophilic 

substitution, and by reaction with bifunctional templates, constrained cyclic peptides can be generated. 

 

 

Results and Discussion 
 

Peptide synthesis and optimization 

In previous work, a DOCK (wt)-mimicking peptide consisting of 23 amino acids was designed based on critical 

ELMO1-interacting residues of DOCK2.19 As discussed above, stapled peptides are an emerging class of cyclic-

peptide molecules with enhanced biophysical properties such as conformational and proteolytic stability, 

improved cellular uptake,  elevated binding affinity, and specificity for their biological targets.20–24 Among the 

limited number of chemistries available for their synthesis, the cysteine-based stapling strategy25–27  has 

received considerable attention in the last few years, driven by facile access to cysteine-functionalized peptide 

precursors. To accomplish this, the cysteine pair must be included at positions that facilitate the 

macrocyclization of the peptide and, ideally, do not compromise target binding. For instance, in an α-helical 

peptide, residues located at the (i,i+4) or (i,i+7) positions reside on the same face of the helix and are, therefore, 

strategic points to place two cysteines in the sequence.7 In this work, we aimed to synthesize DOCK peptide 

variants containing two cysteines; in one series, the cysteine (Cys, C) residues are located in positions i and i+4 

and, in a second series of analogues, they are located in positions i and i+7. Subsequently, both peptides will be 

stapled using three different crosslinkers (see scheme 2). Moreover, to allow and boost delivery of DOCK 

peptides across the plasma membrane or endosomal uptake28, we fused it to the TAT-sequence, to generate 

cell-penetrating peptides (TAT-DOCK), which can offer potential for therapeutic intervention.29,30  
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Scheme 2. General stapling methodology for TATDOCK (i,i+7 and i,i+4) peptides and scrambled versions thereof. 

 

Wild-type TAT-DOCK (TDWT), i,i+7-stapled TAT-DOCK (TD, i,i+7) and i,i+4-stapled TAT-DOCK (TD, i,i+4) 

peptides were synthesised along with their scrambled variants, wild-type TAT-DOCK scrambled (TSWT) and 

stapled TAT-DOCK scrambled versions, using various coupling procedures on PEG-based resins, introducing 

amide functions at both the N- and C-termini (Table 1). It is well known that coupling reagents play crucial roles 

in the iterative construction of amide bonds for the synthesis of peptides and peptide-based derivatives. First, 

the classical HBTU/DIPEA combination was used on two different resins, including Fmoc-Rink Amide AM resin 

(0.69 mmol/g) and ChemMatrix® Resin (0.5 mmol/g) for TATDOCK (i,i+7), in order to compare the yield and 

purity of the syntheses of these rather long peptides (see supporting information in Supplementary Material). 

In the first case, the target peptide was obtained with quite low yields, however, ChemMatrix® resin gave slightly 

better yields (Table 1). Therefore, further optimization of coupling cocktails was performed on the low-loading 

PEG-resins ChemMatrix® and NovaPEG® Rink amide LL resin. It has been reported that the coupling reagent 

Oxyma displays a remarkable capacity to inhibit racemization. It features impressive coupling efficiency in both 

automated and manual syntheses, superior to that of HOBt and at least comparable to that of HOAt,  surpassing 

the latter coupling agent in the more demanding peptide models.31 Therefore, Oxyma/DIC has gained a lot of 

attention for peptide synthesis due to its rapid, robust, and safe properties as a coupling mixture.31,32 When 

comparing final isolated yields, ChemMatrix® resin allowed us to obtain more target peptide when compared 

to NovaPEG® Rink amide resin. However, since the isolated yield remained low, we continued trying to maximize 

the yield and purity of these long TATDOCK peptides. 

Several studies have shown that the addition of bases to coupling reagents can improve the yield during the 

assembly of such complex or long peptides.33 We, therefore, also investigated the effect of an Oxyma/DIC: DIPEA 

(1:0.05M ratio) coupling combination.34,35 N,N-Diisopropylethylamine (DIPEA) (also known as Hünig's base) is an 

aliphatic amine with a pKaH of 10, and provides  good activation for the class of phosphonium- or uronium-

based coupling reagents.34 This approach was applied to the difficult TATDOCK peptide synthesis and resulted 

in a considerable improvement in isolated yield when compared to Oxyma/DIC without a base. Moreover, 

Albericio’s research group observed that EDC·HCl/K-Oxyma gave short peptides (5 mers) with double the purity 

obtained with Oxyma/DIC.36 Therefore, in a final attempt for optimisation, we decided to replace DIC with EDC, 
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but still have a base, DIPEA, as an additive agent.  Carbodiimides such as DIC and EDC have been demonstrated 

to reduce the level of racemization, and enhance the coupling yields as they reduce the reactivity of the active 

species formed in the reaction, thus, inhibiting side-reactions such as the formation of N-acylureas and 

oxazolones.37 Under these final optimized conditions, the isolated peptide was obtained in good purity with an 

isolated yield of 32%, which represents a five-fold improvement in comparison with the first conditions tried 

(Table 1). Afterwards, the optimized methodology was applied to the synthesis of TATDOCK (i,i+4) and the 

outcome was in line with that for TATDOCK (i,i+7). 

Notably, the final deprotection also influenced the isolated yield of TATDOCK peptides due to the cation-

alkylation of an amino-acid side chain (e.g., Trp, W). We obtained a +56 mass of the crude peptide, which could 

relate to t-Bu cation attack on the peptide backbone. To minimise formation of side products, the deprotection 

was necessarily conducted in a very diluted environment (ca. 1-2 mg resin per 1 mL cocktail solution), and in an 

optimised cocktail solution recipe (see experimental section).     

 

Table 1. Yield improvement of TATDOCK(s) peptides via various coupling procedures on different PEG-based 

resins 

Peptide Sequences 

TD (i,i+7) GRKKRRQRRRPQPLAQEVTTTLWECGSIWKQCYVA-NH2 

TS (i,i+7) GRKKRRQRRRPQEGWASYWLKLAQCPTTQIVCVET-NH2 

TDWT GRKKRRQRRRPQPLAQEVTTTLWEWGSIWKQLYVA-NH2 

TSWT GRKKRRQRRRPQEGWASYWLKLAQWPTTQIVLVET-NH2 

TD (i,i+4) GRKKRRQRRRPQPLAQEVTTTLWCWGSCWKQLYVA-NH2 

Peptide 

% Isolated Yield 

HBTU/DIPEA Oxyma/DIC 
Oxyma/DIC: 

DIPEA 

Oxyma/EDC: 

DIPEA 

TD (i,i+7) 4.8Rink, 6.0chem 5.1Nova, 10.1chem 16.2 32 

TS (i,i+7) ND ND 7.0* ND 

TDWT ND 4.2 10.0 ND 

TSWT ND ND 12.0 ND 

TD (i,i+4) ND 9.8 14.0 33 

Synthesis scale (25-50 mol), Rink: Fmoc-Rink Amide AM resin (0.69 mmol/g), Chem: 

ChemMatrix® Resin (0.5 mmol/g), Nova: NovaPEG® Rink amide LL resin (0.17 mmol/g), 

DIC:DIPEA or EDC:DIPEA (1:0.01, ratio), * indicates considerable amounts of a side-product with 

+56 mass (t-bu cation). ND = not determined. 

 

Peptide stapling methodology 

The synthesized i,i+4 and i,i+7 peptides were stapled using the commercially available crosslinkers α,α’-

dibromo-m-xylene38,39 and 4,4’-bis(bromomethyl)biphenyl20,21,24 as well as a specifically generated deoxycholic 

acid (DCA) derivative. DCA is a bile acid, which are steroid derivatives from cholesterol found in the bile fluid. 

These steroid molecules consist of a rigid scaffold and can be used to provide conformational restriction to the 

attached peptide. We have earlier been able to demonstrate that peptides stapled with such a deoxycholic acid 

moiety show increased uptake in RAW264.7 mouse macrophages.40 A suitable DCA derivative for stapling can 

be obtained (Scheme 3) from the reaction of the parent bile acid with  -chloroacetylchloride.   
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Scheme 3. Deoxycholic acid derivative synthesis. 

 

After completion of the peptide synthesis and cleavage from the solid support, the stapling reaction was 

carried out under in-house optimized conditions (Scheme 2), involving a mixture of water and acetonitrile 

(MeCN) at pH 8-9, and carried out at a concentration of around 0.5-1.0 mg/mL. The desired stapled peptides 

were obtained in a range of moderate-to-excellent yields (38-97%, Table S2 Supplementary Material). For the 

DCA-stapled peptides, the two regioisomeric stapled products were not separated; the mixture was used as 

such for further analysis and testing. 

 

Circular Dichroism (CD) Spectroscopy 

In order to verify whether the synthesized stapled peptides were able to adopt a helical conformation, CD 

spectroscopy was carried out. CD experiments were supportive of the helical character of TATDOCK peptides, 

but only for the stapled peptides, and only in the presence of 10% and 50% trifluoroethanol. Trifluoroethanol 

(TFE) has been used for many decades to denature proteins and  stabilize structures in peptides.41,42 The linear 

peptides and the stapled peptides showed either random coil conformations or minimal helix tendencies in the 

miliQ water used. The effect of TFE on peptide folding and unfolding was also studied (see Supplementary 

Material, CD section). In fact, in dilute aqueous solution, TFE increases helicity (see supporting data in 

Supplementary Material) by selectively destabilizing amide functions that are solvent exposed, with the 

consequence that compact conformations are monitored.41 Moreover, the ratios of ellipticities at 222 and 208 

were calculated (see supporting data). The θ222/θ208 ratios provide information on the likelihood of the α-helix 

being in isolation or found within a coiled-coil structure.43–46 A ratio of approximately 0.9 or less indicates the 

former, whereas a ratio above 1.0 typically indicates the latter. 

The effect of adding 50% trifluoroethanol, a strong helix-promoting solvent additive,41 to a solution of the 

TATDOCK peptides is shown in Figure 1. As expected, spectra typical of α-helical peptides can be observed. 

Comparing the original TATDOCK (i,i+4) and TATDOCK (i,i+7) series with the scrambled TATDOCK series revealed 

significant differences in terms of helicity and 222 (see Supplementary Material supporting information in Table 

S4). It is clear that the scrambled sequences do not display α-helical character even when fused with the stapling 

agents (DCA, BP and X, Figure S16). The CD spectra of the i,i+7 sequences are shown in Figure 1A, indicating the 

potential of the stapled sequences to adopt helical conformations with slight differences depending on the 

specific staple. The CD spectra of the i,i+4 sequences are shown in Figure 1B. TATDOCK (i,i+4) peptides showed 

comparable % helicity and 222 for DCA and X staple analogues, but the BP-stapled analogue seems to have lost 

the capacity to adopt a helical conformation. The BP-stapling agent is commonly used in i,i+7 stapling for 

retaining the helical structure.20,21,24 This could mainly explain why TATDOCK (i,i+4) BP showed less helix 

conformation based on CD results. Remarkably, the DCA moiety offered more flexibility when combined with 

i,i+4 sequence, which shows the advantage of utilizing this stapling methodology. 
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Figure 1. CD spectra of A: the stapled TATDOCK (i,i+7) and linear TATDOCK peptides (i,i+7), left; B: the stapled 

TATDOCK (i,i+4) and linear TATDOCK peptides (i,i+4), right. The peptides were dissolved in 1:1 TFE/H2O at a final 

concentration of 20 μM.  

 

Peptide stability 

Proteolytic stability against -Chymotrypsin 

For the obtained stapled peptides, stability against proteolytic degradation was assessed. Indeed, protease 

stability is a key consideration in the development of peptide-based drugs. All organisms contain proteases, 

which have an important influence on: (1) physiological processes, such as digestion, hemostasis, cell death 

programming/apoptosis , signal transduction, reproduction and the immune response, and (2) disease states 

such as cancer, viral infection, Alzheimer’s disease, inflammatory and cardiovascular disorders.47 α-

Chymotrypsin (a serine endopeptidase) preferably cleaves peptide bonds at the C-terminal side of large 

hydrophobic residues, such as phenylalanine (Phe, P), tyrosine (Tyr, Y), tryptophan (Trp, W) and leucine (Leu, 

L).48–50 It was used here to obtain an idea about the potential of the different staples to protect the parent 

peptides from proteolytic degradation.  
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Figure 2. Digestion stability of the TATDOCK i,i+7 and i,i+4 series of peptides against 0.25 g/mL of -

chymotrypsin. TD-i7 and TD-i4 refer to TATDOCK TD (i,i+7) and TD (i,i+4) sequences containing cysteine 

substitutions. The suffix DCA refers to peptides stapled with deoxycholic acid, BP to stapling with a bis-

bromomethyl-biphenyl derivative and X to stapling with bis-bromomethylbenzene (cfr scheme 2), respectively. 

See experimental section for further details. 
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Unstapled TATDOCK substrates (TDWT, TSWT, TD-i7, TD-i4 in Figure 2) were used as controls to allow the 

comparison of  the degradation profiles of unstapled versus stapled peptides. The stability of the peptides 

towards proteolysis by -chymotrypsin was determined using analytical RP-HPLC. Each peptide was incubated 

with -chymotrypsin; the starting peptides were quantified and characterized by means of integration of the 

area under the curve (AUC) at 214 nm over time. The results showed that all stapled peptides had gained 

significantly enhanced proteolytic stability towards -chymotrypsin and that the DCA staple seems to confer 

the best protection from proteolytic degradation (Figure 2). 

 

Human serum stability  

The short half-life of peptides in human serum has been one of the major concerns of peptide drugs. Peptides 

are typically eliminated from the bloodstream within minutes to hours after IV administration. Consequently, 

the exposure to the target tissue may not be sufficient in order to have an in vivo effect. The determination of 

peptide stability in human serum constitutes a powerful screening assay for clearing unstable (i.e., fast-

degradation) peptides from further peptide therapeutic development. Peptide stability in serum can be 

determined by RP-HPLC. Given the more labor-intensive nature of the serum stability test, and the enhanced 

performance of the i,i+7 peptides in terms of helicity, we decided to focus on determining the serum stabilities 

of TATDOCK (wt), linear TATDOCK (i,i+7) and stapled TATDOCK (i,i+7). Three different serum concentrations 

(25%, 12.5%, and 6.25%, respectively) were explored in an effort to define conditions that allow clearly assessing 

the stability differences among the various sequences. To investigate the effects of the modifications on 

proteolytic susceptibility, the disappearance of the intact peptides incubated in diluted human serum (1X PBS 

buffer, pH 7.4) at 37°C was followed by RP-HPLC for up to 24 hours. Unstapled TATDOCK peptides showed fast 

degradation, and the combined effect of precipitation and aggregation could also be observed. Interestingly, 

the three stapled i,i+7 peptides equipped with deoxycholic acid scaffold (DCA), biphenyl (BP) and phenyl (X) 

staples showed considerably increased stability in three different serum concentrations, which would be 

sufficient for further in vivo experiments. It could be noted that, at T0, the unstapled peptides had been 

consumed by at least 50%. These experiments were conducted in the same way as the previous ones for both 

unstapled and stapled i,i+7 series, however, extra methanol was added to prevent the precipitation of the 

peptides over time. 

 

 
 

Figure 3. Human serum-stability profiles of unstapled wild type (TDWT) and cysteine substituted (TD-i7) 

TATDOCK peptides, and the i,i+7 stapled TATDOCK series of peptides (with the suffix DCA referring to peptides 

stapled with deoxycholic acid, BP to stapling with a bis-bromomethyl-biphenyl derivative and X to stapling with 

bis-bromomethylbenzene respectively) in various concentrations of serum 25.0% (circle), 12.5% (rectangular) 

and 6.25% (triangle) in 1X PBS buffer, pH 7.4. 
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Conclusions 
 

TATDOCK-stapled peptides were prepared using i,i+4 and i,i+7 stapling for enhanced intracellular interaction 

between ELMO and DOCK proteins. Next to more classical staples such as those derived from bis-

bromomethylbenzene and a biphenyl analogue thereof, a deoxycholic acid analogue was developed to be 

compatible with a conventional cysteine-based stapling approach. Through systematic optimisation of various 

coupling protocols, we successfully established an optimal protocol for synthesizing the long TATDOCK peptides 

using either Oxyma/DIC:DIPEA or Oxyma/EDC:DIPEA. In terms of proteolytic stability, the stapled peptides (BP 

and DCA) in the i,i+4 and i,i+7 series showed more resistance towards -chymotrypsin, proving that the stapled 

peptides provided extra benefits for further application. For human serum experiments, i,i+7 series were 

selected to further examine their stability profile using various percentages of human serum. Whereas 

unstapled peptides showed fast degradation, stapled peptides showed more stable profiles. Interestingly, 

peptides conjugated using the DCA moiety exhibited the best drug-like property profile.  

As this field matures and stapling techniques become more well-documented, we expect to see more 

studies taking advantage of the combination of deoxycholic acid properties in the near future. The  stapling 

approach presented will contribute to maximizing the chances of establishing effective peptide-based 

therapeutics for a variety of PPI targets. In view of earlier reports on the increased cell penetration capacities of 

DCA-modified sequences, DCA-stapled helical peptides might offer promising properties for targeting 

intracellular PPIs, which we will report on in due course. 

 

 

Experimental Section 
 

General. All-natural Fmoc-L-amino acids, coupling reagents 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU), OxymaPure, N,N'-diisopropylcarbodiimide (DIC) and 

trifluoroacetic acid (TFA) were purchased from Iris Biotech GmbH. All peptides were synthesized using PEG-

based resins, either the ChemMatrix Rink Amide resin with a loading of ca. 0.5 mmol/g (0.4-0.6 mmol/g, Sigma 

Aldrich), Fmoc-Rink-amide AM resin (0.69 mmol/g, Iris Biotech) or NovaPEG Rink amide resin LL (0.17 mmol/g, 

Sigma Aldrich). Peptide synthesis grade dimethylformamide (DMF) was purchased from Biosolve. 

Dichloromethane (DCM, HPLC grade), diethyl ether (Et2O, HPLC grade), methanol (MeOH, HPLC grade), N,N-

diisopropylethylamine (DIPEA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-methylmorpholine 

(NMM), tri-isopropylsilane (TIS), phenol, and acetic anhydride (Ac₂O) were obtained from Sigma Aldrich. 1,2-

Ethanedithiol (EDT) was purchased from Janssen Chemica. -Chymotrypsin type II and human serum AB plasma 

were acquired from Sigma Aldrich.  

 

Deoxycholic acid derivative synthesis. An amount of 1000 mg of deoxycholic acid was dissolved in CH2Cl2 (15 

mL) followed by addition of 10 eq. of pyridine (1.3 mL) into the solution and cooled in an ice bath at 0°C. Then, 

chloroacetyl choride (1.5 eq.) was added dropwise while stirring the solution. After 60 min, the reaction was 

stirred and gradually allowed to warm to room temperature and, subsequently, 0.5 eq of chloroacetyl chloride 

was added into the solution. Additionally, 0.5 eq and 0.25 eq. of chloroacetyl chloride were added into the 

solution after 120 and 180 min, respectively. After 260 min, the reaction was confirmed as showing no more C3 

product. Finally, 10% HCl (1 volume) solution was then added to quench the reaction followed by extraction 

with dichloromethane (CH2Cl2, 3 X 20 mL). Combined organic layers were subsequently washed with water (2 X 

20 mL) and brine (sat. NaCl, 2 X 20 mL) followed by drying over magnesium sulfate. The next step involved 
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evaporation of the organic solution and purification by means of column chromatography either using normal 

silica (using CHCl3/EtOAc/TFA (89.9:10:0.1)) or preparative HPLC C18 silica (see supporting information in 

Supplementary Material), obtaining a white solid 48% (667 mg).  1H-NMR (300 MHz, CDCl3): δ 5.18-5.11 (m, 1H), 

4.80-4.66 (m, 1H), 4.04 (s, 2H), 4.00 (s, 2H), 2.42-2.11 (m, 2H), 1.93-0.94 (m, 24H), 0.88 (s, 3H), 0.79 (d, 3H, J= 

4.8) , 0.71 (s, 3H).  LCMS (ESI-MS, negative mode): found [M + 35Cl]-, m/z 580.10 and [M + 37Cl]-, m/z 582.09. 

Peptide synthesis and optimization. All linear peptides were synthesized on a MultiPep RSi (Intavis) automated 

peptide synthesiser using the Fmoc-based strategy. In general, the synthesis of TATDOCK peptides was 

performed using 25-50  mol scale resin of the PEGs based resins (Fmoc-Rink Amide AM resin (0.69 mmol/g), 

ChemMatrix® Resin (0.5 mmol/g), or NovaPEG® Rink amide resin LL (0.17 mmol/g)). For HBTU/DIPEA approach, 

synthesis with double coupling steps was performed as following: the resin was swollen in DMF for 30-60 

minutes. A mixture of 5 equiv. amino acid in DMF (0.5 M), 5 equiv. HBTU in DMF (0.5 M) and 5 equiv. DIPEA in 

NMP (2 M) were added to the resin, with subsequent carried out for 40 minutes at room temperature per cycle. 

Afterwards, the reaction mixture was removed, and the resin was vigorously washed with DMF (6 x 60 sec). 

Every coupling was repeated for a second time. Fmoc group was usually removed using 40% piperidine in DMF 

(2 cycles for 4 min and 12 min, respectively) before adding a new solution of activated amino acid in order to 

connect a new monomer on the resin (elongation step) at the N-terminus. After each double coupling reaction 

was done, the capping step was then taken place (5 min) to cap all unreacted residues (free-NH) in order to 

prevent the deletion product formation followed the Fmoc-deprotection. The capping solution was prepared by 

mixing 5% of acetic anhydride and 5% of 4-methylmorpholine (NMM) in DMF. Before adding a new coupling 

reagent mixture (pre-activation for 5 min), the resin was washed with DMF (4 x 60 sec).  

For the Oxyma/DIC approach, 1-10 mer peptides were produced with a single coupling for each residue. 

Afterwards, starting from 11-to-end mers, synthesis with double coupling steps was performed similar to 

HBTU/DIPEA. The resin was swollen in DMF for 30-60 minutes. A mixture of 5 equiv. amino acid in DMF (0.5 M), 

5 equiv. Oxyma in DMF (0.5 M) and 5 equiv. DIC in NMP (1 M), 1:1:1 ratio, was poured into the resin to proceed 

the coupling reaction (30 min per cycle) at room temperature. The Fmoc moiety was usually removed using 20% 

piperidine in DMF (2 cycles for 7 min) before adding a new solution of activated amino acid in order to connect 

a new monomer on the resin (elongation step) at the N-terminus. The capping step for this procedure was not 

necessary in the peptide sequence protocol, but it is optional. The rest of the procedure was similar to the 

classical HBTU/DIPEA coupling approach. 

For Oxyma/DIC:DIPEA and Oxyma/EDC:DIPEA, the synthesis was adopted from an optimised Oxyma/DIC 

methodology except for the addition of an extra 0.01 equiv. DIPEA into 1 M DIC solution as an accelerator in 

peptide coupling.  

The coupling procedure (HBTU/DIPEA, Oxyma/DIC, Oxyma/DIC:DIPEA or Oxyma/EDC:DIPEA) was repeatably 

performed until the last monomer was included. Finally, Fmoc-deprotection was performed followed by a 

manual washing step of the resin with DMF (3X), MeOH (3X), DCM (3X) and Et2O (3X). The completion of the 

deprotection reaction was analysed by the trinitrobenzenesulfonic acid (TNBS) test. A few beads were taken 

into a small Eppendorf tube, followed by treatment with 10 µL of 10% DIPEA/DMF and 10 µL of TNBS (1:1 ratio) 

at room temperature. Free amines were physically detected by a red colour change on the resins; otherwise, 

Fmoc-deprotection should be performed as an extra step before proceeding with the next step. 

Small test cleavages of the TATDOCK peptides were performed during 60 min at room temperature using the 

following standard cleavage cocktail: 95% TFA, 2.5% TIS, and 2.5% H2O. Afterwards, the resin was removed by 

filtration, and the majority of the cleavage cocktail was removed by nitrogen evaporation, followed by peptide 

precipitation using excess cold methyl tert-butyl ether (MTBE) and centrifugation at 10,000 rpm for 5 min. The 

precipitated peptide was then re-dissolved in MQ:MeCN (1:1) and analysed by MALDI-TOF-MS. Once the results 
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were satisfactory, we proceeded with the large scale deprotection with an optimised cocktail solution 

(TFA:EDT:TIS:H2O:Phenol:1mg/mL Trp -> 91.5:2.5:2.5:2:1:0.5) in order to minimise the cation conjugation on the 

final product. The reaction was conducted for 2 hours in diluted conditions (1-2 mg resin/ mL of cocktail 

solution), followed by an evaporation step and peptide precipitation. For the large-scale cleavage, centrifugation 

(8 min, 8000 rpm at 4°C) was carried out. The supernatant was discarded and a fresh volume of cold MTBE was 

added to repeat the sonication and centrifugation in order to get rid of all scavengers. The crude peptide was 

subjected to purification by reverse phase HPLC depending on the scale of product (vide infra peptide 

purification section). All obtained peptides appeared as amorphous white solids. 

Peptide stapling. Linear peptides (containing 2 cysteines) were dissolved in a mixture of MeCN and milliQ water 

(1:1 ratio) in order to obtain a 1.0 mg/mL concentration at room temperature. The reducing agent (tris(2-

carboxyethyl)phosphine, TCEP) was then prepared at 10 mg/mL stock in milliQ water, and also the stapling 

reagent (deoxycholic acid derivative, m-xylene or 4,4′-Bis(bromomethyl)biphenyl) in MeCN at 2-5 mg/mL, 

depending on the maximum solubility of each stapling molecule. Afterwards, 1.0 eq. of TCEP was added to the 

peptide solution and allowed to vigorously stir for at least 20 min at room temperature. Then, the pH of the 

peptide solution was slowly adjusted to pH 8-9 using 2% DIPEA in MeCN (ca. 100-200 L) followed by slightly 

increasing the temperature to 55 °C. At pH 8-9, the stapling reagent (1.25 eq.) was added to the mixture and 

homogeneously stirred for up to 1-2 hours. After a while, the reaction turned turbid. The conversion of starting 

peptide was analysed through analytical HPLC (Agilent 1260 infinity II, equipped with Chromolith High 

resolution, RP-18e, 50-4.6 mm, 0-100% for 7 min at 35°C) by monitoring the appearance of the expected product 

peak, and also the shift in tR. When sampling the solution from the reaction, small-scale acidification was 

required in order to have a clear solution before injection into the HPLC column. After maximum conversion 

was reached, the reaction solution was finally acidified by 1% TFA in MeCN, pH 2-3. The crude reaction was also 

investigated via MALDI-TOF-MS (Sciex/Applied Biosystems 4800plus MaldiTOF/TOF analyser equipped with a 

Nd-YAG solid-state laser (355 nm, and a pulse frequency of 200 Hz) in order to confirm the product formation. 

The crude solution was immediately purified by either preparative or semi-preparative HPLC (see in peptide 

purification section). The purified peptide was collected and combined followed by lyophilisation in order to dry 

the target peptides. 

MALDI-TOF-MS analysis. MALDI-TOF-MS evidence was acquired on a Sciex/Applied Biosystems 4800plus 

MaldiTOF/TOF analyser equipped with a Nd-YAG solid state laser (355 nm) and a pulse frequency of 200 Hz. For 

α-CHCA-matrix preparation (1 mL), 5 mg of α-cyano-4-hydroxycinnamic acid (α-CHCA) were dissolved in a 

solution containing acetonitrile (500 L), milliQ water (480 L), 1M ammonium citrate buffer (10 L) and 10% 

TFA in miliQ water (10 ). For the targeted peptides mass analysis, 0.5 μL of the α-CHCA matrix was first spotted 

on the MALDI plate with 0.5 µL of the sample spotted on top of it, and homogeneously mixed.  

Liquid Chromatography-Electrospray ionization-Mass Spectrometry (LC-ESI-MS). LC-MS analyses were 

conducted on an Agilent 1100 Series HPLC instrument with diode array detector (DAD), equipped with a 

Phenomenex Kinetex EVO/Phenomenex Kinetex C18 100 Å (150 x 4.6 mm, 5 µm, at 35°C), hyphenated to an 

Agilent ESI-single quadrupole MS detector type VL. Mass detection operated in either positive mode or negative 

mode. A two-solvent system was used: 0.1% formic acid in miliQ water (A) and acetonitrile (B), using a gradient 

from 0% to 100% B for 15 minutes at a flow rate of 1.5 mL/min at 35 °C. 

Peptide Purifications (preparative and semi-preparative HPLC). The purification of the linear peptides (40-50 

mol scale) was performed on an Agilent 218 preparative HPLC system with a UV-VIS dual-wavelength detector 

using a PrepPak cartridge (Waters 1000, Delta-pak C18 100Å, system pressure 200-600 psi) using a two-solvent 

system A (0.1% TFA in miliQ water) and B (0.1% TFA in MeCN) with a flow rate of 65 mL/min at wavelength 214 

nm. The gradient system for preparative HPLC was optimized from analytical HPLC (Chromolith High 
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resolution, RP-18e, 50-4.6 mm, 0-100% for 7 min at 35°C). The void volume (V0) of preparative HPLC is around 

5 min. In general, to generate a gradient profile, on the non-elution region, the increasing ratio of solvent B goes 

up 2% per minute whereas, in the elution region, solvent B goes up either 1% per minute or less than 1% per 

minute in order to have a good separation profile. Afterwards, sampling the fractions that potentially have 

expected peptide, followed by spotting on MALDI plate, and analysing each spot in order to confirm the 

presence of the desired peptide, took place. Finally, the fractions containing the targeted peptide were 

combined followed by a lyophilization process. The pure peptide was then subjected to LCMS in order to re-

check its final purity (see supporting information in Supplementary Material for original chromatograms and MS 

spectra). 

For semi-preparative HPLC (on a 5-10 mol scale), the purification was conducted on an Agilent 218 solvent-

delivery system with a UV-VIS dual wavelength detector using a Phenomenex column (AXIA packed Luna C18(2), 

250 x 21.2 mm, 5 μm particle size, 35°C) with a flow rate of 17.5 mL/min. The stapled/linear peptides were 

eluted with a gradient using a two-solvent system: A (0.1% TFA in miliQ water) and B (MeCN). The method used 

had a linear gradient from 0 to 100% B in 26 minutes and followed up the elution at 214 and 254 nm. For a 

hydrophobic peptide, the gradient profile can change to a higher percentage of solvent B.  

For semi-preparative HPLC (  5 mol scale), the purification was conducted on an Agilent 1200 series HPLC 

instrument with quaternary gradient pump equipped with a Luna C18 (250 x 10 mm, 5 μm particle size, 100Å, 

35°C) with a flow rate of 4.0 mL/min, and diode-array detector (DAD) . The interesting peptides were eluted 

with a gradient using two mobile-phase system: A (0.1% TFA in miliQ water) and B (MeCN), and followed up the 

purification profile at 214 and 254 nm. 

Enzyme stability: -Chymotrypsin. A peptide stock solution was first prepared in DMSO at 1 mM concentration. 

To 21 μL of test peptide solution was added 609 μL of Tris buffer solution (pH 7.5), (i.e., 30 μM, dissolved in Tris 

buffer, pH 7.5), resulting in a final DMSO concentration of 10%. Next, 70 μL of -chymotrypsin type II from 

bovine pancreas (2.5 μg/mL in Tris buffer, pH 7.5 -> final concentration 0.25 μg/mL, with pre-activation of the 

enzyme at 37°C for 5 min) was added and the mixture was incubated at 37 °C, 900 rpm. Afterwards, 40 μL of 

sample was taken into a separate HPLC vial followed by addition of a half volume of 0.2 % TFA in acetonitrile (20 

μL, with the presence of 0.1 mM Fmoc-Val-OH as an internal standard) and further analyzed with RP-HPLC 

(Kinetex column, flow rate =1.5 mL/min), gradient 0-100% acetonitrile in water + 0.1% TFA in 6 min). The 

digestion reaction was followed at different time points including 0, 30 min, 1h, 2h, 3h, 4h and 5 h. 

Positive controls (without -chymotrypsin) 

Tris buffer solution (pH 7.5), 291 μL, was added to 9 μL of peptide solution (30 μM, dissolved in Tris buffer, pH 

7.5, resulting in a final DMSO concentration of 10%), and the mixture was incubated at 37 °C, 900 rpm without 

-chymotrypsin. Afterwards, 40 μL of the sample was taken into separate HPLC vial, and further analyzed with 

a Kinetex C18 100 Å column (150 x 4.6 mm, 5 µm, at 35°C, flow rate 1.5 mL/min). 

Negative controls (without peptides of interest) 

Tris buffer solution (pH 7.5), 291 μL, was added to a DMSO solution (10% DMSO = 9 μL), and the mixture was 

incubated at 37 °C, 900 rpm. Afterwards, 40 μL of sample was taken into separate HPLC vial, and further analyzed 

with Kinetex C18 100 Å (150 x 4.6 mm, 5 µm, at 35°C, flow rate 1.5 mL/min). 

Human serum stability. A peptide solution was first prepared in DMSO stock at 1 mM concentration. Human 

serum from male AB plasma (Sigma-Aldrich) was prepared by centrifugation at 17,000 g for 10 min at room 

temperature to remove the lipid components in order to obtain 100% serum. Serum with a pretreatment step 

was then diluted with 1X PBS, pH 7.4 into working concentrations (25, 12.5 and 6.25%, respectively) as stock 

solutions. The respective peptide stock solution (1 mM) was aliquoted, 20 L (100 M peptide) followed by 

addition into the various serum concentrations (180 L). The mixture was allowed to shake at 37°C, 1000 rpm 
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for 24 hours (final end point). The 20-L samples were taken out, followed by the addition of ,80 L of quenching 

solution (0.2% TFA in MeCN containing 0.018 mM Fmoc-Val-OH as internal standard). Afterwards, the sample 

was cooled down in an ice bath for protein precipitation (5 min) followed by centrifugation at 17,000 g for 10 

min to remove the precipitated particles. Supernatant liquids (80 L) were subsequently transferred into an 

HPLC vial for each time point. The solution was subjected to analysis with Kinetex C18 100 Å (150 x 4.6 mm, 5 

µm, at 35°C, flow rate 1.5 mL/min). 

Positive controls 

1X PBS buffer (pH 7.4) replaced the human serum followed by addition of the same concentration of peptide 

stock (1 mM).   

Negative controls 

1X PBS buffer (pH 7.4) replaced the human serum without peptide stock solution (1 mM). 

Circular Dichroism (CD) Spectroscopy. CD spectra of the TATDOCK peptides were obtained using a JASCO J7100 

instrument (Tokyo, Japan), equipped with a HAAKE cryostat temperature-controlled cell holder at 25°C. CD 

spectra are reported as the mean residue molar ellipticity, [θ], with units of degrees square centimeter per 

decimole (deg x cm2/dmol), calculated by the equation (below): 

 

[θ] = (θobs×MRW)/(10lc) 

 

where θobs is the ellipticity in millidegrees, MRW is the mean residue molecular weight (molecular weight of the 

peptide divided by the number of amino acid residues), l is the path length of the cuvette in centimeters, and c 

is the peptide concentration in milligrams per milliliter (mg/mL). The CD spectra were recorded at 50 nm/min 

scan rate, a bandwidth of 1 nm, a data pitch of 0.1 nm, a response of 2 sec, a wavelength range of 185–260 nm, 

and a 1-cm path length cell.  

Each spectrum was an average of nine scans. Baselines were corrected by subtracting the solvent contribution. 

The CD spectra for all  peptides of interest were measured at 20 μM in miliQ water and 50% of 2,2,2-

Trifluoroethanol (TFE) for each TATDOCK peptide, respectively. 

Peptide concentration determination. To prepare TATDOCK peptide stock solutions, the peptide powders were 

aliquoted into 2-mL Eppendorf tubes followed by dilution with miliQ water. Afterwards, the concentration was 

determined using the Thermo Scientific NanoDrop One droplet reader at λ 280 nm (triplicate per sample). 

The calculation of peptide concentration was obtained from the Beer-Lambert Equation (see below): 

 

c = A280/(b) 

 

Where A280 is UV absorbance in absorbance units (AU),  is wavelength-dependent molar-absorptivity 

coefficient (or extinction coefficient) in liter/mol-cm, b is pathlength in cm, and c is analyte concentration in 

moles/liter or molarity (M).  
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