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1. Chemical Reagents and Synthesis of Peptide Hybrids 

All presented peptide and peptide-hybrid sequences were assembled by stepwise solid-phase 

synthesis using Fmoc-protected Rink amide resin, as previously described.1-2 Unnatural amino 

acids were activated with HATU and DIPEA in DMF. The protected amino acids were 

purchased from Orpegen (Germany), Iris Biotech (Germany), Carbolution Chemicals 

(Germany), Bachem (Germany) and Sigma–Aldrich (Germany). HBTU was obtained 

Orpegen (Germany).HATU was purchased from Carbolution Chemicals (Germany).  The 

Rink amide resin was purchased from Iris Biotech (Germany) and was of an average capacity 

of 0.65 mmol/g. All other chemicals or solvents were obtained from Sigma–Aldrich 

(Germany) and were of analytical grade.  

2. HRMS and HPLC Data 

The peptides and peptide-hybrids were obtained as solid powders after lyophilization and 

characterized by HR-ESI mass spectrometry on a Bruker microTOF-Q II instrument. Purity 
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was determined by HPLC on a Jasco HPLC system with a DAD detector on an RP18 column 

(ReproSil-Pur-ODS-3, Dr. Maisch GmbH, Germany, 5 µm, 50 mm × 2 mm).  The conditions 

for the method used were: eluent A: water (0.1% TFA), eluent B: acetonitrile (0.1% TFA), 

injection volume: 10 µl, flow rate: 1 ml/min, gradient: 1% B (0.2 min), 100% B (7 min), 

100% B (8 min), 1% B (8.1 min), 1% B (10 min). UV-detection was performed at 254 nm. 

All evaluated compounds were obtained with a purity of at least 95%, unless otherwise 

indicated.  

No. 

HRMS (ESI) for [M+H]
+ 

HPLC RT 

(min) 

HPLC purity 

(254 nm) 
Molecular 

Formula 

Calculated Found 

2  C22H37N8O5 493.2881 493.2866 1.71 > 95% 

3  C28H41N8O4 553.3245 555.3238 2.45 > 95% 

4  C22H37N8O4 477.2932 477.2925 1.78 > 95% 

5  C21H35N8O4 463.2776 463.2769 1.68 > 95% 

6  C24H41N8O4S 537.2966 537.2957 2.17 > 95% 

7  C24H41N8O4 503.3245 505.3243 2.15 > 95% 

8  C25H43N8O4 519.3402 519.3398 2.24 > 95% 

9  C27H39N8O4 539.3089 539.3079 2.25 > 95% 

10  C29H41N8O4 565.3245 565.3248 2.45 > 95% 

11  C25H43N8O4 519.3402 519.3388 2.27 > 95% 

12  C26H37N8O4 525.2932 525.2932 2.26 > 95% 

13  C30H42N9O4 592.3354 592.3345 2.56 > 95% 

14  C28H41N8O5 569.3194 569.3193 2.21 > 95% 

15  C22H37N8O4 477.2932 477.2925 1.76 > 95% 
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No. 

HRMS (ESI) for [M+H]
+ 

HPLC RT 

(min) 

HPLC purity 

(254 nm) 
Molecular 

Formula 

Calculated Found 

16  C23H39N8O4 491.3089 491.3083 1.90 > 95% 

17  C24H39N8O4 503.3089 503.3078 1.99 > 95% 

18  C26H37N8O4 525.2932 525.2928 2.14 > 95% 

19  C26H37N8O4 525.2932 525.2924 2.07 > 95% 

20  C24H37N8O4 501.2932 501.2916 1.95 > 95% 

21  C25H41N8O4 517.3245 517.3234 2.12 > 95% 

22  C27H40N9O4 554.3198 554.3198 1.79 > 95% 

23  C27H40N9O4 554.3198 554.3196 1.83 > 95% 

24  C28H40N9O6 598.3096 598.3091 2.60 92% 

25  C29H40N9O4 578.3198 578.3192 2.48 > 95% 

26  C28H47N8O4 559.3715 559.3712 2.84 > 95% 

27  C27H45N8O4 545.3558 545.3561 2.54 > 95% 

28  C25H43N8O4 519.3402 519.3399 2.36 > 95% 

29  C25H43N8O4 519.3402 519.3396 2.29 > 95% 

30  C23H39N8O5 507.3038 507.3032 1.79 > 95% 

31  C24H41N8O4 505.3245 505.3243 2.10 > 95% 

34  C34H45N10O5 673.3569 673.3553 1.96 > 95% 

35  C36H48N9O6S 734.3443 734.3437 3.56 > 95% 

36  C36H47N10O5 699.3725 699.3707 2.54 > 95% 

37  C38H50N9O6S 760.3599 760.3593 3.53 95% 

38  C32H49N10O5 653.3882 653.3871 2.72 > 95% 

39  C34H52N9O6S 714.3756 714.3750 3.64 > 95% 
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3. NMR Data 

1H NMR spectra for selected compounds were recorded on Varian NMR instrument at 500 

MHz, 300 K in D2O. Chemical shifts (δ) are given in parts per million (ppm) in reference to 

the solvent HDO signal (4.79 ppm). Coupling constants (J) are given in Hertz (Hz). 

Multiplicity is reported as s (singlet), d (doublet), t (triplet), sept (septet), dd (doublet of 

doublet), tt (triplet of triplet) and m (multiplet), respectively. 

9: 1H NMR (500 MHz, D2O): δ = 7.76 (dd, J = 8.4, 1.3 Hz, 2H), 7.68 – 7.63 (m, 1H), 7.55 (t, 

J = 7.7 Hz, 2H), 7.49 – 7.42 (m, 5H), 5.45 (s, 1H), 4.47 (dd, J = 8.1, 6.5 Hz, 4H), 3.36 (s, 2H), 

3.15 (tt, J = 9.5, 4.8 Hz, 3H), 2.99 (t, J = 7.5 Hz, 3H), 2.00 – 1.38 (m, 15H). 

13: 1H NMR (500 MHz, D2O): δ = 7.80 (d, J = 7.7 Hz, 2H), 7.71 – 7.63 (m, 2H), 7.56 (t, J = 

7.7 Hz, 2H), 7.50 (d, J = 8.3 Hz, 1H), 7.28 – 7.22 (m, 2H), 7.16 (t, J = 7.5 Hz, 1H), 4.70 (dd, 

J = 8.5, 6.0 Hz, 2H), 4.39 (t, J = 7.3 Hz, 2H), 4.32 (dd, J = 8.5, 6.1 Hz, 2H), 3.38 (d, J = 6.0 

Hz, 1H), 3.36 (d, J = 6.8 Hz, 1H), 3.25 (d, J = 8.5 Hz, 1H), 3.22 (d, J = 8.5 Hz, 1H), 3.16 – 

3.06 (m, 3H), 2.93 – 2.80 (m, 3H), 1.87 – 1.45 (m, 11H), 1.40 – 1.18 (m, 4H). 

25: 1H NMR (500 MHz, D2O): δ = 7.80 (d, J = 7.6 Hz, 2H), 7.72 (d, J = 8.1 Hz, 2H), 7.67 (t, 

J = 7.5 Hz, 1H), 7.57 (t, J = 7.7 Hz, 2H), 7.44 (d, J = 8.1 Hz, 2H), 4.70 (dd, J = 9.9, 5.3 Hz, 

2H), 4.45 (t, J = 7.3 Hz, 2H), 4.31 (dd, J = 8.8, 6.0 Hz, 2H), 3.36 (s, 1H), 3.31 (dd, J = 14.0, 

5.3 Hz, 1H), 3.24 (t, J = 7.0 Hz, 3H), 3.08 (dd, J = 14.0, 9.9 Hz, 1H), 2.94 (t, J = 7.7 Hz, 3H), 

1.93 – 1.79 (m, 3H), 1.78 – 1.54 (m, 8H), 1.46 – 1.23 (m, 4H). 

26: 1H NMR (500 MHz, D2O): δ = 7.84 – 7.79 (m, 2H), 7.70 – 7.64 (m, 1H), 7.56 (t, J = 7.7 

Hz, 2H), 5.47 (s, 1H), 4.59 – 4.44 (m, 2H), 4.45 – 4.31 (m, 2H), 3.36 (d, J = 0.8 Hz, 2H), 3.26 

(t, J = 6.9 Hz, 3H), 3.07 – 2.94 (m, 3H), 2.01 – 1.56 (m, 15H), 1.55 – 1.27 (m, 5H), 1.26 – 

1.06 (m, 4H), 1.05 – 0.83 (m, 4H). 
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27: 1H NMR (500 MHz, D2O): δ = 7.80 (d, J = 8.3 Hz, 2H), 7.69 – 7.63 (m, 1H), 7.56 (t, J = 

7.8 Hz, 2H), 4.59 – 4.47 (m, 2H), 4.43 (dd, J = 8.5, 6.2 Hz, 2H), 4.16 (d, J = 7.6 Hz, 1H), 3.43 

– 3.30 (m, 2H), 3.26 (t, J = 7.1 Hz, 3H), 3.07 – 2.93 (m, 3H), 2.01 – 1.59 (m, 14H), 1.56 – 

1.35 (m, 4H), 1.33 – 0.91 (m, 8H). 

34: 1H NMR (500 MHz, D2O): δ = 8.26 (s, 1H), 8.05 – 8.00 (m, 2H), 7.90 (d, J = 8.5 Hz, 1H), 

7.86 (d, J = 8.5 Hz, 1H), 7.51 – 7.41 (m, 5H), 5.48 – 5.43 (m, 1H), 4.56 – 4.51 (m, 1H), 4.50 

– 4.45 (m, 2H), 4.42 (dd, J = 8.3, 6.1 Hz, 1H), 3.36 (s, 2H), 3.24 (t, J = 6.9 Hz, 1H), 3.20 – 

3.10 (m, 2H), 3.06 – 2.96 (m, 2H), 2.92 (t, J = 7.7 Hz, 1H), 2.77 (sept, J = 3.7 Hz, 2H), 1.97 – 

1.32 (m, 15H), 0.90 – 0.88 (m, 1H), 0.88 – 0.85 (m, 1H), 0.72 – 0.67 (m, 2H). 

35: 1H NMR (500 MHz, D2O): δ = 7.93 – 7.86 (m, 2H), 7.84 (dd, J = 8.6, 2.2 Hz, 1H), 7.72 – 

7.64 (m, 2H), 7.51 – 7.39 (m, 5H), 5.45 (d, J = 4.5 Hz, 1H), 4.55 – 4.50 (m, 1H), 4.50 – 4.45 

(m, 2H), 4.42 (dd, J = 8.5, 6.3 Hz, 1H), 3.36 (s, 2H), 3.23 (t, J = 7.0 Hz, 1H), 3.20 – 3.10 (m, 

2H), 3.03 – 2.98 (m, 1H), 2.97 – 2.86 (m, 2H), 2.10 – 1.15 (m, 24H). 

38: 1H NMR (500 MHz, D2O): δ = 8.26 (s, 1H), 8.04 (d, J = 8.4 Hz, 2H), 7.91 (d, J = 8.3 Hz, 

2H), 4.56 – 4.47 (m, 4H), 4.18 (s, 1H), 3.36 (s, 2H), 3.26 (t, J = 7.1 Hz, 3H), 3.02 – 2.96 (m, 

3H), 2.77 (sept, J = 3.75 Hz, 2H), 2.01 – 1.67 (m, 12H), 1.56 – 1.37 (m, 3H), 1.02 (s, 9H), 

0.88 (dd, J = 7.3, 1.8 Hz, 2H), 0.72 – 0.67 (m, 2H). 

39: 1H NMR (500 MHz, D2O): δ = 7.94 – 7.90 (m, 2H), 7.89 (s, 1H), 7.71 (d, J = 8.3 Hz, 2H), 

4.61 – 4.42 (m, 4H), 4.19 (s, 1H), 3.36 (s, 2H), 3.26 (t, J = 6.8 Hz, 3H), 2.99 (t, J = 7.6 Hz, 

3H), 2.21 – 1.56 (m, 20H), 1.56 – 1.33 (m, 4H), 1.02 (s, 9H). 

4. Determination of Reactivity towards Glutathione 

GSH-reactivity was evaluated for compounds incorporating electrophilic N-terminal caps (I 

and II). For this purpose, 10 µl of the compound stock solution (10 mM in DMSO) and 10 µl 

GSH stock solution (10 mM in H2O) were dissolved in Tris buffer (50 mM Tris–HCl, pH 9), 
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resulting in a final concentration of 100 µM of the test compound and GSH. Aliquots (100 µl) 

of the reaction mixture were taken at time intervals (every 30 minutes over a period of 3 

hours) and the reaction was stopped by quenching with 10 µl phosphoric acid solution (10% 

in H2O). The quenched samples were analyzed by HPLC using the method described above 

(purity assessment). The amount of the unreacted N-capped peptide was monitored and the 

concentration at each time-point was calculated by comparing the peak area with the initial 

signal (t =0, c = 100 µM). For the peptides incorporating the N-cyclopropyl cyanoacrylamide 

cap (I), 32, 34, 36, 38, the concentration decrease after 1 hour was below 25 % (range: 22–25 

%). For the peptides incorporating the N-cyclopentyl thiazolidinedione cap (II), 33, 35, 37, 

39, the concentration decrease after 1 hour was below 8% (range: 4–8 %). The experiment 

was repeated for all test compounds, using the same procedure but without addition of GSH, 

to evaluate the stability of the compounds in Tris buffer. For samples quenched after 1 hour, 

with and without GSH, LC-MS analysis was carried out using an Agilent HPLC system with 

MWD detector combined with the Bruker microTOF-Q II instrument on a RP-18 column 

(ReproSil-Pur-ODS-3, Dr. Maisch GmbH, Germany, 5 µm, 50 mm × 2 mm).  The conditions 

for the method used were: eluent A: water (0.1% HCO2H), eluent B: acetonitrile (0.1% 

HCO2H), injection volume: 10 µl, flow rate: 0.4 ml/min, gradient: 5% B (1 min), 95% B (10 

min), 5% B (10.1 min), 5% B (12 min). UV-detection was performed at 214 nm, 254 nm and 

280 nm. Chromatograms recorded at 254 nm were used for calculations. GSH could be 

detected with the method used and showed minimal decrease in concentration (less than 4%) 

in all tested samples containing GSH, in comparison to a blank of just GSH and Tris buffer, 

prepared in the same concentration (10 µl of 10mM GSH stock solution and 990 µl Tris 

buffer) without any test compound. For the peptides incorporating the N-cyclopentyl 

thiazolidinedione cap (II), 33, 35, 37, 39, GSH-adduct formation did not  exceed 4% after 1 

hour, and 1-3% degradation products of the compounds in the buffer were found. For the 

peptides incorporating the N-cyclopropyl cyanoacrylamide cap (I), 32, 34, 36, 38, again GSH-
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adduct formation did not  exceed 4%. 18-20% of the N-cyclopropyl cyanoacrylamides 

underwent degradation in the buffer. The degradation product was analyzed by HR-ESI, and 

is expected to be the aldehyde with the general formula (CHO-Bz-Arg-Lys-X-NH2, where X 

is the C-terminal amino acid), which is generated from a reverse Knoevenagel reaction. 

Cyanoacrylates are reported in literature to undergo hydrolysis in aqueous basic medium by a 

reverse Knoevenagel reaction to generate aldehyde degradation products.3-4
 

5. Sequence Alignment and Homology Modeling 

The crystal structure of NS2B/NS3 from DEN serotype 3 in complex with a ligand (PDB ID: 

3U1I, resolution 2.3 Å) was used as a template to build a dengue serotype 2 homology 

model.5 The homology model of Den2V was constructed using the residues 50-88 (NS2B) 

and -1-10; 16-171 (NS3) from the template structure 3U1I. The alignment between template 

(3U1I) and target sequence (primary structure of the DEN NS2B-NS3 protease construct used 

in our laboratory) was calculated using Clustal Omega (Figure S1).6 According to the 

alignment, the overall sequence identity between the DEN NS2B-NS3 protease construct used 

in our laboratory and 3U1I is 69%. Homology modelling was done using MODELLER 9v11 

with python script commands and default parameters.7 From the 100 models generated we 

chose that with the smallest values of DOPE and GA341. The selected model was then 

evaluated using PROFIT,8 PROCHECK9 and CHIRON.10  

6. Quality of the Homology Model 

The geometrical quality of the created homology model was evaluated using the program 

PROCHECK. The results revealed that 90% of the residues of the model are located in the 

most favored regions, 10% are located in the "generously allowed" regions and there was no 

residue of the model in the disallowed regions. We also compare the structures of the 

homology model and the experimental structure 3U1I using the least-squares fitting approach 

implemented in the program PROFIT which indicated a RMSD of 0.195 Å. The clashes in the 
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protein evaluated by the program CHIRON exhibited a clash score smaller than the acceptable 

value of 0.02 kcal mol-1 contact-1. These results confirm that the predicted protein homology 

model has sufficient stereochemical quality, has a high structural similarity and does not 

present any severe steric clashes that could lead to artifacts of model building. 

7. Docking Procedure 

Autodock Vina 1.1.2 (AD Vina) was used to perform the docking studies and investigate the 

binding mode between selected compounds and the binding site of the homology model. 

Autodock Vina utilizes the Iterated Local Seach global optimizer algorithm which performs 

sequential steps consisting of a mutation and a local optimization, with each step being 

accepted according to the Metropolis criterion.11 All the calculations were performed on an 

Intel(R) Core(TM)2 Quad CPU Q9450 @ 2.66 GHz running open SuSE 11.0. The structure 

of the ligands was optimized using the MM2 method and saved as a mol2 file. AD Vina was 

used with docking parameters at default values. Polar hydrogen atoms were added to the 

homology model, non-polar hydrogen atoms were merged and Kollman charges were 

assigned by default. For the ligands, non-polar hydrogen atoms were merged and Gasteiger 

charges assigned. All these docking preparation were performed with Autodock Tools.12 The 

grid spacing was 1.0 and the size of the docking grid was 23 Å, 29 Å and 26 Å. Molecular 

graphics and analyses were also performed with the UCSF Chimera package v.1.9.13  
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Figure S1. Sequence alignment of protein 3U1I and the DEN 2 NS2B-NS3 expression 

construct used in our laboratory. The numbers on the left and right refer to the amino acid 

positions. Identical residues are represented by asterisks and similar residues by colons and 

dots. The catalytic triad is shown in yellow whereas important residues located in the S1, S2, 

S3 and S4 pockets are shown in blue, red, green and pink, respectively. 
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Figure S2. Docking pose of a cyanoacrylamide congener (cpd. 34) to the DEN-2 homology 
model. The  nitrile group nitrogen is 3.2 Angstroms distant from the serine oxygen. A proton 
transfer from serine to the nitrile could trigger the formation of an imidate adduct between the 
inhibitor and the active-site serine.  
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Table S1. Total number of amino acid residues involved in hydrogen bonding and non-

bonded interactions with the ligand within 3.9 Å calculated using the program HBPLUS, as 

implemented in LigPlot+.9, 14 In yellow are represented the common residues between the 

pose generated by AD Vina and the covalent bound ligand of 3U1I.  

 Cap-Arg-Lys-Phg-NH2 Bz-Nle-Lys-Arg-Arg-H 
 (AD Vina) (3U1I) 

In
te
rm

o
le
c
u
la
r 

h
y
d
ro
g
e
n
 b
o
n
d
in
g
 

in
te
ra
c
ti
o
n
s
 

Gly207B Tyr161B (Tyr215B) 
Gly205B Gly153B (Gly207B) 
Ser189B Asn152B (Asn206B) 
 Gly151B (Gly205B) 
 Ser135B (Ser189B) 
 Phe130B (Phe184B) 
 Asp129B (Asp183B) 
 His51B (His105B) 
 Mer84A (Met37A) 

N
o
n
-b
o
n
d
e
d
  
in
te
ra
c
ti
o
n
s
 

Tyr215B Tyr161B (Tyr215B) 
Arg211B Val155B (Val209B) 
Val209B Gly153B (Gly207B) 
Val208B Asn152B (Asn206B) 
Gly207B Gly151B Gly205B) 
Asn206B Tyr150B (Tyr204B) 
Gly205B Ser135B (Ser189B) 
Tyr204B Phe130B (Phe184B) 
Ser189B Asp129B (Asp183B) 
Phe184B His51B (His105B) 
Asp183B Arg85A (Ser38A)* 
Asp129B Met84A (Met37A) 
His105B  
Glu43A  
Asn41A  
Ile39A  
Met37A  
Ser36A  
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