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ABSTRACT

Pharmacophore searches that include anchors, fragments contribute above average to receptor 

binding, combined with one-step syntheses are a powerful approach for the fast discovery of 

novel bioactive molecules. Here, we are presenting a pipeline for the rapid and efficient discovery 

of novel aspartyl protease inhibitors. First, we hypothesized that hydrazine could be a novel 

and multi-valent warhead to interact with the active site Asp carboxylic acids. We incorporated 

the hydrazine anchor in a novel multicomponent reaction and created a large virtual library of 

hydrazine derivatives synthetically accessible in one-step. Next, we performed anchor-based 

pharmacophore screening of the libraries and resynthesized top-ranked compounds. The 

inhibitory potency of the molecules was finally assessed by an enzyme activity assay and the 

binding mode confirmed by several soaked crystal structures underlining the validity of the 

hypothesis and approach. The herein reported pipeline of tools will be of general value for the 

rapid generation of receptor binders beyond Asp proteases.
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INTRODUCTION

The discovery and development of novel drugs is a highly time, resource and investment-intensive 

undertaking with very low success rate if compared with other industrial development processes. 

Often it starts with a high throughput screening campaign, but the final discovery of a bioactive 

lead involves many different disciplines, including biochemistry, cell biology, pharmacology, 

structural biology and computational chemistry. Bottlenecks of early-stage discovery are often 

the time consuming and expensive high-throughput screening and the subsequent delineation 

and expansion of hits. We recently introduced a specialized pharmacophore search technology, 

AnchorQuery that brings interactive virtual screening of novel protein-protein interaction 

inhibitors to the desktop.[1,2] The technology is based upon a >30 million database of virtual 

compounds. Every library compound is accessible through one-step multicomponent reaction 

(MCR) chemistry and contains an anchor motif that is bioisosteric to an amino-acid residue. An 

anchor is defined as an amino-acid side chain in the interface of a protein-protein interaction 

which is contributing above average to its energetics, for example a side chain that buries a large 

fraction of surface area at the core of the binding interface.[3] Anchors are usually part of energetic 

hot spots.[4] The value of AnchorQuery has been proven by the discovery of multiple novel and 

bioactive MCR scaffolds as direct or allosteric modulators of p53/MDM2[5] or PDK1.[6] The current 

limitation of AnchorQuery is that it was designed for small molecules mimicking amino acid side 

chains. However, the concept of an anchor combined with one-pot MCR chemistry could be useful 

not only in protein-protein interactions but, as demonstrated in this report, it can be applied 

in other contexts such as fragment-based drug discovery. Thus, we provide here a generalized 

AnchorQuery pipeline of tools implemented for the discovery of novel Asp protease inhibitors 

(Figure 1).

Figure 1. The overall workflow.
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RESULTS AND DISCUSSION

We chose endothiapepsin as an archetypical Asp protease, which although is not a drug target 

per se, has received considerable attention as a relevant surrogate in drug discovery programs. 

Moreover, the enzyme can be easily obtained in large amounts and remains stable and active even 

after 20 days at room temperature.[7] The ease of crystallization, together with the considerable 

sequence similarity and folding architecture with related drug targets, explains its use in a hit-to-

lead project for β-secretase inhibitors.[8] Interestingly, also renin inhibitors could be co-crystallized 

with endothiapespin, providing valuable information for the binding mode of the compounds.
[9] Endothiapepsin is a monomer, with two structurally similar domains. Each domain contributes 

one aspartic acid to the catalytic dyad; D35 and D219 (Figure 2A). In the first step of the catalytic 

mechanism D35 is believed to be deprotonated, whereas D219 is protonated.[10]

(A)

Figure 2. Hydrazine as a water mimicking warhead in Asp proteases. A) The generalized Asp protease 
mechanism and a hydrazine derivative as water mimic interacting with both Asp residues by hydrogen 
bonding and charge-charge interactions. B) Different possible binding poses of hydrazine between the two 
Asp of endothiapepsin.
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Typical warheads for Asp proteases include primary and secondary amines, guanidines, amidines, 

hydrazides, carboxylic acids, alcohols, imidazoles and pyrazoles.[11] However, it is surprising the 

absence of a warhead with equal interaction to the two oxygens of an aspartic acid residue. 

The simplest structure in organic chemistry able to interact with two carboxylic acids bears 

two nitrogens, thus creating a hydrazine moiety (Figure 2B). While endothiapepsin is active in 

acidic pH, the hydrazine moiety has the advantage of being protonated under these conditions, 

thus forming ionic interactions with the carboxylic acids. NMR studies and quantum chemical 

calculations for alkyl- and arylhydrazines indicate that protonation is possible either with the 

exo- or the endo-nitrogen, providing a diverse arrangement of possible interactions (Figure 2B).[12] 

Hydrazine has unique attributes not present in common warheads for the potential of combined 

ionic and hydrogen bonds toward all four oxygen atoms of the catalytic dyad. Thus, we choose 

hydrazine as our warhead moiety.

We designed a scaffold that could be easily accessible with multicomponent reaction chemistry 

(MCR) incorporating hydrazine as the warhead motif (Figure 3A).[13,14] Hydrazine is used as the 

amine component in an Ugi-tetrazole reaction. The Ugi-tetrazole reaction was chosen due to 

shape complementarity of the scaffold with the target protein.[15] Synthetically, the scaffold is 

accessed in a two-step synthesis, starting from a 4-component Ugi-tetrazole reaction, followed by 

Boc-deprotection.[16] Diversity can be easily achieved through the oxo-component (aldehydes and 

ketones) and the isocyanides. The target compounds are isolated as HCl salts, due to the activity 

of the enzyme at acidic conditions. 

Initially, we screened a small library of 17 derivatives of which five showed promising inhibitory 

activity (Figure 3B). For the biochemical evaluation, we employed a fluorescence-based assay 

adapted from an established HIV-protease assay.[17]

RAPID DISCOVERY OF NOVEL ASPARTYL PROTEASE INHIBITORS USING AN ANCHORING APPROACH
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Figure 3. Chemistry and first hits. A) Design of an MCR incorporating hydrazine. B) Structures and % 
inhibition at 200 µM / IC50 values of initial hits. 

Next, we aimed to optimize the scaffold using the hydrazine moiety as an anchoring fragment. 

Thus, we developed a protocol for tailor-made virtual library screening. The workflow of this 

protocol has not been automated, but in contrast to AnchorQuery, there is no limitation to the 

design of the library, as long as the chemistry is deterministic (detailed protocol described in SI). 

The first step of the protocol is the enumeration of a virtual library, starting from commercially 

available starting materials (in this case aldehydes and ketones). Isocyanides based on synthetic 

routes using primary amines or oxo components were included: starting from amines with the 

Ugi procedure[18] or from aldehydes / ketones with the Leuckart-Wallach procedure[19] or from 

the reaction of the glycine isocyanide (methyl 2-isocyanoacetate) with primary amines towards 

extended isocyanoacetamides.[20] The virtual libraries were created using Reactor[21] software 

including the post-modification of Boc-deprotection. In our library design, we included ~150 

aldehydes / ketones and 120 isocyanides thus representing a chemical space of 18.000 possible 

combinations, yet not including stereoisomers. The Reactor-generated molecules were converted 

into 3D conformers using Moloc.[22] For the 3D anchoring of the hydrazine fragments, different 

protonation states and orientations between the catalytic aspartic acid residues (D35, D219) were 

considered and were used to position the library against the fragments within the catalytic site. 

Using Pharmit [23] a pharmacophore model was generated, including the hydrazine moiety and 

the tetrazole ring. Moreover, at this stage geometrical cut-off criteria were applied, discarding 
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molecules that clashed with the receptor. Lipinski’s rule of five was applied to further filter putative 

candidates. A final energy minimization was performed with Moloc. [22]

After applying cut-off criteria and Lipinsky’s rule of five, twelve optimized hits were selected, 

first by visually inspecting the poses and then by using Scorpion[24] for quantitatively scoring 

the interactions. In the end, the predicted compounds were synthesized and tested in the 

fluorescence-based assay and for the most active compounds, the IC
50

 values were determined 

(Figure 4).

Figure 4. Structures and % inhibition at 200 µM / IC50 values of optimized hits.

3D structural geometries are key to understand the binding mode of the active compounds and 

to validate our approach. We were able to obtain crystal structures by soaking of one compound 

from the first set of compounds (3a) and two from the second set (3b, 8b) (Figure 5A,B). In the 

cases of 3a and 8b, the tetrazole ring is forming a hydrogen bond with Gly80. In the case of 3b, 

however, which is a weak inhibitor, no such hydrogen bond is formed (SI). Regarding the structure 

from the 1st screening (3a), only the exo-nitrogen is interacting with the catalytic dyad. On the 

other hand, in the optimized structure from the 2nd screening (8b), both hydrazine nitrogen are 

interacting with the aspartic acid residues. 

Next, we compared the obtained crystal structures with the docking poses of the compounds. In 

virtual screening, for each compound 10 conformers were generated (Figure 5C,D). A comparison 

of the crystal structures with the different docking poses showed that the overlap of the warhead 

was almost perfect and differences were mainly observed in the conformation of the terminal 

cyclohexyl ring.

RAPID DISCOVERY OF NOVEL ASPARTYL PROTEASE INHIBITORS USING AN ANCHORING APPROACH
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Figure 5. Structural analysis of inhibitors. A) Crystal Structures of (3a) (PDB 6SCV), B) crystal structure 
of (8b) (PDB 6RON). Hydrogen bonds are shown as red dashes. C - D) Overlap of crystal structures with 
predicted docking poses. For the docking with Moloc PDB 3PBZ was used as receptor.

CONCLUSIONS

In summary, we introduced a generalized protocol for the AnchorQuery approach which 

overcomes current limitations of amino-acidogenic anchors. Anchors are significantly affinity 

contributing fragments in protein binding and more general in receptor-ligand interactions. Thus, 

anchor fragments comprise valid starting points for growing leads that can be validated rapidly if 

combined with a high diversity convergent chemistry, such as MCR. 

Thus, we designed a MCR scaffold with a novel warhead for aspartic proteases. In this approach, 

the scaffold could be accessed with a simple two-step methodology. The biological evaluation of 

the hits together with the determined crystal structures, indicate that the design and optimization 

of our libraries was successful. Although these are yet not highly potent inhibitors for this enzyme, 

we were able to analyze the interactions of our MCR scaffold and gained valuable insights 

regarding the adopted binding modes. 

Moreover, the docking protocol for tailor-made virtual libraries can be applied to different 

chemical reactions and fragments, enabling computational evolution of libraries that are not part 
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of public databases. The choice of the fragment-anchor is the determining step in this protocol 

and should include a sequence of atoms that are present as a common motif throughout the 

entire library. These atoms should significantly contribute to the binding interactions between 

the designed ligands and the protein. For instance, the anchor could be the motif binding in the 

enzyme’s active site, whereas in protein-protein interactions, it could be a moiety deeply buried 

in the interface.

The libraries in this approach are not limited to multicomponent reaction (MCR) scaffolds only, 

but any sequence of organic reactions would work similarly. Broader chemistry schemes can 

be applied, including post-modifications. We envision future applications either for docking of 

novel scaffolds towards biological targets or for optimizing a scaffold of interest. As shown in this 

case study, departing from commercially available starting materials, thousands of compounds 

could potentially be accessed. In times, where screening and optimization need to be as fast and 

cost-effective as possible, chemists need to be able to critically assess by computational means 

which of the putative combinations would have greater potential and how to prioritize docking 

hits as subsequent candidates for chemical synthesis. Our protocol can significantly support this 

decision-making process and will lead to the requirement of fewer resources and in shorter times 

compared to strategies that still involve a significant serendipity and random trial component.

RAPID DISCOVERY OF NOVEL ASPARTYL PROTEASE INHIBITORS USING AN ANCHORING APPROACH
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EXPERIMENTAL SECTION

Experimental procedures
General Experimental Procedures and Characterization 

Procedures for isocyanide synthesis

Procedure A1 (General procedure for the isocyanide synthesis): the appropriate primary 

amine (1 equiv) was suspended in ethyl formate (20 equiv). Triethylamine was added (2 equiv) 

and the reaction mixture was heated at reflux overnight. The solvent was removed under reduced 

pressure to obtain a residue, which was used directly in the next step without purification. The 

residue was dissolved in DCM (0.2 M) and then triethylamine was added (5 equiv). The solution 

was cooled at 0 °C and then POCl
3
 (1.1 equiv) was added dropwise over 30 min. After the addition 

was completed, the reaction mixture was stirred at 0 °C for 15 min and then for 2h at room 

temperature. The reaction was monitored by TLC. When no more starting material was detected, 

the reaction mixture was poured slowly in an ice cold saturated solution of NaHCO
3
 and after 30 

min of stirring, the reaction mixture was extracted with DCM (x3). The combined organic phases 

were dried over MgSO
4
, filtered and the solvent was removed under reduced pressure. The residue 

was filtered over silica, first with petroleum ether (PE) as eluent and gradually increasing to PE / 

EtOAc 1:1, and finally EtOAc  100%.

Procedure A2 (Procedure for the synthesis of  4-(2-isocyanoethyl)phenyl acetate) 

Tyramine (38 mmol, 5.2 g) was suspended in ethyl formate (20 equiv). Triethylamine was added (2 

equiv) and the reaction mixture was heated at reflux overnight. The solvent was removed under 

reduced pressure and the obtained brown solid was used directly in the next step. The residue 

was dissolved in acetone (100 ml). Under stirring, potassium carbonate (1 equiv) was added as 

solid, followed by the addition of acetic anhydride (2 equiv). The reaction mixture was heated at 

reflux for 1 h. At that point, a large amount of white solid was formed. The reaction mixture was 

allowed to reach rt and then it was cooled in an ice bath. Slowly, 300 ml of water were added and 

the residue was extracted with DCM (x3). Drying over MgS0
4
, filtration and evaporation under 

reduced pressure to get a brown oil, which was used directly in the final step. The residue was 

dissolved in 50 ml DCM and then triethylamine was added (5 equiv). The solution was cooled at 0 

°C and then POCl
3
 (1.1 equiv) was added dropwise over 30 min. After the addition was completed, 

the reaction mixture was stirred at 0 °C for 15 min and then for 2 h at room temperature. The 

reaction was monitored by TLC (DCM and drops of MeOH). When no more starting material was 
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detected, the reaction mixture was poured slowly in an ice cold saturated solution of NaHCO
3
 and 

after 30min of stirring, the reaction mixture was extracted with DCM (x3). The combined organic 

phases were dried over MgSO
4
, filtered and the solvent was removed under reduced pressure. The 

residue was filtered over silica, first with petroleum ether as eluent and then PE / EtOAc 1:1.

Procedure A3 (Procedure for the synthesis of  2-isocyano-N-(thiophen-2-ylmethyl)

acetamide): methyl 2-isocyanoacetate was synthesized according to procedure A1 on 10 

mmol scale. The isocyanide was obtained as an orange liquid; yield 70%, 700 mg. Thiophen-2-

ylmethanamine (1 equiv) was added in the methyl 2-isocyanoacetate and the reaction was stirred 

rt overnight, neat. The next day, the reaction mixture was filtered and washed with diethylether to 

obtain 2-isocyano-N-(thiophen-2-ylmethyl)acetamide.  

Procedure B (General procedure for the Ugi-tetrazole reaction): To a stirred solution 

of aldehyde (1 mmol) in methanol (1 M) were added successively tert-butyl carbazate (1 mmol), 

trimethylsilyl azide (1 mmol), isocyanide (1 mmol) and zinc chloride (10% mol). The reaction mixture 

was stirred at room temperature overnight. The solvent was removed under reduced pressure and 

the residue was purified by column chromatography (PE / EtOAc, 0-100% EtOAc in PE). 

Procedure C (General procedure for Boc-deprotection): The Ugi-tetrazole product (1 mmol) 

was stirred at room temperature overnight in hydrochloric acid (1 ml, 4N) in dioxane. The solvent 

was removed under reduced pressure and the residue was dried under vacuum to obtain the pure 

product as hydrochloric salt.

5-(Isocyanomethyl)benzo[d][1,3]dioxole (NC1) 

Obtained using procedure A1 on 11.4 g (75 mmol) scale; yield 91% (11 g); yellow 

solid. 1H NMR (500 MHz, CDCl
3
) δ 6.83 (b, 1H), 6.80 (d, J = 2.0 Hz, 2H), 5.99 (s, 2H), 

4.54 – 4.53 (m, 2H). 13C NMR (126 MHz, CDCl
3
) δ 157.1, 147.8, 147.4, 125.9, 120.0, 108.1, 

107.0, 101.1, 44.9.

6-(Isocyanomethyl)-2,3-dihydrobenzo[b][1,4]dioxine (NC2)

Obtained  using procedure A1 on  1g  (6 mmol) scale; yield 76 % (800 mg); black 

liquid. 1H NMR (500 MHz, CDCl
3
) δ 6.87 (d, J = 8.4 Hz, 2H), 6.80 (dd, J = 8.2, 2.2 

Hz, 1H), 4.52 – 4.51 (m, 2H), 4.26 (s, 4H). 13C NMR (126 MHz, CDCl
3
) δ 157.2, 143.8, 

143.6, 125.5, 119.8, 117.7, 115.9, 64.3, 45.0.
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(Isocyanomethyl)benzene (NC3)

Obtained  using procedure A1 on  21.4 g (200 mmol) scale; yield 76 % (17.8 g); light 

yellow liquid. 1H NMR (500 MHz, CDCl
3
) δ 7.42 – 7.38 (m, 2H), 7.37 – 7.34 (m, 3H), 4.65 

(s, 2H). 13C NMR (126 MHz, CDCl
3
) δ 157.6, 132.3, 129.0, 128.4, 126.6, 45.5.

(2-Isocyanoethane-1,1-diyl)dibenzene (NC4)

Obtained  using procedure A1 on  10 g  (51 mmol) scale; yield 65 % (6.8 g); white 

solid. 1H NMR (500 MHz, CDCl
3
) δ 7.36 – 7.33 (m, 4H), 7.28 – 7.26 (m, 2H), 7.25 – 7.22 

(m, 4H), 4.35 (t, J = 7.5 Hz, 1H), 3.99 (d, J = 7.6 Hz, 2H). 13C NMR (126 MHz, CDCl
3
) δ 

157.3, 140.0, 128.8, 127.8, 127.4, 50.4, 46.2.

4-(2-Isocyanoethyl)phenyl acetate (NC5)

Obtained  using procedure A2 on  5.2 g  (38 mmol) scale; yield 50 % (3.6 

g); red liquid. 1H NMR (500 MHz, CDCl
3
) δ 7.23 (d, J = 8.5 Hz, 2H), 7.04  (d, J = 

8.5 Hz, 2H), 3.58 (t, J = 7.0 Hz, 2H), 2.95 (t, J = 7.0 Hz, 2H), 2.28 (s, 3H). 13C NMR 

(126 MHz, CDCl
3
) δ 169.3, 156.6, 149.7, 134.1, 129.6, 121.8, 42.8, 34.9, 21.0.

2-Isocyano-N-(thiophen-2-ylmethyl)acetamide  (NC6)

Obtained  using procedure A3 on  700mg  (0.7 mmol) scale; yield 80 % (1.0 

g); white solid. 1H NMR (500 MHz, CDCl
3
) δ 7.25 (dd, J = 5.0, 1.1 Hz, 1H), 7.02 – 

6.98 (m, 1H), 6.96 (dd, J = 5.1, 3.5 Hz, 1H), 6.90 (b, 1H), 4.65 (d, J = 5.8 Hz, 2H), 

4.17 (s, 2H). 13C NMR  has been reported previously.[S1] The data are in good 

agreement with the previously reported in the literature. 

tert-Butyl 2-(1-(1-(benzo[d][1,3]dioxol-5-ylmethyl)-1H-tetrazol-5-yl)-2-(benzyloxy)ethyl) 

hydrazine-1-carboxylate (1b_boc)

Obtained using procedure B on 1 mmol scale; yield 40 % (180 mg); 

white solid; m.p. 118-120 °C. 1H NMR (500 MHz, CDCl
3
) δ 7.35-7.27 (m, 

4H), 7.25 - 7.23 (m, 1H), 6.74 (s,1H), 6.72-6.71 (m,2H), 6.10 (b, 1H),  5.94 

(dd, J = 4.5, 1.5 Hz, 2H),  5.63 (ABq, J
AB

 =15.5 Hz, 2H),  4.64 (b, 1H), 4.57 (b, 

1H),  4.49 (ABq, J
AB

 =12 Hz, 2H), 3.86 (dd, J = 9.5 Hz, J =7.5 Hz, 1H), 3.69 

(dd, J = 10 Hz, J =5.0 Hz, 1H), 1.40 (s, 9H). 13C NMR (126 MHz, CDCl
3
) δ 156.4, 152.7, 148.3, 148.0, 137.1, 

128.6, 128.1, 127.9, 127.5, 121.7, 108.5, 108.4, 101.4, 81.1, 73.5, 69.2, 55.0, 51.1, 28.2.
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tert-Butyl 2-(2-(benzyloxy)-1-(1-(2-oxo-2-((thiophen-2-ylmethyl)amino)ethyl)-1H-tetrazol-

5-yl)ethyl)hydrazine-1-carboxylate (2b_boc)

Obtained using procedure B on 1 mmol scale; yield 35 % (163 mg); 

yellow oil. 1H NMR (500 MHz, CDCl
3
) δ 8.69 (b, 1H), 7.33-7.27 (m, 6H), 7.12 

(d, J = 3.0 Hz, 1H), 6.95 (dd, J = 4.9, 3.6 Hz, 1H), 6.34 (b, 1H), 5.81 (ABq, J
AB

 

=15.5 Hz, 2H), 4.75 – 4.62 (m, 2H), 4.54 (d, J = 11.8 Hz, 1H), 4.48 (b, 1H), 

4.45 (d, J = 9.9 Hz, 1H), 3.82 (d, J = 7.1 Hz, 1H), 3.70 – 3.68 (m, 1H), 3.62 – 

3.59 (m, 1H), 1.38 (s, 9H). 13C NMR (126 MHz, CDCl
3
) δ 171.3, 156.7, 151.9, 137.2, 135.2, 128.6, 128.3, 128.1, 

127.9, 127.2, 127.2, 81.3, 73.4, 68.5, 64.6, 45.8, 31.5, 28.3.

tert-Butyl 2-(1-(1-benzyl-1H-tetrazol-5-yl)butyl)hydrazine-1-carboxylate (3b_boc)

Obtained using procedure B on 1 mmol scale; yield 74 % (260 mg); yellow oil. 1H 

NMR (500 MHz, CDCl
3
) δ 7.36-7.34 (m, 3H), 7.23 – 7.20 (m, 2H), 5.81 (b, 1H), 5.78 (d, J 

= 15.3 Hz, 1H), 5.60 (d, J = 15.3 Hz, 1H), 4.47 (b, 1H), 4.21 (s, 1H), 1.68 – 1.59 (m, 2H), 

1.41 (s, 9H), 1.15 (dd, J = 9.3, 6.9 Hz, 1H), 1.05 (dd, J = 16.2, 6.7 Hz, 1H), 0.73 (t, J = 7.3 

Hz, 3H). 13C NMR (126 MHz, CDCl
3
) δ 156.6, 155.0, 134.0, 129.1, 128.8, 127.5, 81.3, 55.5, 

51.1, 33.9, 28.2, 18.9, 13.5.

tert-Butyl 2-(1-(1-(benzo[d][1,3]dioxol-5-ylmethyl)-1H-tetrazol-5-yl)-3-phenylpropyl) 

hydrazine-1-carboxylate (4b_boc)

Obtained using procedure B on 1 mmol scale; yield 56 % (253 mg); yellow 

oil.  1H NMR (500 MHz, CDCl
3
) δ 7.24-7.18 (m, 3H), 7.02-7.01 (m, 2H), 6.73 (d, J 

= 7.9 Hz, 1H), 6.66 (s, 1H), 6.62 (d, J = 7.6 Hz, 1H), 6.00 (b, 1H), 5.95 (d, J = 3.6 

Hz, 2H), 5.45 (d, J = 7.9 Hz, 2H), 4.42 (s, 1H), 4.25 (s, 1H), 2.51 (b, 2H), 2.11 – 2.06 

(m, 1H), 2.04 – 1.99 (m, 1H), 1.41 (s, 9H). 13C NMR (126 MHz, CDCl
3
) δ 154.7, 

154.6, 148.3, 148.1, 140.3, 128.5, 128.3, 127.2, 126.2, 121.5, 108.6, 108.2, 101.4, 

81.3, 54.8, 50.9, 33.2, 31.6, 28.2.

tert-Butyl 2-(1-(1-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methyl)-1H-tetrazol-5-yl)hexyl)

hydrazine-1-carboxylate  (5b_boc)

Obtained using procedure B on 1 mmol scale; yield 56 % (243 mg); yellow 

oil. 1H NMR (500 MHz, CDCl
3
) δ 6.83 – 6.81 (m, 1H), 6.77-6.76 (m, 1H), 6.72-

6.69 (m, 1H), 5.87 (b, 1H), 5.65 (d, J = 15.1 Hz, 1H), 5.45 (d, J = 15.1 Hz, 1H), 4.46 

(b, 1H), 4.23 (b, 5H), 1.73 – 1.67 (m, 2H), 1.42 (s, 9H), 1.23 – 1.00 (m, 6H), 0.79 

(t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl
3
) δ 156.6, 154.9, 144.0, 143.9, 127.0, 

120.7, 117.8, 116.8, 81.2, 64.3, 64.3, 55.7, 50.7, 31.9, 31.3, 28.2, 25.2, 22.2, 14.2, 13.9.
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tert-Butyl 2-(1-(1-(benzo[d][1,3]dioxol-5-ylmethyl)-1H-tetrazol-5-yl)hexyl)hydrazine-1-

carboxylate  (6b_boc)

Obtained using procedure B on 1 mmol scale; yield 81 % (340 mg); yellow 

oil. 1H NMR (500 MHz, CDCl
3
) δ 6.76 – 6.74 (m, 3H), 5.97– 5.95 (m, 2H), 5.94 

(s,1H), 5.67 (d, J = 15.2 Hz, 1H), 5.48 (d, J = 15.2 Hz, 1H), 4.47 (s, 1H), 4.24 (s, 1H), 

1.74 – 1.70 (m, 2H), 1.41 (s, 9H),  1.14 – 1.09 (m, 6H), 0.79 (t, J = 7.0 Hz, 3H). 13C 

NMR (126 MHz, CDCl
3
) δ 156.6, 154.9, 148.3, 148.1, 127.5, 121.4, 108.5, 108.2, 

101.4, 81.3, 55.6, 50.9, 31.9, 31.3, 28.2, 25.2, 22.2, 13.8.

tert-Butyl 2-(1-(1-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methyl)-1H-tetrazol-5-yl)-3-

phenylpropyl)hydrazine-1-carboxylate (7b_boc)

Obtained using procedure B on 1 mmol scale; yield 61 % (285 mg); yellow 

oil. 1H NMR (500 MHz, CDCl
3
) δ 7.25-7.22 (m, 2H), 7.19-7.16 (m, 1H), 7.01 – 6.99 

(m, 2H), 6.80 (d, J = 8.3 Hz, 1H), 6.71 (d, J = 2.1 Hz, 1H), 6.63 (dd, J = 8.3, 2.3 

Hz, 1H), 6.02 (s, 1H), 5.52 – 5.46 (m, 1H), 5.43-5.40 (m,1H), 4.44 (s, 1H), 4.26 (s, 

1H), 4.23 – 4.17 (m, 4H), 2.51 – 2.46 (m, 2H), 2.10-2.04 (m, 1H), 2.03-1.96 (m, 1H), 

1.42 (s, 9H). 13C NMR (126 MHz, CDCl
3
) δ 156.5, 154.7, 144.0, 143.9, 140.4, 129.1, 

128.5, 128.3, 126.8, 126.2, 120.7, 117.9, 116.8, 81.2, 64.3, 55.0, 50.7, 33.3, 31.6, 28.2.

tert-Butyl 2-(1-(1-(benzo[d][1,3]dioxol-5-ylmethyl)-1H-tetrazol-5-yl)-3-(4-(tert-butyl)

phenyl)-2-methylpropyl)hydrazine-1-carboxylate (8b_boc)

Obtained using procedure B on 1 mmol scale; yield 19 % (101 mg); yellow 

oil. 1H NMR (500 MHz, CDCl
3
, mixture of diastereomers 1:1) δ 7.32 (td, J = 

4.4, 2.2 Hz, 4H), 7.05 (dd, J = 8.3, 2.9 Hz, 4H), 6.77 – 6.69 (m, 4H), 6.59 (d, J = 

1.8 Hz, 1H), 6.47 (dd, J = 8.0, 1.8 Hz, 1H), 5.98 – 5.96 (m, 4H), 5.91 (b, 2H), 5.53-

5.43 (m, 2H), 5.34 (d, J = 15.1 Hz, 1H), 5.18 ( d, J = 15.1 Hz,  1H), 4.36 (d, J = 17.0 

Hz, 4H), 2.93 (dd, J = 13.7, 4.5 Hz, 1H), 2.70 (dd, J = 13.6, 6.7 Hz, 1H), 2.44 (dd, 

J = 13.6, 9.2 Hz, 1H), 2.38-2.29 (m, 3H), 1.43 (s, 18H), 1.32 (d, J = 4.7 Hz, 18H), 

1.00 (d, J = 6.9 Hz, 3H), 0.63 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, CDCl
3
, mixture of diastereomers 1:1) 

δ 156.4, 156.2, 154.8, 154.5, 149.1, 148.1, 144.0, 136.6, 135.9, 128.9, 128.8, 127.3, 127.1, 125.3, 125.3, 121.6, 

108.5, 108.3, 101.4, 83.2, 60.1, 58.9, 51.0, 50.7, 38.8, 38.5, 37.0, 34.4, 31.4, 29.7, 28.2, 15.9, 15.1.

tert-Butyl 2-(1-(1-(4-acetoxyphenethyl)-1H-tetrazol-5-yl)-2-(benzyloxy)ethyl)hydrazine-1-

carboxylate (9b_boc)

Obtained using procedure B on 1 mmol scale; yield 49 % (243 mg); yellow 

oil. 1H NMR (500 MHz,  CDCl
3
) δ 7.33-7.30 (m, 3H), 7.26 – 7.24 (m, 2H), 7.03 (d, J 

= 8.5 Hz, 2H), 6.97 (d, J = 8.5 Hz, 2H), 5.89 (b,1H),  4.74-4.70 (m, 1H), 4.68 – 4.62 

(m, 1H), 4.48 (q, J = 11.8 Hz, 2H), 4.39 (s, 2H), 3.82 (dd, J = 9.8, 7.3 Hz, 1H), 3.57 

(dd, J = 10.0, 5.0 Hz, 1H),  3.22 (t, J = 7.2 Hz, 2H), 2.27 (s, 3H), 1.40 (s, 9H). 13C 

NMR (126 MHz, CDCl
3
) δ 169.3, 156.6, 153.1, 149.7, 137.2, 134.2, 129.8, 128.5, 

128.0, 127.9, 122.0, 81.0, 73.4, 69.5, 54.7, 48.9, 35.4, 28.2, 28.2, 21.1.
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tert-Butyl 2-(cyclohexyl(1-(2,2-diphenylethyl)-1H-tetrazol-5-yl)methyl)hydrazine-1-

carboxylate (10b_boc)

Obtained using procedure B on 1 mmol scale; yield 63 % (298 mg); white 

solid; m.p.=72-73 °C. 1H NMR (500 MHz, CDCl
3
) δ 7.37 – 7.33 (m, 2H), 7.31 – 

7.27 (m, 3H), 7.25 – 7.22 (m, 2H), 7.22 – 7.19 (m, 1H), 7.16 – 7.13 (m, 2H), 5.22 

(dd, J = 13.1, 10.2 Hz, 1H), 5.14 (b, 1H),  5.00 (dd, J = 10.3, 5.7 Hz, 1H), 4.82 (dd, 

J = 13.0, 5.7 Hz, 1H), 4.21 (b, 1H), 4.09 (b, 1H), 1.98 – 1.96 (m, 1H),  1.75 – 1.73 

(m, 1H), 1.69 – 1.64 (m, 1H), 1.63 – 1.56 (m, 2H), 1.40 (s, 9H), 1.27 – 1.25 (m, 

1H), 1.22 – 1.18 (m, 1H), 1.10 – 1.05 (m, 2H), 1.01 – 0.98 (m, 1H), 0.76 – 0.69 (m, 1H). 13C NMR (126 MHz, 

CDCl
3
) δ 160.4, 154.7, 140.3, 140.2, 128.9, 128.9, 128.3, 127.8, 127.5, 127.4, 81.0, 60.9, 52.2, 50.2, 39.7, 30.2, 

29.7, 29.3, 28.2, 25.9, 25.6.

tert-Butyl 2-(1-(1-(2,2-diphenylethyl)-1H-tetrazol-5-yl)-2-methylbutyl)hydrazine-1-

carboxylate (11b_boc)

Obtained using procedure B on 1 mmol scale; yield 23 % (102 mg); white 

solid; m.p.=92-93 °C. 1H NMR (500 MHz, CDCl
3
, mixture of diastereomers 

1:1) δ 7.36 – 7.32 (m, 4H), 7.31 – 7.27 (m, 6H), 7.23 (m, 4H), 7.21 – 7.13 (m, 6H), 

5.27 – 5.13 (m, 3H), 5.05 – 4.98 (m, 2H), 4.86 – 4.77 (m, 2H), 4.13 (b, 3H), 1.66 

– 1.61 (m, 4H), 1.40 (d, J = 3.6 Hz, 18H), 1.07 (d, J = 6.9 Hz, 2H), 0.99 (d, J = 6.7 

Hz, 2H), 0.91 (td, J = 7.4, 3.3 Hz, 6H), 0.80 (t, J = 7.3 Hz, 3H), 0.56 (d, J = 6.7 Hz, 3H). 13C NMR (126 MHz, 

CDCl
3
, mixture of diastereomers 1:1) δ 158.7, 154.8, 140.3, 128.9, 128.9, 128.2, 127.8, 127.5, 127.4, 80.9, 

60.3, 52.3, 52.2, 50.3, 37.0, 36.5, 28.2, 25.9, 25.6, 15.3, 15.1, 11.3, 10.7.

tert-Butyl 2-(1-(1-(2-oxo-2-((thiophen-2-ylmethyl)amino)ethyl)-1H-tetrazol-5-yl)-3-

phenylpropyl)hydrazine-1-carboxylate  (12b_boc)

Obtained using procedure B on 1 mmol scale; yield 33 % 154 mg); 

yellow oil. 1H NMR (500 MHz, CDCl
3
) δ 8.20 (b, 1H), 7.30 (dd, J = 5.1, 1.2 

Hz, 1H), 7.27 (b, 2H), 7.20 – 7.16 (m, 5H), 6.97 (dd, J = 5.1, 3.5 Hz, 1H), 6.40 

(s, 1H), 5.88 (s, 2H), 4.77 (dd, J = 15.8, 6.8 Hz, 1H), 4.59 (dd, J = 15.8, 5.5 

Hz, 1H), 3.52 (dd, J = 7.7, 5.2 Hz, 1H), 2.74 (t, J = 8.1 Hz, 2H), 2.05 – 2.01 (m, 

1H), 1.89 – 1.85 (m, 1H), 1.41 (s, 9H). 13C NMR (126 MHz, CDCl
3
) δ 173.8, 156.8, 152.2, 140.6, 135.0, 128.6, 

128.4, 128.3, 127.4, 126.3, 81.3, 65.2, 45.9, 32.8, 32.1, 31.7, 28.2.
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1-(Benzo[d][1,3]dioxol-5-ylmethyl)-5-(2-(benzyloxy)-1-hydrazineylethyl)-1H-tetrazole (1b)

Obtained using procedure C on 0.28 mmol scale; yield 95 % (101 mg); 

brown oil. 1H NMR (500 MHz, MeOD) δ 7.34-7.29 (m, 4H), 7.20-7.19 (m, 

2H), 6.81-6.80 (m, 1H), 6.77 – 6.74 (m, 1H), 5.93 (s, 2H), 5.60 (ABq, J
AB

 =15.5 

Hz, 2H), 4.59 (s, 1H), 4.45 (s, 2H), 3.85 (dd, J = 9.6, 7.1 Hz, 1H), 3.72 (dd, J 

= 9.9, 4.9 Hz, 1H). 13C NMR (126 MHz, MeOD) δ 153.5, 149.7, 138.4, 129.6, 

129.1, 128.7, 123.2, 109.5, 102.8, 74.4, 70.5, 54.2, 52.2; HRMS (ESI): m/z calcd for C
18

H
21

O
3
N

6  
[M+H]+ : 

369.16697; found 369.16687.

2-(5-(2-(Benzyloxy)-1-hydrazineylethyl)-1H-tetrazol-1-yl)-N-(thiophen-2-ylmethyl) 

acetamide (2b)

Obtained using procedure C on 0.33 mmol scale; yield 88 % (113 mg); 

yellow foam. 1H NMR (500 MHz, MeOD) δ 7.45 (m, 1H), 7.33-7.27 (m, 6H), 

7.23-7.22 (m, 1H), 7.03-7.02 (m, 1H), 5.89 (s, 2H), 4.73 (s, 2H), 4.59-4.49 (m, 3H), 

3.88 (d, J = 4.6 Hz, 1H),3.84 (b,1H), 3.81 (d, J = 3.7 Hz, 2H), 2.38 (appd, 1H). 13C 

NMR (126 MHz, MeOD) δ 171.9, 153.9, 138.7, 136.7, 129.6, 129.1, 128.6, 128.4, 

125.8, 74.5, 70.1, 62.6, 46.8, 33.5; HRMS (ESI): m/z calcd for C
17

H
22

O
2
N

7
S  [M+H]+ : 388.15502; found 

388.15500.

1-Benzyl-5-(1-hydrazineylbutyl)-1H-tetrazole (3b)

Obtained using procedure C on 0.75 mmol scale; yield 96 % (200.5 mg); yellow 

solid, m.p.=116-117 °C. 1H NMR (500 MHz, MeOD) δ 7.41-7.39 (m, 3H), 7.34 – 7.32 (m, 

2H), 5.86 (d, J= 15.6 Hz, 1H), 5.72 (d, J = 15.6 Hz, 1H), 4.56 (t, J = 7.2 Hz, 1H), 1.73 – 

1.66 (m, 1H), 1.55 – 1.48 (m, 1H), 1.21 – 1.12 (m, 1H), 1.05 – 0.98 (m, 1H), 0.72 (t, J = 7.4 

Hz, 3H). 13C NMR (126 MHz, MeOD) δ 155.3, 135.5, 130.3, 130.0, 129.0, 54.6, 52.2, 34.7, 

19.7, 13.7; HRMS (ESI): m/z calcd for C
12

H
19

N
6
  [M+H]+ : 247.16657; found 247.16652.

1-(Benzo[d][1,3]dioxol-5-ylmethyl)-5-(1-hydrazineyl-3-phenylpropyl)-1H-tetrazole  (4b)

Obtained using procedure C on 0.56 mmol scale; yield 97 % (210.2 mg); off 

white solid, m.p.=130-131 °C. 1H NMR (500 MHz, MeOD) δ 7.26-7.23 (m, 2H), 

7.19-7.17 (m,  1H), 7.02 (d, J = 7.8 Hz, 2H), 6.82 – 6.79 (m, 1H), 6.77-6.76 (m, 2H), 

5.94 (dd, J = 7.9, 2.6 Hz, 2H), 5.64 (d, J = 15.3 Hz, 1H), 5.58 (d, J = 15.3 Hz, 1H), 

4.59 (t, J = 7.1 Hz, 1H),2.59 – 2.53 (m, 1H), 2.46 – 2.39 (m, 1H), 2.05-2.02 (m, 

1H), 1.91 – 1.82 (m, 1H). 13C NMR (126 MHz, MeOD) δ 155.1, 149.8, 141.4, 129.6, 

129.4, 128.8, 127.4, 123.0, 109.7, 109.3, 102.9, 54.0, 52.1, 34.7, 32.4; HRMS (ESI): m/z calcd for C
18

H
21

O
2
N

6 

[M+H]+ : 353.17205; found 353.17200.

RAPID DISCOVERY OF NOVEL ASPARTYL PROTEASE INHIBITORS USING AN ANCHORING APPROACH

8



210

1-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)methyl)-5-(1-hydrazineylhexyl)-1H-tetrazole (5b)

Obtained using procedure C on 0.56 mmol scale; yield 92 % (191 mg); 

yellow semi-solid. 1H NMR (500 MHz, MeOD) δ 6.85-6.80 (m, 3H), 5.75 

(dd, J = 15.4, 3.1 Hz, 1H), 5.59 (dd, J = 15.4, 3.1 Hz, 1H), 4.57 (t, J = 7.2 Hz, 

1H), 4.23 (s, 4H), 1.74– 1.69 (m,1H), 1.58-1.52 (m, 1H), 1.15-1.04 (m, 6H), 0.81 

(td, J = 7.1, 3.2 Hz, 3H). 13C NMR (126 MHz, MeOD) δ 155.4, 145.8, 145.6, 

128.4, 122.2, 119.1, 118.1, 65.8, 54.9, 51.9, 33.0, 32.5, 26.3, 23.5, 14.4; HRMS (ESI): m/z calcd for C
16

H
25

O
2
N

6 

[M+H]+ : 333.20335; found  333.20337.

1-(Benzo[d][1,3]dioxol-5-ylmethyl)-5-(1-hydrazineylhexyl)-1H-tetrazole (6b)

Obtained using procedure C on 0.81 mmol scale; yield 97 % (280 mg); 

yellow semi-solid. 1H NMR (500 MHz, MeOD) δ 6.90-6.89 (m, 1H), 6.84 – 

6.83 (m, 2H), 5.96 (s, 2H),  5.77 (d, J = 15.4 Hz, 1H), 5.66 (d, J = 15.4 Hz, 1H), 

4.63 (t, J = 7.3 Hz , 1H), 1.76– 1.73 (m, 1H), 1.61-1.57 (m, 1H),  1.19-1.06 (m, 5H), 

0.93-0.89 (m, 1H), 0.80 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, MeOD) δ 155.5, 

149.9, 149.8, 129.2, 123.3, 109.7, 109.5, 103.1, 54.9, 52.2, 33.1, 32.5, 26.3, 23.5, 14.4; HRMS (ESI): m/z calcd 

for C
15

H
23

O
2
N

6
 [M+H]+ : 319.1877; found 319.18762.

1-((2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)methyl)-5-(1-hydrazineyl-3-phenylpropyl)-1H-

tetrazole  (7b)

Obtained using procedure C on 0.61 mmol scale; yield 95 % (234 mg); 

dark brown oil. 1H NMR (500 MHz, MeOD) δ 7.24 - 7.22 (m, 2H), 7.18 -7.15 

(m, 1H), 6.99 - 6.98 (m, 2H), 6.84 -6.82 (m, 1H), 6.77 – 6.76 (m, 1H), 6.74 - 6.72 

(m, 1H), 5.66 (d, J = 15.3 Hz, 1H), 5.54 (d, J = 15.3 Hz, 1H), 4.60 (t, J = 6.8 Hz, 

1H), 4.18 (s, 4H), 2.56 – 2.50  (m, 1H), 2.39 – 2.33 (m, 1H), 2.00 – 1.98 (m, 1H), 

1.83 – 1.77 (m, 1H). 13C NMR (126 MHz, MeOD) δ 155.2, 145.4, 141.4, 129.6, 

129.4, 128.1, 127.4, 122.0, 119.0, 118.0, 65.6, 54.2, 51.8, 34.7, 32.5; HRMS (ESI): m/z calcd for C
19

H
23

O
2
N

6  

[M+H]+ : 367.1877; found 367.18765.
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1-(Benzo[d][1,3]dioxol-5-ylmethyl)-5-(3-(4-(tert-butyl)phenyl)-1-hydrazineyl-2-

methylpropyl)-1H-tetrazole  (8b)

Obtained using procedure C on 0.19 mmol scale; yield 94 % (83 mg); 

yellow semi-solid. 1H NMR (500 MHz, MeOD, mixture of diastereomers 

1:1) δ 7.36-7.33 (s, 2H), 7.28 – 7.26 (m, 2H), 7.04-7.02 (m, 2H), 6.89 – 6.77 (m, 

6H), 6.67 -6.64 (m, 2H), 5.95 – 5.94 (m, 4H), 5.75 – 5.69 (m, 1H), 5.58 – 5.51 

(m, 1H), 5.50 – 5.37 (m, 2H), 4.52 – 4.50 (m, 1H), 4.44 – 4.42 (m, 1H), 2.82 – 

2.78 (m, 1H), 2.58 – 2.55 (m, 1H), 2.43 – 2.38  (m, 1H), 2.34 – 2.28  (m, 1H), 

2.06 (b, 2H), 1.29 (s, 18H), 0.85 (dt, J = 5.5, 2.4 Hz, 3H), 0.57 (dt, J = 5.3, 2.4 

Hz, 3H). 13C NMR (126 MHz, MeOD, mixture of diastereomers 1:1) δ 155.1, 150.6, 150.3, 149.9, 137.8, 

137.1, 130.0, 126.6, 126.3, 123.4, 123.0, 109.6, 103.0, 58.6, 57.4, 52.1, 51.9, 40.0, 39.6, 38.8, 37.9, 35.2, 31.8, 

16.0, 14.2; HRMS (ESI): m/z calcd for C
23

H
31

O
2
N

6  
[M+H]+ : 423.2503; found 423.25012.

4-(2-(5-(2-(Benzyloxy)-1-hydrazineylethyl)-1H-tetrazol-1-yl)ethyl)phenol  (9b)

Obtained using procedure C on 0.49 mmol scale; yield 95 % (165 mg); 

brown oil. 1H NMR (500 MHz, MeOD) δ 7.34 – 7.30 (m, 5H), 6.99 – 6.86 (m, 

2H), 6.70 – 6.68  (m, 2H), 4.70 – 4.48 (m, 6H), 3.75 – 3.66 (m, 1H), 3.36 – 3. 35 

(m, 1H), 3.18 – 3.15 (m, 1H), 3.12 – 3.08 (m, 1H). 13C NMR (126 MHz, MeOD) 

δ 157.9, 153.5, 141.7, 138.5, 131.1, 129.6, 129.2, 116.7, 74.6, 70.7, 53.7, 50.8, 36.0; 

HRMS (ESI): m/z calcd for C
18

H
23

O
2
N

6  
[M+H]+ : 355.1877; found 355.18747.

5-(Cyclohexyl(hydrazineyl)methyl)-1-(2,2-diphenylethyl)-1H-tetrazole (10b)

Obtained using procedure C on 0.63 mmol scale; yield 97 % (240 mg); 

orange solid, m.p.= 83-85 °C. 1H NMR (500 MHz, MeOD) δ 7.41 – 7.39 (m, 2H), 

7.34 – 7.28 (m, 3H), 7.25 – 7.21 (m, 3H), 7.20  - 7.17 (m, 2H), 5.39 (d, J = 8.3 Hz, 

1H), 5.16 (dd, J = 10.1, 3.6 Hz, 1H), 5.03 – 4.99 (m, 1H), 4.20 (d, J = 7.7 Hz, 1H), 

1.86 – 1.75 (m, 2H), 1.59 – 1.57 (m, 2H), 1.50 – 1.49 (m, 2H), 1.33 – 1.24 (m, 2H), 

1.07 – 1.04 (m, 2H), 0.68 -0.66 (m, 1H). 13C NMR (126 MHz, MeOD) δ 155.1, 142.2, 142.1, 141.3, 130.0, 

129.9, 129.8, 129.4, 129.2, 129.1, 129.0, 128.5, 128.4, 58.5, 58.4, 53.5, 52.1, 40.6, 30.2, 29.6, 26.8; HRMS 

(ESI): m/z calcd forC
22

H
29

N
6 
[M+H]+ : 377.24482; found 377.24463.

1-(2,2-Diphenylethyl)-5-(1-hydrazinyl-2-methylbutyl)-1H-tetrazole  (11b)

Obtained using procedure C on 0.23 mmol scale; yield 98 % (86 mg); yellow 

semi-solid. 1H NMR (500 MHz, MeOD, mixture of diastereomers 1:1) δ 7.43 

– 7.42 (m, 4H), 7.39 – 7.33 (m, 6H), 7.31 – 7.29 (m, 4H), 7.26 – 7.18 (m, 6H), 5.23 – 

5.05 (m, 4H), 4.36 – 4.26 (m, 2H), 1.57  - 1.56 (m,  2H),  1.31 - 1.29 (m, 2H), 0.91 – 

0.78  (m, 13H), 0.56 (dd, J = 6.8, 2.2 Hz, 3H). 13C NMR (126 MHz, MeOD, mixture 

of diastereomers 1:1) δ 155.2, 142.2, 130.0, 129.4, 129.1, 128.5, 58.2, 57.8, 53.6, 52.1, 52.0, 38.3, 37.7, 27.2, 

25.2, 15.6, 14.1, 12.0, 11.2; HRMS (ESI): m/z calcd for C
20

H
27

N
6  

[M+H]+: 351.22917; found 351.22894.
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2-(5-(1-Hydrazinyl-3-phenylpropyl)-1H-tetrazol-1-yl)-N-(thiophen-2-ylmethyl)acetamide 

(12b)

Obtained using procedure C on 0.33 mmol scale; yield 98 % (120 mg); 

brown oil. 1H NMR (500 MHz, MeOD) δ 7.45 – 7.42 (m, 1H), 7.26 – 7.18 (m, 

6H), 7.02– 7.00 (m, 1H), 5.95 – 5.91 (m, 2H), 4.73 – 4.69 (m, 2H), 3.59 (t, J = 6.2 

Hz, 1H), 2.71 – 2.70 (m, 2H), 1.96 – 1.93 (m, 2H). 13C NMR (126 MHz, MeOD) δ 

173.9, 154.1, 142.1, 136.6, 129.5, 128.5, 128.3, 127.2, 62.7, 46.8, 34.0, 33.7, 32.6; 

HRMS (ESI): m/z calcd for C
17

H
22

ON
7
S [M+H]+: 372.16011; found 372.16013.

Fluorescence-based endothiapepsin inhibition assay
Endothiapepsin was purified as described before.[S2] Stock solutions were prepared for all 

compounds (10 mM in DMSO). The final reaction volume was 200 μl containing 0.8 nM 

endothiapepsin, 1.8 µM substrate (Abz-Thr-Ile-Nle-p-nitro-Phe-Gln-Arg-NH₂ trifluoroacetate 

salt) (Bachem, Bubendorf, Switzerland) and 5 % DMSO. The final concentration of inhibitors was 

between 0.4 and 200 µM (0.05 – 25 µM for saquinavir). The assay was performed in flat bottom 96-

well microplates (Greiner Bio-One, Frickenhausen, Germany) using a CLARIOstar microplate reader 

(BMG Labtech, Ortenberg, Germany) at an excitation wavelength of 337 nm and an emission 

wavelength of 414 nm. The assay buffer (0.1 M sodium acetate buffer, pH 4.6, containing 0.001 

% Tween 20) was premixed with the substrate and inhibitor; endothiapepsin was added directly 

before the measurement. The reaction was performed at 25 °C for 20 min and accompanied by 

detection of the fluorescence signal once per min. The resulting slopes were related to a DMSO 

control yielding % inhibition values. Each compound was measured at least three times. The final 

result represents the average of these measurements. IC50
 values were calculated by using the 

software OriginPro 2017 (OriginLab Corporation, Northampton, MA).

Fluorescence-based endothiapepsin inhibition assay – results 

Table S1. Evaluation of endothiapepsin inhibition.

Compound Structure % inhibition at 200 µM IC50 (µM)

1a 
NH 2

H
N

N
N N

N 39.9 ± 11.9 n.d.

2a N
NN

N

H
N

NH 2

14.1 ± 10.7 n.d.

3a 
N

NN
N

H
N

NH 2 36.9 ± 10.3 n.d.
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4a N
NN

N

H
N

NH 2

Cl

N

46.1 ± 3.8 n.d.

5a 
N

NN
N

H
N

NH 2

N
O

O

NH

89.5 ± 19.0 75.7 ± 20.9

1b 
O

O

O

N
NN

N

H
N

NH 2

48.3 ± 3.4 n.d.

2b NH 2

NH

N
N N

N

NH

O

O

S 51.9 ± 2.5 n.d.

3b N
N N

N

H
N

NH 2

3.0 ± 1.0 n.d.

4b 
N

N N
N

H
N NH 2

O
O

36.3 ± 7.2 n.d.

5b NN
N N

H
N

NH 2

O

O 48.2 ± 10.1 n.d.

6b NN
N N

H
N

NH 2

O

O
32.8 ± 15.9 n.d.

7b 
N

N N
N

H
N NH 2

O
O

42.5 ± 2.2 n.d.

8b 
N

N N
N

H
N

NH 2

O
O

Me 95.3 ± 0.5 18.0 ± 4.8

9b 

OH

O

H2N
HN

N
N

N
N

91.5 ± 2.6 89.3 ± 17.8
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10b 

NH 2

H
N

N
NN

N 71.3 ± 6.7 96.8 ± 26.5

11b 
N

N
N

N

HN
NH 2

40.3 ± 9.5 n.d.

12b 

N
N

N
N

HN
NH 2

O

NH

S

39.1 ± 10.9 n.d.

Saquinavir  - n.d. 1.56 ± 0.12

Percent (%) inhibition of endothiapepsin activity was evaluated for 17 compounds at 200 µM. IC
50

 values were determined for 
compounds showing ≥60 % enzyme inhibition at 200 µM and the reference compound saquinavir. Values are means of at least 
three independent determinations. n.d.: not determined.

IC
50

 inhibition curves

Compound 3a

Compound 9b Compound 10b

Compound 8b
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Docking protocol
Our aim was to develop a docking protocol for creating virtual libraries and performing docking 

studies for MCR reactions and their post-MCR modifications. All the software in this approach 

is freeware for academic users after registration and the procedure can be easily performed 

on Windows, without special system requirements. The virtual libraries  included commercially 

available starting materials in order to facilitate the synthesis and avoid too expensive or 

challenging-to-synthesize starting materials.

A.  Preparation of starting materials: the different components of the MCR reaction are 

prepared as smiles files. In this case, the oxocomponents (aldehydes/ ketones) and isocyanides 

were included in our laboratory database (MDL ISIS/Base). After drawing for example the 

general structure of aldehydes in ISIS Draw or ChemDraw, the user can copy the structure 

and paste in order to start a query (search by form). All aldehydes will appear and then the 

file can be exported as RDfile. More data can be included at this stage (name, structure, 

amount, location and so on). After adding these additional data, save the file as aldehydes.

rdf. Then open the file in Marvin view (https://chemaxon.com/products/marvin) and save 

the file as .smiles. Further preparation includes the removal of undesirable starting materials 

(bifunctional for instance). The .smiles file is renamed to .txt. The list of smiles is copied to a 

Microsoft word document, numbering is included and the undesirable starting materials are 

manually removed. Depending on the type of the reaction, salts might also be removed or 

groups that are known not to react in this specific reaction. After this selection, the numbering 

is removed and the list is copied to a notepad and the file is saved as .txt and then renamed 

to .smiles. The same procedure is followed for the other starting materials as well. If a small 

number of compounds will be included, then the structures could be drawn in ChemDraw 

and then from the option copy special → copy as smiles. In notepad, paste the smiles, one 

under the other, forming a list. Save the file as .txt and rename to .smiles. 

B. Creation of the library: using Reactor (https://chemaxon.com/products/reactor). Draw 

the reaction; this could be done stepwise or include directly the final product after post-

Saquinavir
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modifications. All different possibilities for the starting materials can be described in Reactor. 

For instance aldehydes and ketones can be included in the same file as oxocomponents. Click 

on periodic table, then atom list and select both H and C, click on the bond and this L
[C,H]

 will 

appear. The same must be written for the product.  The same could be done for primary 

and secondary amines. Then using arrows, indicate which atom of the reactant corresponds 

to each one of the product. Save the reaction file as .mrv. In order to run Reactor, open the 

reaction file, click on next and then open the files of reactant 1 (as smiles), reactant 2 and so on. 

In the end click on next, select the combinatorial type to include all possible combinations of 

starting materials and then type the name of the output file (library.smiles). Click on finish and 

then check the products of the reaction in MarvinView for possible mistakes. 

C. RandReact [S3] (optional): If  the results generated with Reactor are more than 50.000 this could 

cause a problem in the next steps. One option is to split the library on subsets or reduce the 

number of products using RandReact. In the folder containing the starting materials as smiles 

copy and paste the RandReact.jar

 Type in command prompt: 

 C:\ java –jar randreact.jar reaction.mrv sm1.smiles sm2.smiles sm3.smiles 

2000>reults2000.smiles

 In this command reaction.mrv is the file of the reaction that was created in Reactor;

 sm1 stands for  the first starting material as smiles, sm2  for the second and so on.

 This will generate randomly 2000 results combing the starting materials using the reaction 

that was created with Reactor

D. Generating 2D and 3D conformers (Babel and Moloc): Open command prompt  and 

specify the directory

 •  Command to convert smiles to 2D structures with Babel (http://openbabel.org/wiki/Main_

Page)

  X:\ babel –i smiles  library.smiles  -o sdf library_2d.sdf --gen2d   

 • Command to generate 3d conformers with Moloc (http://www.moloc.ch/) 

  C:\Program files (x86)\moloc\bin\mcnf –f10 -F2 library_2d.sdf    

   (f10 = 10 conformers per compound, this value can vary between 5 and 25 usually, 

depending also on the structures). The last command generates an .sd file, which is 

renamed to .sdf. In a regular PC the amount of conformers generated in this step should 

not exceed 60.000, since there is the possibility of program crushing. 

E. Protein preparation: the PDB code 3PBZ was used. The receptor is manually separated from 

the ligand using Pymol (https://pymol.org/2/). Water molecules could be initially removed, 

but if they are important they should be taken into account. The receptor and the ligand are 

saved separately as receptor.pdb and ligand.pdb.
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F. Fragment preparation: the fragment represents the moiety that will be used as anchor to 

fix the library against it. It should include the most buried part of the initial ligand or a part of 

it that is considered the most significant for the interaction. Draw the structure in ChemDraw, 

copy as smiles to Chem3D and then select Calculations → MM2 → minimize energy and save 

it as frag.pdb. 

G. Manual alignment of the fragment to the co-crystallized ligand: Open Moloc and then 

from display set up working directory and then select get entries as PDB:  open the rec.pdb, 

ligand.pdb and frag.pdb (after opening the first entry, select “as it is” and move on to the 

second one.) Then exit and choose [a] entry activity stat. Make all entries active (A) instead of 

visible (V). Exit. Change entry settings [e]. Choose the frag / ligand and then [a] atom types on. 

Exit again. Go again to display, choose [e] change entry settings. Choose the receptor and then 

[l] atom labels on. Exit again. For zooming out: Left +middle button. Now that it is easier to 

distinguish the entries, the manual alignment starts with selecting “Forge coordinate changes”: 

select set, select entry, click on entry with control and left click. Exit. After it is selected: move 

set [m] (shift- middle mouse button), drag [d]/ rotate [r] set (shift- left mouse button). The 

fragment must overlap completely with the ligand used as reference point. Display and [s] 

store entries, select the fragment and save as frag.pdb. Launch Pymol and open frag.pdb. 

Save the molecule as frag.mol and then rename .mol to .sdf. This is the file used in the next 

command. 

H. Fixing the library against the fragment (Babel) using command prompt

 X:\ obfit  smartscode  frag.sdf  library_2d_cnf.sdf>library_fixed.sdf

   The smart code is either written manually or it can be generated in http://peter-ertl.com/

jsme/JSME_2017-02-26/JSME.html 

   After the alignment is completed, it is possible to visually inspect it in Pymol  to ensure that 

it was done correctly. 

I. Applying cut-off criteria and selecting the pharmacophore model

 Login in to Pharmit   (http://pharmit.csb.pitt.edu/)

 •  Create a library (upload the library_fixed.3d.sdf file as a private library with access code). 

Only one private library can be uploaded each time and the size is maximum 1.000.000 

conformers.

 • Enter Pharmit search

 • Load receptor as rec.pdb

 • Load features (the cocrystallized ligand from PDB as ligand.pdb) 

 • Pharmacophore: select 3 points to define the pharmacophore

 • Inclusive shape: ligand

 • Exclusive shape:  receptor (to remove compounds that clash with the receptor)

 • Hit reduction: define max hits
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 • Hit screening: to include parameters from Lipinsky’s rule of five 

 •  On top of the page (left) click on the arrow next to access MolPort and select access private 

library and enter the library code  

 • Pharmacophore search → shape filter

 • Search 

 •  The results will appear on the right side of the page: minimize and set cut-offs (for example 

max score -6, mRMSD +3). After the minimization, the results with the lowest energy will 

appear on top of the list. 

 • Save results (library_Pharmit.sdf). 

J. Final minization step with Moloc

 • Preparation of MAB file (Moloc):  set working directory, open receptor_pdb (as it is, exit). 

Center visible entries.  Make entry active, exit, [opt], optimize with MAB energy field, optimize 

(wait), display, [s] store entry, as rec.mab

 • C:\Program files (x86)\moloc\bin\mol3d -e rec.mab –w0.01 library_Pharmit.sdf (to 

optimize the energy and overlap the library with the protein). 

K. Visual evaluation in Pymol: open the files receptor.pdb and the final file from Moloc, which 

is renamed to library_3d.fixed.sdf. The poses can be analyzed visually, including polar contacts 

between the ligand and the receptor. The most interesting poses can be saved separately one 

by one as pose1.mol.

L. Scorpion (http://saas1.desertsci.com/): allows for a more in-depth analysis of the most 

promising poses and quantification of the interactions. Log in and select read file, then upload 

as apostructure the rec.pdb and the ligand as pose1.mol. Then click on Scorpion and start. 

This will generate a Pymol session that includes the different types of interaction between 

ligand and receptor and also a quantification. Red color indicates the most important parts 

of the ligand for the interaction, followed by purple and blue, whereas the grey parts are 

insignificant. Water molecules can be scored as well.

M. By taking into account the poses analysis and the results from Scorpion a better understanding 

is achieved for the predicted binding mode of the compounds. After this process, compounds 

are selected for synthesis and screening. 

In this project, we were focusing on the hydrazine-tetrazole scaffold optimization. The fragment 

to fix the library was methylhydrazine. The docking was performed twice, including protonation 

on the exo-nitrogen and then protonation on the endo-nitrogen. Different orientations of the 

warhead were also investigated with Moloc. Five libraries were designed, varying the preparation 

of the isocyanide component. For each compound of the library 10 conformers were generated.
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Libraries: 

Library 1: oxocomponents and isocyanides readily available in the laboratory

Library 2: oxocomponents and isocyanides accessible via the Ugi procedure (primary amines → 

formamides → isocyanides)

Library 3: oxocomponents and isocyanides deriving from aldehydes (with the Leuckart Wallach 

procedure)

Library 4: oxocomponents and isocyanides deriving from ketones (with the Leuckart Wallach 

procedure)

Library 5: oxocomponents and isocyanoacetamides

In total, approximately 18.000 compounds were included in the libraries, using RandReact to 

randomly generate 2000 combinations for every library. 

Crystallographic part

Crystal Preparation and Soaking

Endothiapepsin was obtained from Suparen 600® from DSM Food Specialities (DSM Food 

Specialties, AX Delft, Netherlands). After buffer exchange with 0.1 M sodium acetate at pH 4.6 using 

a Vivaspin 20 with a molecular weight cutoff of 10 kDa, the purified protein was concentrated to 

5 mg/ml suitable for crystallization.

EP crystals appeared after 2 days using the sitting drop vapor diffusion method at 19 °C. The 

crystallization drop consisted of an equal volume of reservoir and protein solution. The reservoir 

is composed of 0.1 M NH
4
Ac, 0.1 M NaAc, and 24−30% (w/v) PEG 4000 at pH of 4.6.  After some 

minutes of equilibration, the streak seeding method was used to enhance crystal quality. Ligands 

3a, 3b and 8b were dissolved at 1 M stock concentration in DMSO and soaked for 28 h into the 

uncomplexed protein crystals at a final concentration of 90 mM (9% (v/v) DMSO). The soaking 

drops consisted of 70 mM NH
4
Ac and 70 mM NaAc, 16−20% (w/v) PEG 4000, and 19−23% (v/v) 

glycerol at pH 4.6. After soaking, the crystals were quickly flash-frozen and ready for data collection.

Data collection, processing, structure determination and refinement

Diffraction data for compound 3a have been collected on Bruker Iµs Microfocus operated inhouse. 

Datasets were collected on a MAR Scanner 345 mm Image Plate detector at a wavelength of 1.542 

Å. Diffraction data for 8b and 3b have been collected on BL14.1 at the BESSY II electron storage 

ring operated by the Helmholtz-Zentrum Berlin. Datasets were collected on a Dectris Pilatus 6M 

pixel detector at a wavelength of 0.91841 Å.[S4]  XDS and XDSAPP were used for indexing, integration 
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and scaling of the datasets.[S5,6]  The structures were determined by molecular replacement using 

Phaser.[S7] Model refinement (xyz coordinates, individual B factors, occupancies) was done with 

Phenix.refine (version 1.15.2-3472) [S8] and model building into electron density maps (2mFo–DFc 

and mFo–DFc) with Coot (0.8.9). [S9,10] The resolution cut-off for the refinement of 8b was set to 

1.15 Å due to the high R
factor

 between successive shells. A randomly chosen subset of 5% of the 

reflections was excluded from the refinement and used for the calculation of R
(free)

. As a first 

refinement step, Cartesian simulated annealing was performed (default settings). B factors for all 

model atoms (except for hydrogen atoms) were refined anisotropically. Hydrogen atoms (riding 

model) were added to the amino acids with Phenix.refine. Alternative conformations of amino 

acid side chains and ligand moieties were assigned to the electron density if an occupancy of at 

least 20% was obtained after refinement. Chemoinfo [http://www.cheminfo.org/flavor/malaria/

Utilities/SMILES_generator___checker.html] was used for SMILE generation, ligand molecules 

and restraints were created with the Grade Web Server. [http://grade.globalphasing.org ]

RESULTS AND DISCUSSION

Compound 3a is the first crystallographic hit in the series. Starting from this compound, 8b and 

3b were designed. All ligands share the same central 5-(hydrazinylmethyl)-1H-tetrazole moiety, 

but they differentiate in the substituents attached to it. The central moiety interacts in the binding 

pocket in a similar way: the carboxylic groups of the catalytic dyad (D35 and D 219) interact 

through hydrogen bonds with the hydrazine primary amine. In 3a the tetrazole ring is further 

stabilized by additional hydrogen bonds formed between N3 and N4 of the tetrazole ring and the 

backbone nitrogen of G80. In addition, N3 is involved in further binding to the backbone nitrogen 

of D81 [Figure S1 and Figure S2]. Compound 3a binds in two orientations and 3a_a is the most 

favorable one. [Figure S2B]

The superposition of 3a_a and 3b shows that their substituents occupy also the same sub-

pockets: The benzyl ring of both ligands binds in the mostly hydrophobic S1’ pocket while the 

cyclohexyl moiety of 3a_a sits between the S1’ and S2’ pockets, as does the butyl moiety of 3b 

[Figure S1, Figure S2 and Figure S4].

Compound 8b forms direct interactions with the catalytic dyad but also binds indirectly to the 

carbonyl group of a glycine residue (G37) mediated through a water molecule (W543). N3 of the 

tetrazole ring is involved in a hydrogen bond with the nitrogen backbone G80 which is part of 

the flap region. The benzodioxolic motif penetrates into the hydrophilic S2 pocket where it is 

involved in a hydrogen bond with the OH group of Y226.  At the other end of the molecule, the 

tert-butylbenzene ring penetrates deeply into the S1 pocket, closely behind the flap region, in the 

direction of F116 and L125.  [Figure S1 and Figure S3]
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The tetrazole ring is oriented differently in 8b and 3b. As a mutual superposition of both ligands 

shows, there is a difference in orientation of 90 degrees along the x-axis between the two ligands. 

In addition, they also differ in the quality of the observed electron density. While for 8b, the 

electron density was completely visible after molecular replacement, for 3b, the obtained density 

was more difficult to interpret because it was incomplete for the ligand. 3b was built step by step 

into the electron density with only slight improvements between consecutive steps. In addition, 

there is a residual of positive and negative difference electron density even in the final step of 

the refinement. This could be due to a possible double conformation as well as to an incomplete 

occupancy of 3b at the active site. However, after a few cycles of refinement the occupancy 

for a second conformation remained at only 14%. Nevertheless, it is interesting to note that 3b 

creates some disorder of the protein main chain next to the flap region. Because of this, there is 

an interruption of the chain between residues Y79 and D81 and it was not possible to build G80 

into the electron density. This disorder may explain the remaining residual positive and negative 

electron density that is observed in the active site [Figure S3 and Figure S4].

Accession Codes
Atomic coordinates and experimental details for the crystal structures of 3a, 8b and 3b (PDB 

codes 6SCV, 6RON and 6RSV) will be released upon publication.
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Data collection and refinement statistics a.

PDB code 6SCV
EP-3a complex

6RON
EP-8b complex

6RSV
EP-3b complex

(A) Data collection and processing
space group P 2

1
P 2

1
P 2

1

unit cell parameters a, b, c (Å) 45.28, 73.04, 52.88 45.76, 73.35, 53.17 45.40, 73.27, 52.95,
                                      β (°) 109.38 109.65 109.75
Matthews coefficient b (Å3 /Da) 2.2 2.5 2.4
solvent content b (%) 49.6 50.6 49.9

(B) Diffraction data
resolution range (Å) 42.72-1.70

(1.80-1.70)
43.10-1.13
(1.19-1.13)

42.7-1.10
(1.17-1.10)

unique reflections 35726 (5629) 122038 (18907) 129009 (20112)
Redundancy 4.0 (3.8) 3.7 (3.4) 3.6 (3.4)
R(I)

sym
 (%) 3.8 (22.4) 4.3 (48.3) 2.9 (34.3)

Wilson B factor (Å2) 13.9 10.3 14.5
Completeness (%) 99.3 (97.7) 97.7 (93.9) 97.7 (94.4)
CC (1/2) (%) e 99.9 (94.7) 99.8 (86.9) 100 (88.9)
<I/σ(I)> 24.79 (6.26) 15.8 (2.6) 21.2 (3.2)

(C) Refinement
resolution range (Å) 39.58-1.70 43.10-1.15 42.7-1.10
reflections used in refinement 35700 115124 128984
final R value for all reflections (work/free) (%) 13.96/16.44 13.4/15.3 12.6/14.4
protein residues 330 330 329
water molecules 274 330 312
ligand atoms 44 31 18
other ligands atoms (glycerol |dimethyl 
sulfoxide)

6 6 |4 6 |4

RMSD from ideality: bond lengths (Å) 0.005 0.008 0.010
RMSD from ideality: bond angles (°) 0.8 1.0 1.2
Ramachandran plot c

residues in most favored regions (%) 93.9 93.5 93.8
residues in additionally allowed regions (%) 6.1 6.5 6.2
residues in generously allowed regions (%) 0.0 0.0 0.0
residues in disallowed regions (%) 0.0 0.0 0.0
Mean B factor protein (Å2) d 15.4 12.4 13.2
Mean B factor ligand (Å2) d 35.5 16.3 26.6
Mean B factor water molecules (Å2) d 24.8 27.8 28.4
Mean B factor other ligands (glycerol 
|dimethyl sulfoxide) 24.0 16.4 | 30.5 13.7 | 35.5

a Values in parenthesis describe the highest resolution shell. b Calculated with  MATTPROB.[S11,12 ] c Calculated with PROCHECK.[S13] 

d Mean B factors were calculated with MOLEMAN.[S14] e R(I)sym = (SUM(ABS(I(h,i)-I(h))))/(SUM(I(h,i)))
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Comparison of binding mode and interactions of endothiapepsin with 3a - 3b and 8b.

 

Figure S1. A) Surface representation of EP colored in light gray with the first crystallographic hit 3a colored 
in orange as a stick model. The hydrophobic S1’ pocket is colored in yellow, the S2’ pocket in pink and the 
hydrophilic S2 pocket in green. The S1 pocket is located behind the flap region (G80-D81). The catalytic 
dyad (D35 and D 219) is represented by stick models. Oxygen atoms are colored in red and nitrogen atoms 
in blue. On the right, close-up view of the accommodation into the binding pocket of 8b colored in sand 
and represented as a stick model superposed with 3a. Residues involved in interactions with the ligands 
are shown in grey as stick models and they are labeled using the one-letter code. H-bonds are depicted 
as grey dashed lines. A single water molecule is represented as a red sphere. On the left, close-up view 
of the accommodation into the binding pocket of 3b colored in yellow and represented as a stick models 
superposed with 3a. B,C) Superimposition of the binding poses of 3a, 8b and 3b. Compounds 8b and 3b 
show a different binding mode with rotated orientation of the central tetrazole ring by about 90 degree. 
B) Surface accommodation of the superposed ligand in the S1’, S2’ and S2 pockets. C) Superposition of the 
three ligands represented as stick models to better show the difference of about 90 degrees of their central 
tetrazole ring. The same color codes, dashes, sphere, sticks and surface representations apply to all figures. 
All structural representations were prepared with PyMOL (The PyMOL Molecular Graphics System, Version 
2.0 Schrödinger, LLC).

(B) (C)

(A)
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Binding mode and interactions with 3a. 

Figure S2. A) Surface representation of 3a accommodation into the binding pocket. The ligand adopts 
two conformations named 3a_a and 3a_b. B) Stick representation and interaction of the most favorable 
conformation 3a_a C,D) Stick representation of the binding mode and ligand interactions are shown in 
two orientations to visualize all the interaction. Front C) and back D) view of 3a binding mode.  C) 
The carboxylic groups of the catalytic dyad (D35 and D 219) interact through hydrogen bonds with the 
hydrazine primary amine. D) N3 and N4 of the tetrazole ring forms further hydrogen bonds with the 
backbone nitrogen of G80 and D81.

3a_a

3a_b 3a_b
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Binding mode and interactions with 8b.

Figure S3. A) Surface representation of 8b accommodation into the binding pocket visualized from the front 
and B) from the back to better show the whole surface involve in the binding. C, D) Stick representation 
of the binding mode and ligand interactions are shown in two flipped orientation to visualize all the 
interaction.  E) 8b chemical structure in 2D and 3D representation. Ligand build into the 2mFo-DFc electron 
density is shown as blue mesh at a contour level of 1 σ.

(A)

(A)

(C)

(D)

(B)

(B)

(D)
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Binding mode and interactions with 3b .

Figure S4. A) Surface representation of 3b accommodated in the binding pocket. B) Stick representation 
of the binding mode and ligand interactions with the catalytic dyad (D35 and D219). In the flap region, 
interruption of the chain between residues Y79 and D81. The G80 missing residue is represented as an “X”.  
C) 3b chemical structure in 2D and 3D representation. Ligand build into the 2mFo-DFc electron density is 
shown as blue mesh at a contour level of 1 σ; residual positive and negative mFo-DFc electron density are 
represented as green and red mesh respectively at a contour level of 3 .σ
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