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Abstract 

Comprehensive comparison between virtual and high-throughput 

screening in the discovery of new cruzain inhibitors 

 
 

 Cruzain’s importance as a therapeutic target for Chagas Disease has been 

well established, and there is a continuous effort to find inhibitors for this cysteine 

protease. Here I describe the use of both virtual and high throughput screening, 

followed by medicinal chemistry optimization, to identify and diversify inhibitors of 

cruzain. 

 In the first study, reported in Chapter 1, virtual screening of the ZINC lead-like 

database led to the identification of two novel scaffolds of non-covalent cruzain 

inhibitors. Medicinal chemistry optimization of the most potent hit (Ki = 64 µM) 

resulted in a SAR series that included nanomolar inhbitors. However, more detailed 

studies on the most potent compounds revealed that they were aggregators. This 

study demonstrates for the first time an SAR due to aggregation. It is therefore a 

warning on the danger of considering SAR as definitive evidence for a specific 

mechanism of inhibition. 

Chapters 2-4 describe a collaboration with the NIH Chemical Genomics 

Center. We prospectively docked their 197,861 compound library, while they 

experimentally tested it versus cruzain by HTS. By running this side to side 

comparison, we were able to determine the main sources of false positives in HTS, 

to optimize a series of covalent reversible inhibitors found by HTS, and to evaluate in 

detail the false positives and false negatives from docking. Furthermore, five classes 
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of non-covalent inhibitors were found, three of which were predicted by top scores in 

the dock ranked library. This study therefore indicates the potential for using virtual 

screening results to prioritize HTS hits.  

The work described here led to the identification of seven new classes of non 

covalent and one class of potent covalent reversible cruzain inhibitors. In addition, 

two high resolution crystal structures of this enzyme in complex with the new 

inhibitors were solved. Finally, this work highlights important lessons on the danger 

of simply interpreting SAR data, the false positives than can arise from HTS and 

docking, and the false negatives derived from docking.  
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Introduction 

 

I. Cruzain as a target for Chagas Disease treatment 

 

Treatment of Chagas Disease is still suboptimal. Even though this disease, which 

currently affects about 10-14 million people in Latin America, was discovered a 

hundred years ago, there are still no adequate treatments available and no 

immediate prospects for a vaccine. Only two drugs have been developed for 

treatment of Chagas Disease, benznidazol and nifurtimox, both of which have 

questionable efficacy and many side effects. Nifurtimox has actually been taken off 

the market in most countries due to its toxicity1.  

In the search for new medicines for this parasitic disease, several proteins of the 

ethiologic agent, Trypanosoma cruzi, have been targeted in rational drug design 

projects. Validated targets for which inhibitors have been developed include cruzain 

(aka cruzipain, gp57/51), the parasite’s major cysteine protease; trypanothione 

reductase, involved in prevention of oxidative stress; and C14α sterol demethylase, 

required for ergosterol biosynthesis. 

In this project I focused on cruzain. Localized both in the parasite’s lysosomes 

and on its surface membrane2, this protease has been reported to be important in 

parasite nutrition, immune evasion and host cell invasion, possibly through both kinin 

mediated3 and kinin independent pathways4. Parasite infectivity of different strains is 

correlated to the level of cruzain expression4. Cruzain co-localizes with NF-κB and 
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degrades it, consequently preventing macrophage activation. (Doyle, P.S. and 

McKerrow, J.H., unpublished results) 

Cruzain was first described in 19845, and its sequence was determined in 1991, 

by Ann Eakin, a graduate student in the McKerrow lab6. It was named “cruzain” or 

“cruzipain” due to the similarity to proteins of the papain family. Together with the 

description of the sequence, Eakin also described a protocol for expression of 

recombinant enzyme6. One year later she reported the expression of a modified 

construct, truncated by nine residues in the C-terminal, which produced a 

homogeneous cruzain preparation and the first diffracting crystals7. In 1995 this 

enzyme had been co-crystallized with a fluoromethylketone8, one of the first classes 

of covalent inhibitors found to inhibit it. These compounds were used as chemicals 

tools and helped in the validation of cruzain as a therapeutic target for Chagas 

Disease: their addition to Trypanosoma cruzi cell cultures arrested intracellular 

replication and intercellular transmission, leading to parasite death9. Based on 

subsequent microscopy studies, the death of parasites by cysteine protease 

inhibitors was attributed to the accumulation of unprocessed cruzain in the Golgi and 

the consequent alteration on its ultrastructure and protein trafficking10.  

Encouraged by cruzain’s importance to the parasite and aided by the information 

on its structure and substrate specificity11, several groups have invested in the 

development of cruzain inhibitors. This work generated several classes of inhibitors, 

mostly covalent peptidic compounds, such as vinyl sulfones12, and more recently 

also non-peptidic compounds13, 14. Among the vinyl sulfones, K777 served as a proof 

on concept, reinforcing cruzain as a therapeutic target to Chagas Disease. It has 
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been shown to be effective in mice15 and dog16 models of the disease. Furthermore, 

this compound has been shown to be safe, and it has met all of the pre clinical 

requirements for human clinical trials.   

Here I describe our efforts to find new classes of cruzain inhibitors, especially 

non-covalent compounds. Thanks to previously published co-crystal structures of 

cruzain bound to several inhibitors, we were able to apply structure-based 

techniques in this project. 

 

II. DOCK and the importance of virtual screening for drug development 

 

Over the past few decades there has been a considerable change in the way 

drugs are developed. Traditionally, compounds were designed and synthesized in 

low throughput by the medicinal chemist, frequently based on analogy with known 

active compounds. They were then tested and selected based on their activity in 

animal models17. With the advent of molecular biology and the study of the detailed 

role of specific proteins, a target-based approach emerged. In parallel, techniques 

such as combinatorial chemistry facilitated synthesis of a large number of 

compounds, making high-throughput screening (HTS) a viable and common 

technique in industry and causing a shift in drug discovery strategy. Despite the 

initial belief that HTS would speed up the drug discovery process, the results have 

been disappointing, and frequently no promising compounds are found after an HTS 

campaign. It became clear that even screening millions of compounds only a tiny 
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fraction of drug-like18 chemical space is sampled, and therefore it is not surprising 

that any given library would not contain ligands for the target of interest.  

Meanwhile, increasingly available structural data and computational power led to 

another approach, involving structure-based drug design techniques, among which 

virtual screening plays an important role. The basic idea behind these techniques is 

simple: if a protein plays an essential role in a disease, if we know its structure at an 

atomic scale, and if we understand the basis of molecular recognition, we should be 

able to rationally select and design potential ligands or inhibitors. Thus, it should be 

possible to more intelligently decide which molecules to screen against a target. 

In virtual screening, each compound in a database is evaluated for its 

interactions with the binding site, and the full library is rank ordered, allowing fast 

selection of compounds for experimental testing. Success depends both on 

adequately sampling possible ligand poses in the binding site and on correctly 

scoring each pose. Even though this goal can be simply stated, accurately 

performing this task is very challenging, and the currently available programs have 

several caveats and limitations.  

To quickly screen thousands or even millions of compounds, the scoring 

functions and sampling process are very simplified. Some of the current challenges 

in the field, all current subjects of research, include considering protein flexibility19-21, 

ligand entropy losses upon binding22 and water mediated interactions23-26. Given 

these limitations and given the complexity of the phenomena of ligand binding, it is 

not surprising that compound ranking doesn’t work perfectly: false negatives and 

false positives are common. Nevertheless, if one is aware and willing to cope with 
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these limitations, virtual screening can enrich ligands among the top scoring 

compounds in a library. This is useful in the identification of novel ligand scaffolds, 

as demonstrated by numerous reports in the literature and from our group27-30.    

Different docking programs are based on three basic principles concerning their 

scoring functions. They can be physics-based, empirical or knowledge-based. In the 

first case the scoring function is composed only by terms derived from physical 

chemistry theory, whereas empirical functions include and weight their terms to fit 

experimental data on binding affinities. Finally, knowledge-based functions make 

use of available structural data from protein-ligand complexes to decide with 

interactions are favorable and to score them accordingly. Differences among these 

programs are also found at the sampling stage, when a range of strategies can be 

applied, including coordinates matching, incremental construction and genetic 

algorithms. These differences among virtual screening programs have been 

extensively described and discussed in several reviews31, 32. 

In this project I worked with DOCK 3.5.54, the DOCK version developed by the 

Shoichet lab. DOCK was the first virtual screening program developed, initially 

based only on shape complementarity between a rigid ligand and the protein binding 

site33. DOCK 3.5.54 applies a physics-based scoring function, which currently 

includes three terms: van der Waals and electrostatics interactions34 and a penalty 

for ligand desolvation35. Prior to docking, the protein active site is characterized by 

sets of spheres33, which define region of interest for docking and provide guidance 

for sampling ligand orientations36. To allow rapid calculations, energy potential grids 

of electrostatic and van der Waals energies are precalculated using the programs 
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Delphi37  and CHEMGRID34, respectively. A third grid stores information on the 

percentage of atom desolvation. The treatment of ligands prior to docking consists of 

pre-generating a hierarchy of low-energy conformations38 and calculating the full 

desolvation energy for each compound. During docking, multiple conformations and 

orientations of each molecule are matched to the receptor spheres taking into 

account chemical complementarity39, and the best-scoring pose is stored. Finally, 

DOCK generates the list of rank ordered compounds, and the predicted poses of the 

best scoring molecules can be visualized in molecular graphics programs. Then, 

based on visual inspection, a list of molecules is selected for experimental validation. 

For confirmed ligands, these experiments ideally include determination of crystal 

structures of the protein-ligand complexes, which allow validation of the dock 

predicted binding mode.  

Aware of the current limitations of DOCK, there is an ongoing effort to evaluate 

and further develop the program in the Shoichet lab. Recent advances include the 

consideration of flexible waters23 and improving the calculation of the ligand 

desolvation penalty (Michael Mysinger and Brian Shoichet, unpublished results). In 

addition, two sets of targets are investigated. Model systems, containing simple 

binding sites of increasing complexity levels, provide means to evaluate the scoring 

function and potential alterations40, 41. Recently, these systems have been evaluated 

also in combined approaches, in parallel with higher levels of theory42.  

In parallel, working on pharmacologically relevant targets provides information 

about the program performance for more complex binding sites and more realistic 

challenges. DOCK 3.5.54 has been successfully used to find novel ligands for AmpC 
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β-lactamase28, CTX β-lactamase29 and the β2 adrenergic receptor27 and even to 

predict substrates for an enzyme of then unknown function30. Here I applied this 

program in the search for novel non-covalent cruzain inhibitors.  

 

III. Overview of chapters 

Chapter 1 - Divergent modes of enzyme inhibition in a homologous structure-

activity series - is a cautionary tale describing the finding of aggregators in a 

medicinal chemistry project. Lead-like cruzain inhibitors were found by docking and 

subsequently were optimized through traditional medicinal chemistry, leading to an 

apparent normal SAR. This activity was later found to be due to the aggregation 

properties of these compounds.    

Chapters 2-4 describe a collaboration with researchers at the NCGC, in which 

docking and HTS were performed on the same library of approximately 198,000 

compounds. In Chapter 2 - Quantitative analyses of aggregation, autofluorescence, 

and reactivity artifacts in a screen for inhibitors of a thiol protease -, we describe the 

analysis of the HTS false positives, finding the main sources of artifacts and their 

frequency.  

 The successful medicinal chemistry optimization of cruzain nitrile inhibitors 

found by HTS is the theme of Chapter 3 - Identification and optimization of inhibitors 

of trypanosomal cysteine proteases: cruzain, rhodesain and TbCatB -, which also 

reports activities against two Trypanosoma brucei cysteine proteases and the 
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determination of the co-crystal structure of one of the optimized compounds bound 

to cruzain. 

Finally, Chapter 4 - Complementarity between a docking and a high-

throughput screen in finding cruzain inhibitors -, describes the follow up of detergent-

resistant HTS hits to find true non covalent competitive inhibitors, and the 

comparison between docking and HTS results. It also includes the analysis of the 

virtual screening false positives and false negatives.  
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Gloss to Chapter 1 

 

Most currently known cruzain inhibitors bind covalently to the enzyme. Even 

though some of these inhibitors are safe and promising for drug development1, in 

traditional medicinal chemistry we are most interested in finding non-covalent 

inhibitors. This project started as a search for novel inhibitor chemotypes through 

virtual screening. After docking the ZINC2 lead-like database against cruzain, 17 

compounds were selected and tested. We were excited to find two novel non-

covalent scaffolds.   

The initial hits found were mid-micromolar inhibitors. After SAR based on 

commercially available compounds, due to difficulties obtaining a crystal structure 

with these hits, we proceeded with a traditional medicinal chemistry effort, thanks to 

a collaboration with the Small Molecule Discovery Center (SMDC) at UCSF. 

Bryan Clifford and other chemists, lead by Adam Renslo, synthesized over 80 

analogues, yielding inhibitors with nanomolar IC50s against cruzain.  Moreover, the 

optimized compounds were more drug-like than the original lead, being more rigid 

and successfully replacing the labile ester by heterocycles.  

To conclude the studies with these compounds, I tried to determine their Kis 

and their inhibition profile against human cathepsins. Suprinsingly, I couldn’t 

reproduce the results obtained in the SMDC, and observed IC50s much higher than 

expected for some of the very potent compounds. Comparing the assay conditions, I 

found that while 0.01% Triton X-100 was included in the buffer I used, the 

concentration of this detergent was 10 fold lower in the SMDC assay. This 

 14



difference, coupled with the steep dose-response curves obtained when I tested 

these compounds against human cathepsin L, led to me think that we were dealing 

with aggregators3, 4.  

We had started with a confirmed competitive inhibitor, obtained an 

interpretable SAR over a couple log units of potency, and the series included potent 

nanomolar compounds, less likely to be aggregators. By testing the same 

compounds in different Triton concentrations, however, I found evidence of 

aggregation: cruzain inhibition was mostly reversed by presence of detergent.  

To confirm aggregation and to identify at which point of optimization the 

mechanism of inhibition switched from competitive to a non specific mechanism, I 

carried out a careful and detailed evaluation of these compounds, using the several 

available aggregation assays5. This confirmed that the SAR observed in this series 

was due to aggregation and provided an additional surprise: some of the compounds 

in the series were shown to have a dual mechanism of inhibition, depending on the 

assay conditions. At 0.01% Triton they acted as competitive inhibitors, but at lower 

Triton concentrations the same compounds acted as aggregators, sometimes in 

concentrations up to 100 fold lower than necessary for competitive inhibition. For the 

initial compound the ratio between the IC50s for competitive inhibition and 

aggregation was only 3-fold, but as the series was optimized the compounds 

aggregated at increasingly lower concentrations, without improving, or frequently 

even worsening, their potency as competitive inhibitors. 

While aggregation has been validated as one of the main sources of HTS 

artifacts4, 6, this study provides the first reported example on how it can also be a 
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problem at later stages in drug development, as it might be responsible for a 

promising SAR series. The history we tell here provides a great example on the 

danger of over interpreting SAR data and considering it as definitive evidence for a 

specific mode of inhibition.  

 

References 

 

1. McKerrow, J. H. Development of cysteine protease inhibitors as 

chemotherapy for parasitic diseases: insights on safety, target validation, and 

mechanism of action. Int J Parasitol. 1999, 29, 833-837. 

2. Irwin, J. J.; Shoichet, B. K. ZINC - a free database of commercially available 

compounds for virtual screening. J Chem Inf Model. 2005, 45, 177-82. 

3. McGovern, S. L.; Helfand, B. T.; Feng, B.; Shoichet, B. K. A specific 

mechanism of nonspecific inhibition. J. Med. Chem. 2003, 46, 4265-4272. 

4. Feng, B. Y.; Simeonov, A.; Jadhav, A.; Babaoglu, K.; Inglese, J.; Shoichet, B. 

K.; Austin, C. P. A high-throughput screen for aggregation-based inhibition in a large 

compound library. . J. Med. Chem. 2007, 50, 2385-2390. 

5. Shoichet BK. Screening in a spirit haunted world. Drug Discovery Today 2006 

11, 607-15. 

6. Feng, B. Y.; Shelat, A.; Doman, T. N.; Guy, R. K.; Shoichet, B. K. High-

throughput assays for promiscuous inhibitors. Nat Chem Biol. 2005, 1, 146-8. 

 

 

 16



 
 Chapter 1 

 
 

Divergent Modes of Enzyme Inhibition in a Homologous Structure-Activity 

Series. A Cautionary Tale of Interpretable SAR Originating from Promiscuous 

Aggregation. 

 

Rafaela S. Ferreira1,2,3, Clifford Bryant4, Kenny K. H. Ang4, James H. McKerrow1, 

Brian K. Shoichet2*, and Adam R. Renslo4*  

 

1 Sandler Center for Basic Research in Parasitic Diseases 

2 Department of Pharmaceutical Chemistry,  

3 Graduate Program in Chemistry and Chemical Biology 

4 Small Molecule Discovery Center,  

University of California, San Francisco, 1700 4th Street, San Francisco, CA, 94158.   

 

* Corresponding authors: 

For B.K.S.: phone, 415-514-4126; fax, 415-514-4260; e-mail,shoichet@cgl.ucsf.edu.  

For A.R.R.: phone, 415-514-9698; fax, 415-514-4507;e-mail,adam.renslo@ucsf.edu.

 17

mailto:shoichet@cgl.ucsf.edu
mailto:adam.renslo@ucsf.edu


1.1 Abstract 

  A docking screen identified reversible, non-covalent inhibitors (e.g. 1) of the 

parasite cysteine protease cruzain. Chemical optimization of 1 led to a series of 

oxadiazoles possessing interpretable SAR and potencies as much as 500-fold 

greater than 1. Detailed investigation of the SAR series subsequently revealed that 

many members of the oxadiazole class (and surprisingly also 1) act via divergent 

modes of inhibition – competitive or via colloidal aggregation – depending on the 

assay conditions employed.   
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1.2 Introduction, Results and Discussion 

Small-molecule aggregation leading to promiscuous inhibition of enzymes is 

now well recognized as a common source of false positives in high-throughput 

screening.1-4  While these phenomena are not thoroughly understood at the 

molecular scale, common characteristics of aggregates can be useful in their 

identification, for example their capacity to inhibit unrelated enzymes5 and the ability 

of non-ionic detergents to disrupt them and reverse enzyme inhibition.6, 7 

Aggregation is viewed by many medicinal chemists as an all-or-nothing phenomena 

of primary concern in high-throughput screening and hit validation. That non-specific 

modes of inhibition could emerge in the course of a standard hit-to-lead optimization 

campaign is not generally appreciated. Even less appreciated is the notion that 

promiscuous inhibition could be responsible for multiple logs of apparent 

(interpretable) SAR or that nanomolar-level inhibition can be conferred by small-

molecule aggregates. Recently, we uncovered exactly these effects in the course of 

optimizing a novel class of reversible, non-electrophilic inhibitors of the trypanosome 

cysteine protease cruzain.  Here we describe aspects of this work that bear 

consideration by any group engaged in chemical optimization guided by biochemical 

assay data.  

Cruzain is the major cysteine protease of the protozoan parasite 

Trypanosoma cruzi, the causative agent of Chagas’ disease, which affects 16-18 

million people in Latin America. The two currently available drugs, benznidazole and 

nifurtimox, are efficacious only in the acute stage of the disease and present severe 

side-effects, motivating the search for new agents. The importance of cruzain as a 
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target has been demonstrated through the efficacy of inhibitors of this enzyme in 

mouse8 and dog9 models of the disease. Several efforts have been conducted to find 

cruzain inhibitors and diverse classes of compounds have been reported, but mostly 

covalent warhead-based chemotypes.10, 11  

Motivated to find novel inhibitors with a reversible, non-covalent mode of 

inhibition, we turned to virtual screening of commercially available lead-like12, 13 

compounds that could subsequently be optimized by medicinal chemistry. Publically 

available structures of cruzain14,15 were interrogated computationally with half a 

million compounds from the lead-like subset of the ZINC database16 using DOCK 

3.5.54 (see supplementary material for details).   Following visual inspection of the 

500 top-ranked docked molecules, 17 were selected for purchase and testing in an 

enzyme assay.  Among these, glycolamide ester 1 inhibited cruzain with an IC50 of 

77 µM (Figure 1).  
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Figure 1.  Structures and cruzain inhibition data for original screening hit 1 and 

structurally-related analogs obtained from commercial sources.  
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Inhibition of cruzain by 1, though relatively modest, was independent of 

incubation time and was competitive, with a Ki of 32 µM (Figure 2). Both 

observations were consistent with a reversible, non-covalent mechanism of 

inhibition. The assays were conducted in the presence of  0.01% of the detergent 

Triton X-100—a control for colloidal aggregation2, 17 — and close congeners of 1 

such as 2 and 3 were also competitive inhibitors of cruzain under similar conditions.  

Thus, the initial compounds in this series (1-3) were deemed “clean” as far as 

aggregation and reversibility was concerned, and chemistry was initiated on the 

series.     

 

 

Figure 2.  Lineaweaver-Burk plot indicating competitive inhibition of cruzain by 1 (Ki 

= 32 µM).  

 

Preliminary SAR profiling around the glycolamide scaffold was carried out 

with commercially available and synthesized analogs (Figure 1, Table 1, and 

supplementary information). The dichloroaniline ring in 1 could be replaced by 

aromatic, benzylic, or aliphatic ring systems without substantially impacting potency 
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(e.g., 2 and 3, and supplementary Table 1).  In contrast, the SAR of the amino-

pyridine ring was much less forgiving.  For example, an aniline ring could be 

substituted for aminopyridine (compare 1 and 6, Table 1), but only if the amine was 

positioned in the ortho position. Analogs lacking an ortho amino group or having the 

amino group in another position on the ring were essentially inactive (e.g., 4 and 5, 

Figure 1).  

Table 1.  SAR for cruzain inhibitors bearing ester, amide, or heterocyclic linkers.   

X NH2

N
H

O

L
C

 

Compound Linker (L) X C-Ring Cruzain IC50 (µM) 

1 N DiClPha 77 

6 CH DiClPha 58 

2 

 

O

O

N cycloheptyl 87 

7 N cyclohexyl 16% at 200 µM 

8 O

H
N

CH cyclohexyl 15% at 200 µM 

 
a DiCl-Ph = 2,5-dichlorophenyl, bDiMeOPh = 2,4-dimethoxyphenyl 

 

With an aminopyridine (or aniline) ring established as a putative 

pharmacophore, we set about replacing the labile ester function in 1 with more drug-

like surrogates. The most straightforward modification – ester to amide – uniformly 

produced less potent analogs (e.g., analogs 7 and 8, Table 1).  The application of 

1,2,4-oxadiazole and related heterocycles as ester bioisosteres is well established18 
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and so we next walked down this well trod path.  Gratifyingly, oxadiazole analogs 

(e.g., 9-11) were found to be at least as potent as the esters while offering expected 

advantages with respect to metabolic stability in vivo.   As in the ester series, both 

aliphatic and aromatic "C-rings" were tolerated in the oxadiazole series (e.g., 10 and 

11).   

 With more lead-like scaffolds in hand, we sought to expand our survey of C-

ring variants in the oxadiazole series. An established method18 for preparing the 

oxadiazole ring system was well suited for library generation since diversification of 

the C-ring would occur in the final step (see Supplementary Information).  The end 

result of the C-ring survey was ~50 new analogs, prepared over three cycles of 

synthesis, with potencies ranging from >100 µM to 200 nM and with clear and 

interpretable SAR (Table 2, and S.I. for the complete data set).  Hence, analogs 

bearing basic, amine containing rings (17, 18) and analogs bearing heterocycles 

linked by aliphatic chains of more than one carbon atom (19) were generally without 

measurable activity (IC50 >100 µM).  Consistent with the preliminary SAR profile, 

analogs bearing aliphatic, benzylic, or aryl/heteroaryl C-rings generally possessed 

mid-low micromolar potencies against cruzain. Most exciting was the finding that 

substituted pyrazole C-ring analogs inhibited cruzain with sub-micromolar potencies 

(e.g., cruzain IC50 ~ 200 nM for analog 20).  Further exploration of the pyrazole 

series produced additional interpretable SAR.  Hence, aryl (20, 21, 22), heteroaryl 

(23) or bulky alkyl (24) substitution on the pyrazole ring conferred superior potency 

than did small alkyl (e.g. Me, 25) substituents.  Strikingly, methylation of the pyrazole 

N-H function completely abrogated activity (analog 26; IC50 > 100 µM), implying that 
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the enhanced potency of the pyrazole series might result in part from a hydrogen 

bonding interaction not present in the other aryl and benzylic C-rings analogs 

studied

iton X-100) than was employed in the 

origina

.   

With around 50 oxadiazoles synthesized, we were in possession of nearly 

three logs of consistent, interpretable SAR and had identified analogs that were 

nearly 500-fold more potent than compound 1.  We were troubled, however, that few 

of the oxadiazole analogs exhibited measurable activity against cultured T. cruzi or 

Trypanosoma brucei parasites and moreover, the handful of analogs that did were 

not among the most potent enzyme inhibitors. This discrepancy was initially 

rationalized as arising from poor cell permeability or active efflux from parasite, but a 

close inspection of the enzyme dose-response curves, which turned out to have 

unusually high Hill slopes, suggested a second possibility: that the inhibitors were 

acting by super-stoichiometric mechanisms.1, 19 At this juncture we also determined 

that the analogs from the C-ring survey had inadvertently been assayed at a 10-fold 

lower detergent concentration (0.001% Tr

l profiling of analogs 1-11 (0.01%).   

Concerned, we repeated the IC50 determinations for selected oxadiazole and 

glycolamide analogs at both low and high detergent concentration (Table 2, Figure 

3).7, 20  Significantly, each of the oxadiazoles examined showed either no 

measurable dose-response or a significantly higher IC50 when tested at the higher 

Triton concentration. Only one analog (16) exhibited potency comparable to the 

early oxadiazole leads 9-11 under high Triton conditions. In contrast, the IC50 values 

of glycolamide analogs 1-3 were unchanged or only modestly altered (~3-fold in the 
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case of 1, essentially unaltered for 2 and 3) at the different detergent concentrations. 

Also consistent with aggregation, some oxadiazoles were sensitive to pre-incubation 

with Bovine Serum Albumin (BSA), which at high-concentration competes with 

enzyme for colloid particles (aggregates), preventing or reducing inhibition of the 

target enzyme.21 Thus, oxadiazoles 14 and 23 showed, respectively, a 10- and 100-

fold increases in IC50 value in the presence of 1mg/ml BSA, while analog 16 was 

unaffe

 competitive inhibition (at 0.01% 

Triton)

critical aggregation concentrations (CACs)16 and formed colloidal aggregates (the 

cted by BSA pre-treatment.  

Detergent-reversible inhibition of AmpC β-lactamase is another marker of 

promiscuous aggregation and so this was examined next.  Four of five oxadiazoles 

tested did indeed inhibit β-lactamase in a detergent-reversible fashion at relevant 

compound concentrations, the exception being analog 25.  Quite surprisingly, the 

original glycolamide lead 1 (but not 2 or 3) was also found to inhibit AmpC, and its 

inhibition was reversed by 0.01% Triton. This result suggested that glycolamide 1 

might also act as an aggregator under certain assay conditions, although clearly this 

was not true of 1 in its inhibition of cruzain where

 had already been established  (Figure 2).    

Next, we sought direct evidence of particle (aggregate) formation by dynamic 

light scattering (DLS)22 and flow cytometry.23  We studied both suspected 

aggregators as well as analogs that fail to inhibit enzyme under any conditions, as 

the latter compounds presumably do not aggregate (an thus do not inhibit). At 

relevant inhibitory concentrations for low detergent conditions (0.001% Triton X-

100), suspected oxadiazole aggregators and also compounds 1-3 were above their 
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exception being 12) of size 250 to 400 nm.  In contrast, inactive analogs (e.g. 17-19) 

as expected did not show particle formation, even at high concentrations (200 µM).  

These studies provided strong evidence for a non-specific mode of inhibition by 

oxadiazoles under low Triton (0.001%) assay conditions.  Not all the secondary 

assay data were in perfect agreement however, and the DLS and AmpC inhibition 

data were puzzling as they suggested that at least some of the original glycolamide 

analogs could also form aggregates under low Triton conditions. We therefore re-

evaluated the nature of cruzain inhibition at both high and low Triton concentrations 

for glycolamide 1 and a representative oxadiazole (23). Under low Triton conditions, 

oxadiazole 23 (5 µM) was a non-competitive inhibitor of cruzain, consistent with 

aggregation-based inhibition.  In contrast, under high Triton conditions, 23 (50 µM) 

was a competitive inhibitor of cruzain. Similarly, glycolamide 1 was found to be non-

competitive under low Triton conditions and at a relevant inhibitor concentration (25 

µM). Hence, in both glycolamide 1 and oxadiazole 23, divergent modes of enzyme 

inhibition are operating under the two different assay conditions. Even so, there are 

subtle differences between these two chemotypes.  Members of the oxadiazole 

class, having been unwittingly optimized for aggregation (driven by a low Triton 

assay condition) can be >100-fold more potent as aggregators than as competitive 

inhibitors (e.g. cmpds 20-23 Table 2, Figure 3). In contrast, glycolamides 1-3 confer 

similar potencies by the two modes of inhibition.  Thus, the differences in detergent 

effects (Figure 3) and initially surprising results concerning AmpC inhibition by 1 can 

be reconciled.          
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Figure 3.  IC50 curves for original lead compound 1 (top panel) and oxadiazole 23 

(bottom) at various concentrations of Triton X-100 and with or without pre-incubation 

with BSA. The oxadiazole shows a much more significant dose-response shift at low 

detergent concentrations, likely owing to the inadvertent optimization of this series 

under low Trion X-100 conditions.   
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Two important conclusions can be drawn from the studies described here. 

First, divergent modes of inhibition can exist in a homologous SAR series, and these 

divergent mechanisms are only discernable by careful consideration of assay 

conditions. We would argue that such a possibility should be considered as the 

default position, since the migration from competitive to non-competitive regimes will 

not usually be obvious from structure alone. The bioisostere approach described 

here is a standard one, and could not have been predicted a priori to have led to a 

series of aggregators with nanomolar potencies.  That this in fact occurred owes to 

the use of an assay condition under which the non-competitive mode of inhibition 

was predominant.   

The second important finding is that interpretable SAR spanning a range of 

potencies can originate from a wholly non-specific mode of inhibition. Thus, the 

presence of SAR does not necessarily imply a specific binding interaction.  

Unfortunately, the medicinal chemist's natural aptitude for pattern recognition and 

hypothesis generation works against them here. The poor activity of analogs such as 

17, 18, and 26 was easily rationalized in structural terms (e.g., poor tolerance of a 

charged substituent in 17, entropic effects in 18, loss of a hydrogen bond in 26) 

when, in fact, the failure of these analogs to inhibit cruzain owes to a failure to 

aggregate. The danger for the medicinal chemist lies in interpreting SAR in terms of 

a specific binding interaction when, as shown here, such patterns of varying potency 

(SAR) may derive from a relative likelihood of aggregation (i.e., an SAR of 

aggregation).  This is a humbling realization and emphasizes the peril of interpreting 

SAR derived from biochemical assays without considering the possibility of 
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promiscuous inhibition, and more generally emphasizes the importance of 

understanding molecular mechanism throughout a series.24 Fortunately, experiments 

to exclude aggregation-based inhibition are straight-forward.25  The cautionary 

contribution of this study is to point out that even within a clear SAR series, one is 

never entirely free from the concern that non-stoichiometric, artifactual mechanisms 

are contributing to the inhibition one observes.     

 

1.3 Acknowledgement 

   This work was generously supported by funding from the Sandler Foundation 

(to ARR), the QB3-Malaysia Program (KKHA) and by GM71630 (to BKS). We thank 

BD Biosciences for a long-term loan of a BD Solubility Scanner for flow cytometry of 

aggregates and Ana Lazic for providing the cruzain construct.  We acknowledge 

Priyadarshini Jaishankar and DongMei Zhou for experimental contributions in the 

early stages of this work. We thank Drs. Michelle Arkin, and Jim Wells for helpful 

suggestions and Allison Doak and Oliv Eidam for reading the manuscript.    

 

1.4 Supporting Information Available 

Experimental details for the DOCK screen and for all biochemical assays and 

secondary assays of aggregation.  Table of enzyme inhibition data at 0.001% triton 

for the full set of ~50 oxadiazole analogs synthesized.  Synthetic procedures and 

spectroscopic characterization data for all new compounds.   

 

 29



Table 2. Results of enzyme inhibition assays and secondary assays of aggregation 

for selected oxadiazole analogs and glycolamide 1.    

NH2

N
H

O
R

NN

O

 
  Cruzain IC50 (uM)a   

Cpd. 
No. R = 

0.001% 
triton  

0.01% 
triton 

0.001% 
    + BSA 

AmpC 
aggregator?b 

Particles? 
(µM)c 

 
12 
 

O

 
2.0 >100 --- yes 

50 µM >100 

 
13 
 

H
N

 
6.0 >100 --- --- --- 

 
14 
 N  

7.0 >100 99 yes 
50 µM 50 

 
15 
 

Cl

Cl 
8.0 >100 --- --- --- 

 
16 
 

O

O  
8.0 44 45 --- --- 

 
17 
 

N
O

 
>100 >100 --- --- >200 

 
18 
 

N

 
>100 >100 --- --- >200 

 
19 
 N

O

 
>100 >100 --- --- >200 

 

 

 

 30



Table 2. continued 

NH2

N
H

O

NN

O

NN

R1

R2

 
  Cruzain IC50 (uM)a   

Cpd. 
No. R = 

0.001% 
triton  

0.01% 
triton 

0.001% 
    + BSA 

AmpC 
aggregator?b 

Particles? 
(µM)c 

 
20 
 

H 
4-MePh 

0.50 >100 --- --- --- 

 
21 
 

H 
4-MeOPh 

0.20 >100 --- yes 
13 µM 3.1 

 
22 
 

H 
Ph 

0.8 >100 --- --- --- 

 
23 
 

H 
2-thioph. 

1.0 82.4 102 --- --- 

 
24 
 

H 
t-Bu 

2.0 >50 --- yes  
13 µM 3.1 

 
25 
 

H 
Me 

11 >100 --- no 
50 µM 50 

 
26 
 

Me 
H 

>100 >100 --- --- 200 

1   --- 27 77 116 yes 
100 µM 25 

 

a cruzain IC50s were determined in either 0.01% or 0.001% Triton, and in the later 

case either with or without pre-incubation with BSA; b compounds were tested 

against β-lactamase either in the absence or in the presence of 0.01% Triton, at the 

concentrations noted, and classified as aggregators if inhibition was detergent-

sensitive; c particle formation was evaluated by flow cytometry and in some cases 
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examined and confirmed by DLS. The concentrations noted are the lowest evaluated 

concentration at which particle formation was observed.  
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Gloss to Chapter 2 

 

This is the first of three related chapters describing a project we developed in 

collaboration with the NIH Chemical Genomics Center (NCGC). Their library of 

197,861 compounds was virtually screened against cruzain in our lab, followed by 

experimental quantitative HTS (qHTS) at the NCGC. By running this parallel screen 

we aimed both to discover new cruzain inhibitors and to analyze computational and 

experimental techniques to identify shortcomings of each.  

In Chapter 2 the analysis of the initial qHTS hits is described. To evaluate any 

major problems in HTS, the frequency of each source of artifact was determined. 

The qHTS was performed at the NCGC, lead by Anton Simeonov and Ajit Jadhav. In 

a similar study, previously conducted against AmpC β-lactamase, a subset of 70,000 

compounds present in the library was assayed and it was shown that aggregators 

far outnumbered other sources of false positives1. Remarkably, despite the presence 

of thousands of potentially reactive compounds in library, only 12 hit AmpC2. In this 

project we had a more reactive enzyme, containing a cysteine in the active site. 

Would reactive compounds still be so rare even in the presence of such a strong 

nucleophile? 

The screening experiment confirmed the high frequency of aggregators 

among the false positives – approximately 90% of the initial hits were in this 

category. This observation agrees with the AmpC study. This high frequency of 

aggregators, and the relevance of this problem, lead to discussions on whether it is 

possible to predict aggregation and/or if these compounds should be eliminated from 
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screens. To address these points, an important preceding question regards the 

dependence of aggregation on assay conditions.  

Quantitative analysis on how assay dependent aggregation arises had never 

been perfomed. Given that all of the compounds tested by qHTS against AmpC 

were also screened against cruzain, we had the unique opportunity to compare the 

aggregators in the two assays. We asked how much overlap there was between the 

aggregating molecules in the two screens. Remarkably, among over 1,000 

aggregators from the AmpC qHTS, only 60 conclusively behaved as aggregators in 

the cruzain qHTS. Another 74 compounds showed less conclusive detergent-

sensitivity, but were probably also aggregators in the cruzain assay. To investigate 

this question in more detail, a set of 32 compounds observed to aggregate only in 

the AmpC qHTS were re-purchased for testing. Of those, 22 were then verified as 

aggregators in a lower throughput cruzain assay format. Ten compounds (or 

approximately 30%) didn’t behave as aggregators in cruzain assay conditions, even 

when tested in a lower throughput format and at higher concentrations (up to 120 

µM). These results reinforced the dependence of aggregation on assay conditions 

for a considerable fraction of these compounds, arguing against the concept of 

predicting aggregation based on a previously assembled list of compounds flagged 

as aggregators. It is helpful to know that a compound has been previously observed 

to aggregate, but one should keep in mind that it might still be valid at different assay 

conditions. In fact, known aggregators include approved drugs3, which act in a drug-

like manner against the specific proteins they target. 
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Among the remaining qHTS hits, fluorescent compounds represented the 

next main source of false positives. Reactive compounds were again present in 

much smaller frequencies than expected based on the analysis of compounds 

containing “hot” electrophiles. Although the mechanism of inhibition of these 

compounds wasn’t confirmed, at most only 1% of all hits, and 1.6% of the potentially 

reactive compounds actually exhibited a covalent mechanism. It has been proposed 

that molecules containing certain very reactive moieties should not be included in 

screening libraries4, 5. Here we show that this might not be as big of a concern as 

suggested. This is not to argue against excluding certain compounds classes from 

libraries, but to demonstrate that covalent binding is not as easy to predict by the 

simple presence of potentially reactive moieties in a molecule. Finally, another 

important conclusion from this study was that the percentage of artifacts was fairly 

independent of the source of the library. This is true even for natural products. 

The analysis of the hits in this qHTS campaign allowed quantitative 

information on the sources and frequencies of hits. Furthermore, it stimulated 

discussion of important issues in HTS, such as how important it is to eliminate  

potentially reactive compounds, and the impact of the library source to the HTS 

outcome.   
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2.1 Abstract 

 

The perceived and actual burden of false positives in high-throughput 

screening has received considerable attention; however, few studies exist on the 

contributions of distinct mechanisms of non-specific effects like chemical reactivity, 

assay signal interference, and colloidal aggregation. Here, we analyze the outcome 

of a screen of 197,861 diverse compounds in a concentration-response format 

against the cysteine protease cruzain, a target expected to be particularly sensitive 

to reactive compounds and using an assay format with light detection in the short-

wavelength region where significant compound autofluorescence is typically 

encountered. Approximately 1.9% of all compounds screened were detergent-

sensitive inhibitors. The contribution from autofluorescence and compounds bearing 

reactive functionalities was dramatically lower: of all hits, only 1.8% were 

autofluorescent and 1.48% contained reactive or undesired functional groups. The 

distribution of false positives was relatively constant across library sources. The 

simple step of including detergent in the assay buffer suppressed the nonspecific 

effect of approximately 93% of the original hits. 
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2.2 Introduction 

 

High-throughput screening (HTS) remains the dominant technique for small 

molecule discovery. After remaining confined to biopharmaceutical companies for 

decades, high-throughput screening has recently entered the public domain via the 

efforts of a growing number of non-profit institutions, including the Molecular 

Libraries Initiative3 of the NIH Roadmap under whose program the structures of the 

library compounds as well as the primary and secondary screening results are being 

made available to researchers via the PubChem database 

(http://pubchem.ncbi.nlm.nih.gov/). In addition to providing a wealth of data on the 

interaction between chemical space and novel target space, the unprecedented 

public availability of compound structure and screening results allow one to ask a 

series of fundamental questions about the different sources of compound 

interference in HTS and their relative contributions. 

Three major categories of compound-originating interference can lead to 

confounding assay results and the inadvertent selection of false positives4 on which 

precious personnel, material, and time resources can be pointlessly spent. Colloidal 

aggregation of small molecules has gained prominence recently as a universal mode 

by which many small molecules can act on enzymatic targets to yield reproducible 

yet irrelevant inhibition.5-8 Two key properties ascribed to aggregators allow the 

facile identification of at least a large subset of these false positives. On the 

experimental side, aggregators are detergent-sensitive and as little as 0.01% of a 

reagent like Triton X-100 effectively disrupts the promiscuous inhibition by more than 
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95% of the potential aggregators8-10. Analytically, inhibition by colloidal aggregates 

may often be detected by high Hill coefficients in the concentration-response curves 

of screening hits.8, 11  

While aggregation is largely viewed as a fundamental assay- and target-

independent compound property determined by the compound structure and 

medium properties such as assay pH and buffer composition, the other two major 

sources of compound interference appear to manifest themselves very differently 

depending on the assay format and the nature of the target. Interference from 

compound spectral density, in general, and autofluorescence in particular has 

plagued both miniaturized and traditional assays which use a range of detection 

formats, with direct fluorescence intensity and fluorescence polarization modes 

being the most severely affected. Our recent profiling of the Molecular Libraries 

Small Molecule Repository (MLSMR) for compound autofluorescence12 

unambiguously identified the spectral regions most susceptible to interference. 

Assays based on the common coumarin reporters were especially sensitive to library 

interference, while red-shifting the reporter fluorophore to dyes such as rhodamine 

reduced interference several hundred-fold.12 While fluorescence itself (defined by 

parameters such as extinction coefficient, quantum yield, and fluorescence lifetime) 

is a fundamental compound property, the relative magnitude of fluorescence 

interference depends on the target environment, specifically the strength of assay 

signal.4 For example, enzymatic reactions associated with relatively high Km values 

in the mid- to high-micromolar range by necessity consume or generate high 

concentration of reporter fluorophore which makes them more resistant to 
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autofluorescence,4, 13 while fluorescence polarization assays of tight-binding ligand-

receptor pairs (i.e., associated with single or double digit nanomolar Kd values) are 

the most susceptible to interference due to the low tracer concentration employed.4 

The third source of interference is compound reactivity. Compounds with 

obvious reactive groups have also been called hot compounds and their 

identification in some screens has led to debates whether such compounds should 

be summarily excluded from the screening deck14, 15. However, there is no 

consensus on what exactly constitutes a reactive functionality; moreover, the 

chemical reactivity of many functional groups depends on their concentration, the pH 

of the reaction medium, and the exact nature of the protein targets. At present, there 

is no universal scale to judge reactivity and only a few reports on strategies to 

screen for it.16-18 

Our recent studies using AmpC β-lactamase as a reporter system (utilizing a 

chromogenic assay format by following the release of orange-colored product as a 

result of the hydrolysis of the nitrocefin substrate) highlighted aggregation as the 

major source of interference: approximately 95% of the screening hits were 

promiscuous colloidal aggregators8. Due to the relatively high concentration of 

substrate used and the utilization of kinetic read, the interference from colored 

substances on the assay readout was negligible. Surprisingly, few actives were 

attributed to reactive compounds, with aggregators outnumbering the reactive hits by 

a ratio of over 100:1.  Meanwhile, almost all library members containing presumed 

hot functionalities were inactive.19 These results prompted the provocative 

conclusion that non-specific covalent inhibition may in fact be a minor issue in HTS. 
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To date, the β-lactamase study represents the only large-scale profiling of a diverse 

compound library with respect to aggregators and other false positives, thereby 

providing the only publicly available reference set of aggregating compounds. To 

probe the generalizability of such conclusion, herein we profile another enzyme, 

cruzain, which has a structure and function different from that of β-lactamase but 

which represents an interesting boundary test case: being a cysteine protease, with 

a “hot” thiol nucleophile, it should be especially sensitive to electrophilic covalent 

inactivation. Cruzain is a key protease in Trypanosoma cruzi, the protozoan parasite 

responsible for Chagas disease. The enzyme is essential for the parasite survival 

and replication, and has been validated as a drug target for this organism.20, 21 The 

fluorogenic assay routinely employed to measure cruzain activity22 utilizes a 

coumarin-type detection label and as such falls in the blue-shifted spectral region 

most susceptible to compound fluorescence interference;12 we thus expected to 

encounter a sizeable number of autofluorescent false positives. 

We describe the development and quantitative high-throughput screening of a 

kinetic fluorogenic assay for cruzain. Each compound was tested at a minimum of 7 

concentrations following our previously-reported quantitative high-throughput 

screening (qHTS) approach.23 We compared the rate and nature of hits in screens 

performed in a “low-detergent” (0.00005%) and a “high-detergent” (0.01%) condition. 

The use of kinetic read, the application of detergent-sensitivity screening, and a 

chemoinformatics analysis of the library allowed us to evaluate the effects of the 

three major modes of compounds interference - aggregation, autofluorescence, and 

reactivity. Comparing hit lists between the low-detergent and high-detergent screens 
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allowed us to identify active colloidal aggregators. Analysis of the fluorescent signal 

evolution pattern for each sample led to the identification of autofluorescent 

compounds. Lastly, we queried the screening hits against a list of suspected reactive 

functionalities in order to evaluate the fraction of purported reactives among the non-

aggregating and non-fluorescent cruzain hits. 

 

2.3 Materials and Methods 

 

Reagents. Triton X-100, sodium acetate, and DTT (dithiothreitol) were 

purchased from Sigma-Aldrich. DMSO Certified ACS Grade was from Fisher. The 

cruzain model fluorogenic substrate Z-Phe-Arg-AMC was from Bachem. The 

screening assay was performed in 100 mM acetate buffer pH 5.5 containing 5 mM 

dithiothreitol. The detergent-present screen contained 0.01% Triton X-100, while the 

detergent-free assay contained 0.00005% of the same detergent (this turned out to 

be important for enzyme stability). Black solid bottom polystyrene assay plates were 

from Greiner Bio-one (Monroe, NC). The entire screening library (Galapagos 

Biofocus DPI, South San Francisco, CA) was subjected to purity analysis before 

plating by using an eight-channel MUX high-throughput parallel chromatographic 

system (Micromass Ltd, Manchester, UK and Waters, Milford, MA) and separating 

the sample on Phenomenex Gemini 5 µm C18 column (2 x 50 mm) and a linear 

gradient of 0.1% aqueous formic acid to 90% acetonitrile in 0.1% aqueous formic 

acid over 3 min. Compounds used in the followup experiments were reanalyzed for 

purity. The purity analysis was performed via liquid chromatography- mass 
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spectrometry (LCMS) on a Waters ACQUITY reverse-phase UPLC system and a 1.7 

µm BEH column (2.1 × 50 mm) by using a linear gradient in 0.1% aqueous formic 

acid (5% ACN in water increasing to 95% over 3 min). Compound purity was 

measured on the basis of peak integration (area-under-the curve) from both UV/vis 

absorbance (at 214 nm) and evaporative light scattering detection (ELSD), and 

compound identity was determined on the basis of mass analysis; all compounds 

passed purity criteria (>95%).  

 

Compound library.  The 197,861 member library comprised two main 

subsets: 139,740 compounds from the NIH MLSMR, prepared as 10 mM stock 

solutions in 384-well plates and delivered by Galapagos Biofocus DPI (South San 

Francisco, CA, http://mlsmr.glpg.com), and NCGC internal exploratory collection of 

58,121 compounds which consisted of several commercially available libraries of 

known bioactives (1,280 compounds from Sigma-Aldrich (LOPAC1280 library), 1,355 

compounds from Prestwick Chemical Inc. (Washington, DC), 1,271 compounds from 

Tocris (Ellisville, Missouri), 2,031 known actives from Microsource (Gaylordsville, 

CT), 419 purified natural products from TimTec (Newark, DE), 1,980 compounds 

from the National Cancer Institute (the NCI Diversity Set), and 1,408 toxins from the 

National Institute of Environmental Health Sciences. Additional libraries included 

collections from other commercial and academic collaborators (three 1,000-member 

combinatorial libraries from Pharmacopeia (Cranbury, NJ), 42,240 diverse drug-like 

molecules, 704 compounds from Boston University Center for Chemical 

Methodology and Library Development, 473 compounds from University of Kansas 

 46



Center for Chemical Methodologies and Library, 96-member peptide library from 

Prof. Sam Gelman’s lab, University of Wisconsin, Madison, 1,143 compounds from 

the University of Pittsburgh Center for Chemical Methodology and Library 

Development), and 20 boronic acid AmpC β-lactamase inhibitors from the Shoichet 

lab. The remaining samples were known actives acquired from various commercial 

suppliers and compounds produced via internal chemistry efforts. Details on the 

formatting of the compound library for qHTS are provided elsewhere. 23, 24 

 

Control plate. Titration of the vinyl sulfone inhibitor K11777 (4-methyl-N-

((2S,5R,E)-3-oxo-5-phenethyl-1-phenyl-7-(phenylsulfonyl)hept-6-en-2-yl)piperazine-

1-carboxamide, 1) 25, 26 was delivered via pin transfer of 23 nL of solution per well 

from a separate source plate into column 2 of each 1,536-well assay plate. The 

starting concentration of the control was 1 mM, followed by two-fold dilution points in 

duplicate, for a total of sixteen concentrations, resulting in final assay concentration 

range from 5.7 µM to 0.175 nM, corresponding to the dilution of 23 nL stock into 4 

µL assay reaction. 

 

Cruzain Assay Miniaturization and qHTS. To measure the enzymatic 

activity of cruzain, we used a fluorogenic substrate Z-Phe-Arg-AMC, which is 

converted to a highly fluorescent 7-amino-4-methylcoumarin reporter upon 

hydrolysis.26 Assay optimization was performed directly in 1,536-well format at a final 

reaction volume of 4 µL. For the detergent-present screen, Triton X-100 was used at 

0.01% and the cruzain was present at 1.5 nM. During the optimization of the 
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detergent-free assay, low stability and high variability in the specific activity of 

cruzain was noted, likely due to protein adsorbtion on polystyrene assay plates. To 

stabilize the enzyme, its final concentration was raised to 3 nM and a trace of Triton 

X-100 (final concentration of 0.00005%) was included in the detergent-free assay; 

we note that a similar adjustment step was needed for the AmpC β-lactamase 

aggregation screen described earlier.8 At the conditions selected - 1.5 nM or 3 nM 

final cruzain concentration and 2 µM final substrate concentration (the latter chosen 

to match previously reported conditions and being close to the Km value for this 

substrate) 26, 27 - the signal evolution was robust and low substrate conversion could 

be conveniently monitored over the course of 1 minute, making the assay highly 

sensitive to cruzain inhibitors. All assay components were tested and found stable 

for at least 24 hours when formulated as stock solutions at their working 

concentrations in both the detergent-present and the detergent-free buffers (data not 

shown). Such demonstrated stability permitted the implementation of an unattended 

overnight screening operation. 

To perform the high-throughput screen, 3 μL of reagents were dispensed into 

1536-well Greiner black solid-bottom assay plate. Compounds and controls (23 nL) 

were transferred via Kalypsys pintool equipped with 1,536-pin array (10 nL slotted 

pins, V&P Scientific, Palo Alto, CA). The final concentrations of the screening 

compounds ranged from 57.5 μM to 3.7 nM, with seven concentrations assayed 

across a five-fold dilution series.  The plate was incubated for 15 min at room 

temperature, and then a 1 μL aliquot of 8 μM substrate solution was added to start 

the reaction. The plate was transferred to ViewLux high-throughput CCD imager 
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(Perkin-Elmer, Waltham, MA) where kinetic measurements (4 reads, one read every 

30 seconds) of the AMC fluorescence were acquired using standard 340 nm 

excitation and 450 nm emission filter set. During dispense, reagent bottles were kept 

submerged into 4 °C recirculating chiller bath and all liquid lines were covered with 

aluminum foil to minimize fluorophore degradation. All screening operations were 

performed on a fully integrated robotic system (Kalypsys Inc, San Diego, CA) as 

described elsewhere.28  

Screening data were corrected and normalized and concentration–effect 

relationships derived by using in-house developed publicly available algorithms; a 

four parameter Hill equation29 was fitted to the concentration-response data as 

described elsewhere (http://www.ncgc.nih.gov/pub/openhts/curvefit/). Percent 

activity was computed from the median values of the uninhibited, or neutral, control 

(32 wells located in column 1) and the no-enzyme, or 100% inhibited, control (64 

wells, entire columns 3 and 4), respectively. Plates containing DMSO only (instead 

of compound solutions) were included approximately every 50 plates throughout the 

screen to monitor any systematic trend in the assay signal associated with reagent 

dispenser variation or decrease in enzyme specific activity. Reactive functionality 

queries were implemented as Daylight SMARTS (Daylight SMARTS – A Language 

for Describing Molecular Patterns, 

http://www.daylight.com/dayhtml/doc/theory/theory.smarts.html) (see Table 3 and 

the full list provided in the Supporting Information, Table S2) and the ChemAxon 

Java toolkit (http://www.chemaxon.com/) was used to process the library and 

annotate compounds with problematic functional groups. 
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Secondary Assay in 96-well plate format. Forty-two compounds active in 

the qHTS were repurchased from commercial vendors (ChemBridge, Enamine, 

ChemDiv, IBScreen, Sigma and Tocris) and re-tested in a higher-volume, lower-

throughput format.  In particular, we were interested to re-test compounds that 

appeared to be non-aggregators in the cruzain qHTS, discussed here, but had been 

aggregators in a similar qHTS screen against AmpC β-lactamase.30 Thrity-two 

compounds from this category were purchased, ten of which were active only at the 

highest concentration tested in that screen (30 μM), whereas 22 showed full dose-

response curves in the absence of detergent. We were also interested in 

investigating compounds that were not screened in the previous β-lactamase HTS, 

but were inconclusive aggregators in the cruzain qHTS. To this end we re-tested ten 

compounds. 20 mM stock solutions of compounds were prepared in DMSO from dry 

powders. Assays were performed in Sodium Acetate 0.1 M pH 5.5, 5 mM DTT, 

either in the presence and absence of 0.01% Triton X-100. The final concentration of 

cruzain was 0.4 nM, and the substrate concentration was 2.5 µM (Km = 2 µM). One 

µL of a 200x DMSO stock of compound was added to each well, followed by addition 

of 100 µL of buffer solution containing 0.8 nM cruzain. After 15 minutes incubation, 

100 µL of a solution of 5 µM Z-FR-AMC in buffer was added to the enzyme-

compound mixture to start the reaction. Cruzain activity was measured in a 

Flexstation microplate spectrofluorometer (Molecular Devices, Sunnyvale, CA) and 

assays were followed for five minutes. Percentages of enzyme inhibition were 

calculated based on initial rates of substrate cleavage, compared to a DMSO 

control. All assays were performed at least twice. Each compound was initially 
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tested at 11.5 µM. If detergent sensitivity was not observed at this concentration, 

compounds were further tested at 30, 60 and 120 µM.  

 

2.4 Results and discussion 

 

Cruzain Quantitative High-throughput Screens. The screens of the 

197,861-compound collection (Figure 1) were completed within a two separate 

workweeks. During the first week, approximately 60% of the 1,107 library 1,536-well 

plates were screened in the detergent-free assay first; this was immediately followed 

by a screen of the same set of library plates in the detergent-present assay. The 

remaining 40% of the library was screened in the same manner during the second 

week. The screening of each compound against the two assays in close succession 

minimized the possibility for sample-age related differences in results. Overall, two 

sets of 1,107 1,536-well assay plates were run under the detergent-free and 

detergent-present conditions, respectively, leading to the generation of 197,861 

concentration responses consisting of at least seven points per compound per assay 

and corresponding to a total of approximately 1.5 million samples tested per 

detergent condition.  

The Z’ screening factors associated with each plate and each screening 

condition remained high and stable throughout the two screens (Figure 2): the 

average Z’ for the detergent-free screen was 0.78, while the corresponding average 

for the detergent-present screen was 0.93. Of the 2,214 plates tested in both 

screens, only six failed; these were re-screened immediately using the same 
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MLSMR [70.4%] NCGC DiversitySet [19.8]

Pharmacopeia [1.4] Microsource [1]

NCI [0.8] LOPAC [0.6]

NIEHS [0.6] Prestwick [0.6]

MLSM Tocris [0.4] UPCMLD [0.4]

a BUCMLD [0.2] Misc [0.2]

TimTec [0.2] NCGCChem [<<0.1]

UCSF[<<0.1]

MLSMR [78.9%] NCGC DiversitySet [18.4]

Pharmacopeia [0.7] Microsource [0.2]

NCI [0.2] LOPAC [0.2]

NIEHS [0.3] Prestwick [0.1]

MLSM Tocris [0.2] UPCMLD [0.5]

BUCMLD [0.1] Misc [0.1]
b TimTec [0.1] NCGCChem [<<0.1]

UCSF[<<0.1]

MLSMR [77.9%] NCGC DiversitySet [13.4]

Pharmacopeia [4.6] Microsource [0.8]

NCI [0] LOPAC [0.6]

NIEHS [0.6] Prestwick [0.2]

MLSM Tocris [0.6] UPCMLD [0]
c BUCMLD [0] Misc [1.1]

TimTec [0.29] NCGCChem [<<0.1]

UCSF[<<0.1]

MLSMR [80.4%] NCGC DiversitySet [0.9]

Pharmacopeia [0.5] Microsource [4.0]

NCI [1.1] LOPAC [4.0]

NIEHS [3.3] Prestwick [0.5]

MLSM Tocris [3.5] UPCMLD [.7]
d BUCMLD [0.2] Misc [0.2]

TimTec [0.7] NCGCChem [0.0]

UCSF[0.0]

MLSMR [79.9%] NCGC DiversitySet [16.2]

Pharmacopeia [0] Microsource [0.2]

NCI [0.4] LOPAC [0]

NIEHS [0.2] Prestwick [0.2]

MLSM Tocris [1] UPCMLD [0.6]

e BUCMLD [0] Misc [1.1]

TimTec [0.2] NCGCChem [<<0.1]

UCSF[<<0.1]
 

Figure 1. Composition of the 197,861-sample library screened against cruzain (A) 

and similarity between the distribution of major screening hit categories across 

compound sources (artifacts [aggregators (B), autofluorescent (C)], reactive (D) and 

conclusive inhibitors (E) as defined in the text and Figure 4) and the library makeup.  
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Figure 2. Z’ trend of 1,106 plates screened in the detergent-free (small rhombs) and 

detergent-present (large circles) assays. The average Z’ of screen without detergent 

was 0.78 and improved to 0.93 with addition of detergent. 
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batches of enzyme and substrate. As a further quality control, we included a 

concentration response of the known vinyl sulfone cruzain inhibitor K11777 1 22, 26 

added as a 16-point dilution series in duplicate between 5.7 µM and 0.175 nM into 

the second column of every assay plate. The shape and quality of the concentration 

response remained consistent throughout both screens (Figure 3, green data points) 

with the associated minimum significant ratios (defined by Eastwood et al31) of 2.5 

and 1.4 for the detergent-free and detergent-present conditions, respectively, further 

indicating stable runs. 

The cumulative effect of all library compounds on the cruzain activity at each 

screening condition is shown in Fig. 3. On the plots, concentration responses were 

color-coded and positionally sorted based on activity with inactive samples (flat 

concentration responses) represented by the black dots, activators in red, and 

inhibitors in blue; green points in the very front of the 3D plots represented the 1,107 

duplicate responses of the intra-plate control titration of 1. The outcomes from the 

detergent-free versus detergent-present screens were strikingly different: the 

detergent-free screen yielded over 15 times more hits than its detergent-present 

counterpart. Similar to our experience with the β-lactamase profile,8 we observed a 

large number (12,746) of apparent activators in the detergent-free cruzain screen 

which turned inactive in the detergent-present screen (indicated as Category A 

compounds in Figure 4). Over 85 % of the activators were associated with partial or 

single-point top concentration responses indicating that the condition-dependent 

activation was being observed only at the highest compound concentrations where  

complicating phenomena such as transient precipitation, light scatter, and compound  
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detergent 

(0.01% TX-100) 
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Figure 3. Cruzain concentration-response data of control titrations and all library 

samples tested in the detergent-free (A) and detergent-present (B) assays. Control 

titrations (in green) were included on each 1,536-well plate screened. Apparent 

inhibitors are shown in blue, apparent activators are in red, and inactives are in 

black. A total of 14% of samples gave signal increase or signal decrease in the 

detergent-free while only 1% of samples resulted in any activity response in the 

detergent-present assay. 
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aggregate-assisted enzyme stabilization have been known to lead to false positive 

effects.32 We did not consider those compounds further. During the following steps 

of our analysis, we categorized the active hits based on detergent sensitivity, 

autofluorescence, and presence of reactive functionalities or undesirable chemical 

features, to arrive at a final filtered set of cruzain inhibitors. 

 

Detergent-sensitive Hits (Aggregators). Of the compounds showing 

concentration-dependent inhibition in the detergent-free screen, almost 90% 

appeared to be detergent-sensitive hits, or aggregators. The precise assignment of 

aggregation phenotype for every library compound was complicated by the many 

detergent-sensitive compounds (10,399 samples) that exhibited only a weak and 

noisy inhibitory response in the detergent-free screen, making their categorization as 

inhibitors problematic. We categorized these compounds as weak or inconclusive 

detergent-sensitive inhibitors (Category B in Figure 4). 

The many inconclusive responses in the detergent-free screen stood in 

contrast with the approximately 550 inconclusive samples (or 20-fold fewer) 

observed in the detergent-present experiment (Category F in Figure 4, described in 

detail in Reactive Functionalities Analysis). This observation, combined with the 

lower and more variable Z’ factor associated with the low-detergent screen (Figure 

2), demonstrates a secondary benefit that a detergent can have on assay 

performance, stabilizing a protein by minimizing its adsorption to the plastic walls, a 

phenomenon well-known among enzymologists.  
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Screening 
Artifacts [94.9%]

Reactive or 
Undesireable 

Inhibitors [1.5%]

Inconlusive 
Inhibitors [1.9%]

Inhibitors [1.7%]

Category Comment Description Number of 
Samples

% of all 
'actives'

% of all 
screened

A Screening Artifact Detergent-sensitive 'activators' 12,746       44.00 6.44

B Screening Artifact Detergent-sensitive weak or 
inconclusive 'inhibitors' 10,399       35.90 5.26

C Screening Artifact Detergent sensitive 'inhibitors' 
(aggregators) 3,844         13.27 1.94

D Screening Artifact Detergent-resistant 'inhibitors' that 
are fluorescent artifacts 507            1.75 0.26

E Problematic Inhibitors Detergent-resistant inhibitors with 
reactive or undesirable groups 428            1.48 0.22

F Inconclusive Inhibitors Detergent-resistant filtered but weak 
or inconclusive inhibitors 550            1.90 0.28

G Inhibitors Detergent-resistant filtered inhibitors 493            1.70 0.25
 

Figure 4. Categorization of hits. Signal-increase compounds lead to false ‘activation’ 

artifact (Category A) which disappeared completely upon inclusion of detergent. 

Among the signal decrease-compounds, a majority of the apparent inhibition was 

due to aggregation (category B and C). Kinetic reads during screening helped 

identify fluorescent false positives (Category D), while reactive and problematic 

functional group filtering eliminated additional promiscuous inhibitors (Category E). 

The remaining weak (Category F) or potent (Category G) inhibitors represented 

3.6% of the total actives found in the detergent-free qHTS. 

 

 57



In turn, detergent-sensitive inhibitors which exhibited complete concentration-

response curves and had a maximum response greater than 40% inhibition in the 

low-detergent condition were considered conclusive aggregators; a total of 3,844 

compounds met these more stringent criteria (Category C in Figure 4). Overall, 

1.94% of the library members exhibited detergent-sensitive inhibition. With the 

exclusion of categories A, B, and C compounds, there remained 1,978 detergent-

insensitive actives, which were further analyzed with respect to autofluorescence 

and the presence of reactive and undesirable functionalities (see below). 

 

96-well plate aggregator assays. To probe the reproducibility of aggregation 

and its dependence on assay format, 42 compounds were re-purchased as dry 

powders and tested for aggregation effect in the standard 96-well plate cruzain 

assay. The criterion for aggregation in this format was the shift in percent inhibition 

greater than 35% upon inclusion of 0.01% Triton X-100.  

Among the compounds retested, ten had been inconclusive cruzain qHTS 

aggregators. These are molecules which showed detergent-sensitivity in the 

qHTS, but for which classification as aggregators was less robust due to weak 

cruzain inhibition even in the absence of Triton, with reported activity only at the 

highest concentration screened by qHTS (Category B in Figure 4). Nine out of ten 

“inconclusive” aggregators from the cruzain qHTS displayed typical aggregation 

behavior when tested in the 96-well plate assay. The 10th compound did not show 

reproducible cruzain inhibition in this assay format, even in the absence of detergent 

(Table 1). These results suggest that most detergent-sensitive compounds would be 
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Table 1. Retesting aggregation-based inhibition among compounds showing weak 

activity in the cruzain qHTS screen. ND, not determined, NC not conclusive (cruzain 

HTS category B). 
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confirmed as aggregators in follow up assays. That is true even for weak inhibitors, 

for which the assignment as aggregators was less evident based on the qHTS 

results. Therefore, the classification of 3,844 compounds as aggregators is a 

conservative estimate, and the number of artifacts present in this category is likely 

much higher.  

The other 32 compounds retested in this format were previously-identified as 

aggregators in a β-lactamase screen8, 11 but were inactive against cruzain in the 

present screen. Out of these, 22 displayed aggregation behavior in the 96-well plate 

assay, though four of them only did so at 120 µM, a level twice that used in the 

qHTS (Table 2). The mismatch in compound phenotype between testing in 

miniaturized settings and traditional format highlights the conditional nature of 

aggregation: compounds that inhibit through colloidal aggregation in one setting may 

fail to do so detectably in a different setting.  

Unexpectedly, ten compounds which showed aggregation effect against  β-

lactamase (also confirmed by AmpC cuvette-based assays8) were tested here but 

exhibited no aggregation phenotype in both the HTS and the 96-well plate cruzain 

assays (Table 2). These ten compounds did not belong to any particular structural 

class and were diverse with respect to their size and functional groups. Thus, it 

appears that the assay format variations aside, there are genuine differences in at 

least some compounds’ propensity to form aggregates and for those aggregates, if 

formed, to interfere with the enzymatic reaction depending on the target identity and 

buffer conditions: at least a subset of the library behaves as conditional aggregators 

even when traditional reaction formats are compared. 

 60



Table 2. Retesting aggregation-based inhibition among compounds showing no 

activity in the cruzain qHTS screen, but active in the AmpC β-lactamase screen. ND, 

not determined, NC not conclusive. 
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Table 2. continued 
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Table 2. continued 

Apparent aggregation 
IC50 (µM) 

Cmpd Compound structure and ID (ZINC/MLS) 

qHTS 
AmpC 

qHTS 
cruz
ain 

Aggregation 
in cruzain 
secondar
y assay 

(µM) 
34 

HN S
O

O
O

N
H

O

O
ON

2654246/ 
000081812 

10 > 60 30 
 

35 

N

N
N

O S

Cl

 

1235408/ 
000081882 

13 > 60 12 

36 O

O
H
N

O
N

O

O

O

 

3251243/ 
000081948 

13 > 60 30 

37 S
NH

SO
N

NN

NH2O

 

3396507/ 
000098416 

10 > 60 120 

38 
F

N
S

S
H
N

H
N

O O
O

 

3472917/ 
000056697 

3 > 60 60 

39 
O

O
OH

HO

OH

OH

 

39111/ 
00017344-01 

13 > 60 30 

40 

HO

H
N

O  

3871503/ 
00025010-01 

10 > 60 30 

41 
O

O

N

N O

Br O

 

116787/ 
000119208-01 

4 > 60 30 

42 Cl

S
O

O

 

3265502/ 
000098321-01 

10 > 60 120 

 

HO
N NH

Cl

Cl

 

 13 > 60 12 

 

 63



The apparent assay-to-assay variability of the aggregator phenotype 

prompted us to examine a set of compounds by flow cytometry using an instrument 

platform designed to characterize compounds with respect to solubility and 

aggregation potential.33 Thirty compounds, of which ten were positive in the present 

cruzain aggregation screen, while the remaining twenty were inactive in the cruzain 

detergent-free screen but were classified as aggregators in the β-lactamase study, 

were tested in different buffers systems in order to characterize their innate 

propensity for aggregation and precipitation, and to compare those properties with 

the corresponding behavior in the enzymatic screens. No concordance was evident 

between the flow cytometry assignments and the HTS-derived aggregation 

phenotypes (Supporting Information on Table S1). The divergence of aggregation as 

detected by a physical technique using well-mixed and equilibrated samples with 

particle-size analysis from the aggregation as defined by an inhibitory effect in a 

miniaturized assay parallels the earlier noted differences between aggregation 

assignments from HTS and 96-well plate assays. It thus appears more appropriate 

to refer to the aggregation seen through the effect of the sample on an enzyme 

reporter as a functional aggregation, as distinct from and not always overlapping 

with physical aggregation, the latter being the property of a compound to form 

colloidal particles in a certain solution medium under bulk equilibrated conditions. It 

is worth noting that such subdivision of aggregation parallels the assignment of often 

significantly different kinetic versus equilibrium, or thermodynamic, solubility values 

to compounds tested in otherwise identical solvents.34 
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The lack of concordance between aggregation observed in miniaturized 

settings and traditional assay format points to the fact that aggregates do not form at 

the same rate at all conditions but their formation rather depends on process-related 

factors such as the mode of compound delivery and mixing, and the surface-to-

volume ratio of the reaction vessel. The conditional nature of aggregation observed 

here is in agreement with the recently published study35 of aggregating compounds 

conducted by surface plasmon resonance. In it, Giannetti et al. describe a number of 

instances of compounds which exhibited aggregation-type binding to a certain 

protein target but completely failed to interact with others. If the same compound 

behaves so differently against different proteins when tested under the well defined 

parameters of an established biophysical technique, it does not come as a surprise 

that assay context dependency of aggregation is observed in miniaturized assay 

screens. Further, while there were inter-library variations, we did not observe any 

significant distribution bias of the aggregators among library types: the makeup of 

the aggregators (Figure 1B) largely mirrored that of the collection screened (Figure 

1A).  Thus, at present it appears more prudent not to assemble lists of permanent 

aggregators, or to computationally predict which compounds will display 

aggregation-based enzyme inhibition, but to adopt assay protocols and post-screen 

studies such that the burden of aggregators on the overall process is reduced. For 

example, a simple inclusion of detergent in the assay buffer has been shown 

repeatedly to significantly reduce the interference from aggregators8-10 and our 

present study confirms this notion once again. The inclusion of 0.01% Triton X-100 

is unlikely to be fully curative, however: in support of the notion that the detergent 
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effect is a continuum, rather than a step function, our previous β-lactamase study 

highlighted the occurrence of a small number of detergent-hardy aggregators - 

compounds whose inhibitory potency is right-shifted upon addition of 0.01% 

detergent but whose effect only disappears completely when detergent is added to a 

considerably higher 0.1% level. 

Autofluorescent Hits. For every assay well, fluorescence intensity increase 

was measured in a real-time kinetic mode by acquiring four reads every 30 seconds. 

The enzyme activity and the corresponding effect of library compounds were 

computed from the sixty-second initial rate. The uniform collection of such a short 

time course on 1,536 samples was enabled by the use of the CCD-based ViewLux 

reader. As described previously,12, 36 the starting fluorescence intensity of each well 

was noted and used to flag compounds which interfered with the assay signal by 

exhibiting high level of autofluorescence. This process is illustrated with the example 

in Figure 5. An example plate titration series is shown as a sequence of plate 

heatmaps (A). Each rectangle represents a 1,536-well plate, with 7 such plates 

comprising a concentration series. Individual plate wells in blue show signal 

decrease and in red are wells that cause signal increase. The first kinetic read 

reveals auto-fluorescent compounds which appear as active on that heatmap (red 

wells). In turn, the fluorescence intensity difference within the first minute of reaction 

monitoring is used to calculate activity. The full kinetic reads of a library sample in 

panel B, left plot show a dramatic increase in initial raw fluorescence units as a 

function of increasing compound concentration, consistent with compound 

autofluorescence. The activity calculation of such samples often leads to false 
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inhibition assignment such as that seen for the oxazole-4-nitrile 42 shown in Figure 

5C, left plot, due to the fact that for samples possessing inherent fluorescence 

significantly over the assay average the noise or drift in fluorescence signal collected 

over the time course completely overtakes the signal contributed by the assay itself 

and dominates in the calculation of the slope and rise of the reaction progress curve. 

In contrast, a non-fluorescent inactive compound 43 (Figure 5B and 5C, right plots) 

was characterized with reaction time-course trends which varied very little with 

compound concentration (Figure 5B, right plot) and as a consequence the 

corresponding concentration-response curve was relatively flat (Figure 5C, right 

plot). 

The above analysis was applied to the 1,978 compounds exhibiting inhibitory 

concentration responses in the detergent-present screen (detergent-insensitive hits). 

In order to balance the threshold for statistical significance and the need to flag 

artifacts as rigorously as possible, we selected an arbitrary raw starting fluorescence 

intensity cutoff of 400 RFU which was approximately 10% below the value of 446 

corresponding to the typically selected three standard deviations level. Based on this 

criterion, 507 compounds were categorized as detergent-insensitive autofluorescent 

false positives, representing approximately 1.75% of all screening hits (Category D 

in Figure 4). We note that if only end-point data were to be collected, the percentage 

of autofluorescent compounds interfering with the readout would likely have 

increased due to the absence of the subtracting-out effect which kinetic data 

collection has on the assay signal. Similar to the distribution observed for 

aggregators, there was no significant bias in the origin of autofluorescent hits as a 
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B) Fluorescent False Non-Fluorescent 

 Figure 5. Fluorescence Interference Analysis. A) Plate heatmaps associated 

with one 7-concentration compound series in 1,536-well format. Shown are the first 

and last fluorescent reads and the activity calculated from the 60-second initial rates. 

Subtracting out the higher-than-average but steady fluorescence of some 

compounds (red dots on heatmaps associated with first and last reads) leads to the 

significant reduction of interference (small number of blue dots in the activity 

heatmap). However, for compound 42 which is highly fluorescent (left plots in B and 

C), the drift in inherent fluorescence within the reaction time course (indicated within 

panel B) can lead to the erroneous calculation of concentration-response effect (C, 

left plot). A non-fluorescent inactive compound 43 (right plots in B and C) displays 
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function of library source (Figure 1C). The only outlier (the Pharmacopeia set) 

represented an example of a focused combichem-derived collection within which the 

nearly overlapping reaction time courses (B, right plot) and as a consequence the 

corresponding concentration-response trend is relatively flat, resulting in the correct 

assignment of inactive phenotype (C, right plot). 
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function of library source (Figure 1C). The only outlier (the Pharmacopeia set) 

represented an example of a focused combichem-derived collection within which the 

source of large number of autofluorescent compounds was confined to just two 

cores, pteridin-7(8H)-ones and quinazolines. 

In addition to Category D fluorescent compounds, members of Category A, B, 

and C also contained fluorescent molecules. For example, 108 out of the 3,844 

aggregators and 357 out of the 10,399 inconclusive aggregators were also 

fluorescent. When the above raw-fluorescence cutoff filter was applied to the entire 

collection of 197,861 compounds without regard to compound activity in the 

enzymatic assay, approximately 5.6% of the collection was scored as 

autofluorescent. The high percentage of autofluorescent members as a fraction of 

the entire library determined here is consistent with our fluorescence spectral 

profiling of a smaller library within the same coumarin light detection region12 and 

further supports the need for development of red-shifted fluorogenic assays. 

 

Reactive Functionalities Analysis. After the above triaging of screening 

artifacts, 1,471 detergent-resistant non-fluorescent inhibitors of cruzain remained, 

representing 0.74% of the screened collection. Considering the composition of the 

chemical library with its inclusion of known actives collections (Figure 1 and 

Methods) and compounds included for small molecule probe development, we 

expected many reactive functionalities and undesirable groups to be present in the 

screening deck. To this end, we implemented 243 substructure queries using i) 

previously reported exclusion filters 15, 19, 37, 38 and ii) queries performed on the 
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MLSMR collection specifically (NIH Molecular Libraries Small Molecule Repository 

Excluded Functionality Filters, https://mli.nih.gov/mli/compound-repository/mlsmr-

compounds/).  

The queries were grouped into two tiers of filters: reactive functionalities and 

medicinal chemistry exclusions. Reactive functionalities included aldehydes, 

epoxides, alkyl halides, Michael acceptors, metals, 2-halo pyridines, phosphorous 

nitrogen bonds, alpha-chloroketones, beta-lactams, and others (Table 3, see the full 

list provided in the Supporting Information, Table S2). Medicinal chemistry 

exclusions included groups such as flavanoids, crown ethers, hydrazines, poly 

phenols, oximes, primary halide sulfates, multiple nitro groups, etc (see Table S2). 

Members of the latter set are not compounds directly reactive with potential enzyme 

active sites but have been deemed otherwise unfit for medicinal chemistry 

optimization - and have often been discussed together with the reactive-functionality 

hits.15 Additionally, electrophilic nitriles were included in the medchem exclusion list 

due to the likelihood of covalent modification of the active site cysteine in cruzain.39 

Using these tiers, 10,600 compounds were found to be potentially reactive in the 

entire screening deck. For the medchem exclusions, 18,842 compounds were found 

to be potentially problematic within the library. Accounting for overlapping samples, a  

total of 27,047 library compounds met one or both sets of the exclusion filter lists; 

thus, 13.7% of the entire screening collection contained potentially problematic 

compounds as defined by these two tiers. Although risky compounds represented a 

significant fraction (13.7%) of the entire screening deck, more than half (55%) of that 

subset of compounds contained just three most frequently occurring functional  
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Table 3. Partial list of reactive or problematic functional groups. The number of 

detergent resistant cruzain inhibitors is provided along with total number of 

compounds that contain the substructure query. See Supporting Information Table 

S2 for full list of 234 queries. 
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groups: hydrazines, electrophilic nitriles, and free thiols. The top 10 substructure 

queries accounted for 80% of the filtered compounds. These included alpha 

dicarbonyls, Michael acceptors, bis-trisubstituted olefins, 2-halopyridines, non-

organic unacceptable atoms, quaternary C, Cl, I, P, S, and alphatic C6 chains. Table 

3 shows examples of some frequently occurring filters in the detergent resistant 

inhibitors, while Supplemental Table S2 contains all 243 filter definitions as 

implemented in SMARTS (complete SMARTS queries are available at the following 

URL: http://ncgc.nih.gov/projects/cruzain). Hydrazines, nitriles, and thiol-containing 

reactives accounted for a majority of the problematic compounds. Next on the list of 

frequent actives were Michael acceptors, metals, bis-trisubstituted olefins, 

aldehydes, and 2-halopyridines. 

Applying these criteria, we identified 428 out of the 1,471 detergent-

insensitive non-fluorescent inhibitors to be carriers of reactivity or medchem liability 

(Category E in Figure 4). Thus, only 428 compounds, or 1.56%, out of 27,047 total 

suspected problematic library members inhibited cruzain. In a further breakdown, out 

of the 428 problematic compounds, only 112 belonged to the reactives category and 

did not meet any of the medchem exclusion criteria. An additional 91 compounds 

met both the reactive functionality and the medchem exclusions criteria and, finally, 

225 compounds were identified in response to the medchem exclusion query but did 

not contain reactive functionalities.  

Hydrazines were the most prevalent class of category E compounds, 

accounting for 139 out of the 428 filtered actives. However, only 2% of the total 

number of hydrazines contained within the screening collection were active against 
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cruzain; it is likely that only the ones prone to acylation displayed inhibition. The next 

highest in actives frequency were nitriles, which are known covalent but reversible 

inhibitors of cysteine proteases.40 Nitriles were included in our exclusion list strictly 

as context specific filters due to likelihood of their occurrence among the actives. 

However, nitriles often are not promiscuous even against proteases,39 and indeed 

several are being progressed through late-stage clinical trials for thiol protease 

targets.  Only 128 out of 4,276 (3%) of all such compounds were active against 

cruzain.  

Disulfide bond formation is a common type mechanism of covalent 

modification of proteins, in particular of cysteine proteases. Among the functional 

groups that could potentially attack cysteine to form sulfur-sulfur bond, there were 98 

free thiols that were potent detergent resistant inhibitors of cruzain. These accounted 

for 23% of all the Category E compounds. However, despite their abundance among 

the actives, only 2.6% of all free thiol containing compounds were active in the 

present screen. Next in this group of filters, we found that 31% of the 

hydrazothioureas containing compounds were active against cruzain. Among the 

reactive thio-hydroxamates within the library, 6 out of 66 were detergent resistant 

inhibitors. However, none of the 20 regular hydroxamate warhead compounds 

present in the collection was active, thus suggesting covalent modification of the 

active site cysteine by some of the thio-hydroxamates. Several additional 

miscellaneous thio containing filters captured another 45 compounds - many of 

which were potent - that could potentially fall under the same mechanism. 
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Some non-reactive substructures such as polyphenol containing compounds 

were also frequent hitters in the detergent-present cruzain assay. Polyphenol 

moieties occur in many natural products such as flavonoid-based antioxidants and 

tannins. However, they are known to be promiscuous and have atypical high activity 

rates in biological assays.37 A PubChem search for compounds similar to quercetin, 

for example, shows hit rates ranging from 16% to 38% (data not shown) in diverse 

types of biochemical and cell-based assays. Polyphenols are also known to be metal 

chelators that have slow off-rates and rely on non-covalent but strong interactions.40 

Due to their general promiscuity and to the lack of elucidating meaningful structure-

activity-relationships from their optimization, these moieties were included as part of 

our functional group filters. In the detergent-present assay, we observed 37% and 

71% activity rate, respectively, for compounds that contained multiple phenolic 

hydroxyls or polyhalophenols substructures. 

Among the categories of functional groups queried associated with little or no 

cruzain inhibition, there were over 250 phospho- containing filters such as various 

types of phosphonates, thio-phosphines, phosphor-containing warheads. Additional 

reactive groups such as benzylic quaternary nitrogens and quaternary nitroxy groups 

were also inactive despite 72 library compounds containing one of these 

substructures. Additionally, the library contained 508 oximes which were all inactive. 

Some nitrile containing compounds such as cyanamides (34 compounds) and 

cyanohydrins (39) were also all inactive. The library contained 41 trifluoromethyl 

ketones that also yielded flat response in the HTS. Only 1 of 158 perhalo ketones 
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was active. Known alkylating agents such as epoxides had only two compounds 

result in inhibition. Lastly, all azeridines and thioepoxides were inactive. 

The identification of 203 screening hits bearing reactive functionalities does 

not automatically equate to those 203 hits in fact acting on cruzain by non-specific 

irreversible covalent modification (although this mechanism of action would be highly 

likely for the compounds bearing true “hot” functionalities, such as the thiol-

containing members): a detailed investigation of all 203 hits would be required to 

answer this question, an undertaking which is outside the scope of this work. 

However, it is noteworthy that even if all 203 suspected reactives were to indeed act 

by that mechanism, their relative contribution (and similarly, that of the medchem 

exclusions types of hits) to the total hit rate observed here would be very small, far-

outweighed by aggregation. Finally, as was noted for the aggregators and 

autofluorescent hits, relatively flat distribution of reactive and problematic hits was 

observed across library sources (Figure 1D). The greater contribution from two 

bioactives libraries (the LOPAC and Tocriscreen sets) likely reflects the provenance 

of most members which were selected for inclusion based on activities observed in 

cell-based or animal settings. On the other hand, significantly below average 

contribution of reactive hits was noted for the NCGC diversity collection because of 

the stringent exclusion of reactive compounds during its design and acquisition. Of 

the remaining 1,048 inhibitors, 550 were considered inconclusive (Category F in 

Figure 4, see ‘inconclusives’ description above). And finally, 493 compounds were 

categorized as top inhibitors of cruzain (Category G in Figure 4). This final list of 

inhibitors was 1.72% of the total number of actives found in the qHTS and 0.25% of 

 76



the entire screening deck. The complete lists of compounds belonging to categories 

C-G are available at the following URL: http://ncgc.nih.gov/projects/cruzain. Further 

analyses and chemical elaboration of select top inhibitors will be described 

elsewhere.41  

Hill Coefficient Analysis. Steep dose response curves for HTS hits, 

characterized by a Hill coefficient of greater than 1.5 or 2.0, may be harbingers of 

artifactual behavior.11 As in our β-lactamase profile, the collection of concentration-

response data at the primary screen level allowed us to evaluate an unprecedented 

number of dose responses (197,861 in the present study) in one experiment. The 

Hill coefficient distribution of the hits associated with the highest-quality dose-

response curves and belonging to category C (3,844 conclusive aggregators), E 

(428 detergent-resistant inhibitors possessing reactive or undesirable functional 

groups), and G (493 filtered detergent-resistant conclusive inhibitors) is shown in 

Figure 6 A, with example screen-derived dose-response curves for members of each 

category shown in panels B-D. Compounds belonging to categories E and G 

(reactive and undesirable, and filtered inhibitors, respectively) were centered around 

Hill slopes of 1 and 2, with approximately 85% of the hits in each category belonging 

to those bins. In that regard, the reactive hits did not appear to be particularly biased 

toward steep concentration responses. On the other hand, the aggregators 

(category C) were spread more evenly across all bins, with slightly over a quarter of 

all aggregators displaying slopes of 3.0 or greater. Consistent with previous 

findings,8 on the average the aggregators possessed steeper Hill slopes than  both 

the filtered hits  
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Figure 6. Hill slopes distribution and sample dose-response curves for different 

compound categories. (A) Hill slopes of 3,844 Category C aggregators vs. 228 of 

Category E reactive or problematic inhibitors vs. 493 Category G top detergent 

sensitive inhibitors. (B) qHTS detergent-free curve of an aggregator SID 17508642 

(44) with a Hill slope of 4. (C) Detergent resistant inhibition curves of two reactive 

compounds, SID 50107106 (45) (steep Hill slope) and SID 14739064 (46) (Hill slope 

of 0.5). (D)  Detergent resistant cruzain specific inhibitor SID 24406445 (47) with Hill 

slope of 1. 
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and the hits marked by reactive/undesired functionalities. Approximately 9% of the 

top filtered inhibitors within Category G were associated with steep Hill slopes of 3 

and above. This set of compounds displayed no trend with respect to chemical 

structure or concentration-response curve characteristics other than the high Hill 

slope. It is possible that these compounds are borderline cases that fall near the 

cutoffs for aggregation phenotype. 

 

2.5 Conclusions 

 

This study is one of very few that undertakes a large scale, comprehensive 

analysis of artifactual “hits” in high-throughput screening, and the first to compare 

the major mechanisms side-by-side.  Three key observations merit emphasis. First, 

aggregators once again far-outnumbered the actives acting by both the 

autofluorescent and reactive mechanisms. Thus, even for a system deliberately 

selected to be exquisitely sensitive to fluorescence interference and covalent 

modifiers the contribution of these two mechanisms remained minor. Furthermore, 

out of the many library members possessing suspected reactive functionalities, very 

few were detected as inhibitors, indicating that those types of compounds do not 

contribute to the burden of post-HTS hit validation to the extent that is often 

assumed and in overall agreement with the notion advanced by many that even 

seemingly reactive compounds must first recognize the target and bind in an 

orientation relevant for a reaction. It appears that for a number of targets and assay 

 79



formats compounds interfering with the assay signal are likely to create a greater 

burden on follow up than that associated with reactive library members.  

A second observation that may surprise many investigators is that the 

occurrence of the interfering compounds was relatively constant among different 

compound sources.  Thus, aggregates made up 2.17% of MLSMR compounds, and 

whereas they were less common among the “bioactive” collections deriving from 

Tocris, LOPAC and others, at between 0.5 and 2.1% they were still substantial.  

Whereas there are only 420 natural products in our library, making reliable 

quantification difficult, even these had a 1.2% of aggregates among them.  This 

confirms previous studies, though on a much larger scale, that have suggested that 

at screening-relevant concentrations, few types of compounds may be considered to 

be immune from this property of colloidal aggregation in biochemical buffers. The 

same relatively flat distribution across library type was observed for the other major 

sources of interference, autofluorescence and problematic functionalities. Thus, 

when it comes to the physical behavior of molecules in HTS, one cannot count on 

the source of compound library to provide a “safe place”. 

Finally, this study suggests that aggregation-based inhibition is context 

dependent.  In parallel studies of aggregators using different enzymes, assay 

settings, and detection formats - the correlation between detergent-sensitive 

inhibition in different settings is far from perfect.  Thus, many of the compounds that 

were found to act as aggregate-based inhibitors of AmpC β-lactamase were not 

inhibitors of cruzain.  Much of this reflects the physical variables of assays 

performed at very low volumes, with high surface to volume ratios, the steep 
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concentration dependence of aggregation, its stoichiometric inhibitory properties,33 

and its sensitivity to buffer conditions.  It has remained tempting to assemble lists of 

permanent aggregators or unwanted compounds for use in triaging HTS hits or to 

pre-score a library. However, the present studies argue the opposite point: 

aggregation is highly variable and condition-dependent phenomenon, and 

compounds with purported reactive functionalities do not always react, casting doubt 

on the use of “blacklisted” compound filters, though no doubt some compounds 

really are ugly and should be removed. A simple and effective step toward reducing 

the post-HTS follow-up burden becomes obvious from this work, and from earlier 

studies: inclusion of detergent in the assay medium (whenever tolerated).  Whereas 

the most reliable strategy may be parallel screens with and without detergent (in 

order to best annotate detergent-hardy aggregators), simply including detergent 

effectively leads to the disappearance of over 90% of the low micromolar false 

positives.  
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2.7 Supplemental information provided 

 

Methods and results from the flow cytometry study of 30 small molecules, 

reactive and undesirable functional group filters used in this study. This material is 

available free of charge via the Internet at http://pubs.acs.org . 
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Gloss to Chapter 3 

 

In this chapter the successful optimization of triazine nitriles as cruzain 

inhibitors is described. These compounds were among the hits found in the qHTS 

described in Chapter 2, and they attracted our attention for three reasons. First, 

potent nitrile inhibitors have been developed for cysteine proteases, including a 

cathepsin K inhibitor developed by Merck to treat osteoporosis1. Second, this class 

drew attention for its ease to do synthesis and therefore SAR. Third, despite our 

interest in non-covalent inhibitors, to this date all cruzain inhibitors found to be active 

against the parasite Trypanosoma cruzi bind covalently to the enzyme2. Moreover, 

some of these covalent inhibitors are safe, at least for acute treatment, encouraging 

their development as potential drug candidates3.  

Bryan Mott and David Maloney were responsible for the synthesis, and the 

potency of these cruzain inhibitors was optimized from mid- to sub-nanomolar. 

These compounds were also shown to inhibit rhodesain, and in some cases, 

TbCatB. These Trypanosoma brucei cysteine proteases are targets for treating 

African sleeping sickness4, 5. Several of the most potent nitriles were also active 

against T. brucei parasites, but unfortunately no activity was observed for T. cruzi 

parasites. 

To understand the interactions between cruzain and these inhibitors at a 

molecular level, I determined the structure of cruzain bound to one of the most 

potent nitriles. There were several challenges to this project. The available protein 
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preparation of cruzain involved refolding the protease from inclusion bodies. This 

was time intensive and resulted in very low yields. Furthermore, once active and in 

the absence of inhibitors, cruzain can cleave itself in solution, making it harder to 

obtain homogeneous pure protein. To solve structures not only with a nitrile, but also 

with other classes of cruzain inhibitors, I first worked on optimizing cruzain 

expression and purification. I received invaluable help from members of the Craik 

and Brinen labs. With the optimized prep I was able to test hundreds of new cruzain 

conditions, and found a new crystallization condition that yielded high resolution 

diffracting crystals. Thus I was able to solve a high resolution structure of cruzain 

bound to a purine nitrile, providing support for future structure-based design efforts 

in this class. 
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3.1 Abstract 
 

Trypanosoma cruzi and Trypanosoma brucei are parasites that cause 

Chagas’ disease and African sleeping sickness, respectively.  Both parasites rely on 

essential cysteine proteases for survival, cruzain for T. cruzi and TbCatB/rhodesain 

for T. brucei.  A recent quantitative high-throughput screen of cruzain identified 

triazine nitriles, which are known inhibitors of other cysteine proteases, as reversible 

inhibitors of the enzyme.  Structural modifications detailed herein, including core 

scaffold modification from triazine to purine, improved the in vitro potency against 

both cruzain and rhodesain by 350-fold, while also gaining activity against T. brucei 

parasites.  Selected compounds were screened against a panel of human cysteine 

and serine proteases to determine selectivity, and a co-crystal was obtained of our 

most potent analog bound to cruzain.   
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3.2 Introduction 

 

Chagas’ disease is a neglected tropical disease, affecting approximately 18 

million people, predominately in Latin America.1  Its infectious agent is the protozoan 

parasite Trypanosoma cruzi (T. cruzi), with symptoms progressing from mild swelling 

to intestinal disease and ultimately heart failure.  African sleeping sickness is a 

related disease caused by the protozoan parasite Trypanosoma brucei (T. brucei).  

Current chemotherapy for each disease is insufficient, as they exhibit unacceptable 

side effects and often do not completely eliminate the parasite despite chronic 

administration.  Moreover, resistance to these therapies has emerged.1  Given these 

deficiencies, researchers have sought novel treatments of both diseases.  Several 

biological pathways and targets have been explored in T. brucei including the 

cysteine protease rhodesain (also known as brucipain) and more recently a 

cathepsin B-like protease, TbCatB.2, 3  Potential intervention for T. cruzi includes the 

inhibition of the analogous cysteine protease cruzain, which is an essential protease 

for the survival of the T. cruzi.4, 5  Recently, Kraus et al. also reported a strategy 

using a rational designed sterol 14α-demethylase inhibitor which displays potent 

activity against T. cruzi.6  Our primary focus at the outset of this project was the 

discovery of non-peptidic, small molecule inhibitors of cruzain through the use of 

quantitative high-throughput screening (qHTS).7 

  Several groups have demonstrated that irreversible inhibition of cruzain by 

small molecules (examples include compounds 1 and 2) eradicates infection of the 

parasite in cell culture and animal models (Figure 1).4, 5, 8-10 Irreversible inhibitors 1  
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Figure 1. Representative covalent inhibitors of cruzain. 
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and 2 are peptidic and non-peptidic analogues, respectively, that contain an 

electrophilic functional group “warhead”  (i.e. vinyl sulfone or 2,3,5,6-

tetrafluorophenoxymethyl ketone) that can covalently bind to cruzain via nucleophilic 

attack of the active site cysteine.11  To date only irreversible inhibitors of cruzain 

have successfully cured parasitic infection5 implying that tight binding to the enzyme 

may be essential, though the relationship between reversible and irreversible 

inhibition has not been fully explored.  We sought to identify and develop a small 

molecule reversible covalent inhibitor of cruzain, which may offer the potential of 

fewer off-target side-effects that are often associated with irreversible enzyme 

inhibitors.12, 13 The reagents developed here provide new molecular tools for the 

study and comparison of reversible and irreversible covalent inhibitors of cruzain.   

 

3.3 Design 

 

Quantitative high-throughput screening (qHTS) was conducted at our center 

on ~200,000 small molecules as part of the NIH Molecular Libraries Probe 

Production Network (MLPCN).7, 14, 15  Several diverse chemotypes emerged as 

promising chemically tractable hits, including the triazine nitriles (Figure 2).  In 

secondary assays performed at UCSF, compounds such as 3 and 4 had mid-

nanomolar IC50 values with classical dose response curves.  The observed inhibition 

was reversible by standard incubation-followed-by-dilution assays16 and was 

competitive with substrate, with a Ki of 180 nM obtained for compound 4 (Figure 2).  

Compounds in this class (triazine nitriles) have been explored for many years as 
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B            

Figure 2.  (a) Top actives obtained from qHTS. (b) Lineaweaver-Burk plot for 

compound 4, showing competitive inhibition of cruzain (Ki=180 nM)   
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potential treatments for a variety of diseases, including cancer,17 HIV,18 arthritis19, 

atherosclerosis and osteoporosis (Figure 3).20 Due to the strong electron-

withdrawing nature of the triazine ring, the nitrile moiety in this class of compounds is 

particularly electrophilic21 and is thought to form a covalent but reversible bond with 

the active site cysteine of a respective protease.13   Though the bond is reversible, 

we hypothesized that the mechanism of covalent modification would prove beneficial 

to the inhibition of cruzain (see above).  Moreover, the cysteine protease inhibitory 

activity of triazine nitriles (Figure 3), coupled with the privileged nature of this 

scaffold, should provide high hit rates of active compounds, allowing for smaller 

libraries to be synthesized.  These factors, and the molecular simplicity of this 

chemotype, prompted us to pursue the triazine nitriles as inhibitors of cruzain.   

After several rounds of optimization, and in order to expand upon our 

chemotype diversity, the triazine core was modified to adopt some structural rigidity.  

This was accomplished by incorporating one of the distal nitrogens into a 

heterocyclic ring, forming a purine core (Figure 4).  Purine nitriles are reported to be 

highly potent inhibitors of the homologous cysteine proteases TbCatB3 and 

cathepsin K.22  It was hopeful that this trend would hold true for cruzain. 

                     

3.4 Chemistry  

 

An initial round of analogues was pursued using compound 3 as the core 

structure.  This led to the discovery of 4-(ethylamino)-6-(phenylamino)-1,3,5-triazine-

2-carbonitrile (9) which had comparable in vitro potency yet is more amendable to  
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Figure 3. Triazine nitriles being explored for the potential treatment of cancer (5)17, 

HIV (6)18, arthritis (7)19, and atherosclerosis and osteoporosis (8)20. 
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Figure 4.  Structural modification to the triazine core. 
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parallel synthesis allowing rapid access to analogues (Scheme 1).20  Early stage 

structure activity relationships (SAR) were sought through common functionality 

scans of the aniline and alkyl-amino moieties. Equimolar amounts of either 

alkyl/cycloalkyl-amines or anilines (depending on modification strategy) were added 

to a solution of cyanuric chloride and Hunig’s base in dichloromethane at 0 oC.  

Depending on the starting material used in the first step, either anilines or amines 

were added in the second step, using the procedure described above.  Finally, the 

nitrile was then installed using potassium cyanide (KCN) in DMSO at 120 oC for 10 

minutes.  Importantly, careful monitoring of the reaction was required as prolonged 

reaction times led to decomposition products.  

 

 

Scheme 1. Reagents: (a) (iPr)2NEt, CH2Cl2, 0 oC, various anilines or primary and 

secondary amines; (b) (iPr)2NEt, CH2Cl2, 0 oC, various anilines or primary and 

secondary amines; (c) KCN, DMSO, 120 oC. 

 

 Previously reported studies of purine nitriles against other cysteine proteases 

relied upon large hydrophobic groups at the 6-position and alkyl substituents at N9.3, 

22  In targeting cruzain the optimal regiochemistry of the aniline and alkyl groups was 

not known.  As such, two different synthetic strategies were employed for the 
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preparation of isomers of Type A and Type B (Figure 4).  Starting from 2,6-

dichloropurine, the 9-position was alkylated using the requisite alkyl halides in the 

presence of K2CO3 in DMF at 60 oC (Scheme 2).22  Two regioisomers were obtained 

providing alkylation primarily at N9.  The ratio of the product distribution was 

dependent on the nature of the alkyl group, and the two isomers were easily 

separable by column chromatography.  Displacement of the 6-position chlorine was 

accomplished by heating various anilines in DMF at 160 oC in the presence of 

Hunig’s base.  Finally, the nitrile was installed at the 2-position using KCN in DMSO 

at 120 oC.  Of note, performing both of these transformations in the microwave 

greatly accelerated the reaction. 

 

Scheme 2. Reagents: (a) K2CO3, DMF, 60 oC, various primary and secondary 

amines; (b) (iPr)2NEt, DMF, 160 oC (µW), various anilines; (c) KCN, DMSO, 120 oC 

(µW). 

 

 Analogs of Type B (Figure 4) required a modified first step.  The aromatic ring 

was first installed at the 9-position using a Buchwald-Hartwig-like copper catalyzed 

cross coupling between the aromatic amine and desired boronic acids (Scheme 3).23  

Alkyl amines could then be installed at the 6-position in the presence of Hunig’s 

base in DMF at elevated temperature (120 oC).  These analogues were also 
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completed by displacing the final 2-Cl with KCN in DMSO at 120 oC in the 

microwave. 

 

Scheme 3. Reagents: (a) phenanthroline, Cu(OAc)2, 4 mol. sieves, CH2Cl2, rt, 

various aromatic boronic acids; (b) (iPr)2NEt, DMF, 120 oC, various primary and 

secondary amines; (c) KCN, DMSO, 120 oC (µW). 

 

 

3.5 Results and Discussion 

 

Our initial strategy was to modify the alkyl amine chain length and 

functionality of the top active from our preliminary SAR studies, compound 9.  While 

the SAR was generally flat in this region, incorporation of the cyclopentyl group 

maintained potency of the lead compounds (Table 1).  Also, some hydrophilicity was 

tolerated, which, if necessary, could be exploited at a later stage to improve 

pharmacokinetic properties (see below).  As no appreciable improvements in 

potency were observed for the amine substitutions, our efforts then shifted to phenyl 

ring modifications.  A library of compounds was synthesized to explore the effects of 

electron-donating/withdrawing groups in addition to incorporation of bulky 

hydrophobic moieties around the phenyl ring.  Electron withdrawing groups at the 3- 
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Table 1. Alkyl moeity modifications 

Compound IC50 ( M)aR

N
N

N
CN

HN

HN

R

9
10
11
12
13
14
15
16

0.71
0.71
0.79
0.89
0.89
0.89
0.89
0.89
1.26

Ethyl
Cyclopentyl
Propyl
Isopropyl
Methylcyclopropyl
Isobutyl
Butyl
4-hydroxybutyl
Methyl
Cyclohexyl
2-hydroxyethyl

1.41
1.58

17
18
19  

a IC50 values were determined at NIH Chemical Genomics Center using the qHTS 

protocol and NCGC curve fitting software. Compounds were run in duplicate with 

Log IC50 standard errors ranging from 0.001 to 0.05.  
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position on the phenyl ring proved to be fruitful, increasing potency 10-fold (Table 2).  

Placement of a nitro group at the 3-position (20) resulted in the most potent 

analogue.  3-fluoro and 3-chloro analogues displayed comparable potency (21 and 

22, respectively), supporting the notion that electron-withdrawing groups at this 

position were most beneficial.  Typically, electron-donating groups did not 

substantially improve potency, and it appeared that larger hydrophilic groups were 

also poorly tolerated.  However, to solidify the size requirements and tolerance 

around the triazine scaffold, fused and pendant phenyl rings were incorporated.  As 

anticipated, these changes resulted in decreased potency.   

To further explore the effect of 3-subsituted electron-withdrawing substituents, 

a series of compounds were synthesized including bis-meta substituted anilines 

(Table 2).  Interestingly, 3,5-difluoro triazine nitrile 29 displayed comparable potency 

as the mono-m-nitro-substituted triazine 20 (both 63 nM IC50).  However, 3,5-

dichloro-triazine nitrile 30 was 5-fold less active than 3-chloro-triazine nitrile 22 (398 

nM and 79 nM IC50, respectively) arguing again that increased bulk is poorly 

tolerated on this phenyl moiety.  A final compound was synthesized and was 

designed to incorporate electron withdrawing groups on the alkyl amine.  Compound 

31 included the 2,2-difluoroethyl group, and this change further improved potency to 

25 nM IC50 (Table 2). 

The SAR generated for the triazine nitrile class of compounds greatly 

informed our efforts in exploring the purine nitrile chemotype. The purine core 

provided an additional 6-fold increase in potency for structural analogues of Type A 

(Figure 4).   
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Table 2. Second round modifications 

 
a IC50 values were determined at NIH Chemical Genomics Center using the qHTS 

protocol and NCGC curve fitting software. Compounds were run in duplicate with 

Log IC50 standard errors ranging from 0 to 0.07.  
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The purine analogue containing our previously most active substituents (3,5-

difluoroaniline and cyclopentyl amine) improved the potency from 63 nM to 18 nM 

(compounds 29 and 34, respectively, Tables 2 and 3).  Incorporation of the ethyl 

moiety (compound 32) gave a slight potency enhancement (IC50 of 10 nM) as did the 

2,2-difluoroethyl moiety (compound 33) (IC50 of 13 nM).  There was a noticeable 

decrease in potency for analogues of Type B.  Incorporation of the matching 

substitution patterns for this chemotype (for instance 3,5-difluoroaniline at position 9 

and ethyl amine substitution at position 6 in compound 40) gave a marked decrease 

in potency (251 nM, Table 3).  Overall, the trend in potency for each substitution 

pattern correlated well across the two different scaffolds, with the purine core 

generally showing enhanced potency. 

As a result of the homologous relationship between T. cruzi and T. brucei, we 

tested selected compounds for inhibition of rhodesain and TbCatB (Table 4).  The 

activity of compounds 3, 20-32, 35, and 36 against rhodesain were quite comparable 

to those observed for cruzain.  The activities of these compounds were consistently 

more potent in 96-well plate cruzain assays than the corresponding 1536-well 

format, varying from 5-50 fold. Although the precise underlying mechanism for these 

differences is presently unclear, they appear to be related to the differences in 

enzyme availability in the two assay conditions (96-well plate with large reaction 

volume and low surface-to-volume ratio and 1536-format polystyrene well with low 

reaction volume and very high surface-to-volume ratio) and the method for 

compound delivery (pipetting into 96-well plate versus pintool transfer into a 1536-

well plate), ultimately resulting in different detection limits in the presence of low  
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Table 3. In vitro potency of purine nitrile analogs 

 
a IC50 values were determined at NIH Chemical Genomics Center using the qHTS 

protocol and NCGC curve fitting software. Compounds were run in duplicate with 

Log IC50 standard errors ranging from 0 to 0.02.  
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concentration (~1 nM) of enzyme. The difference in apparent IC50s notwithstanding, 

there was consistency in the ranking of compound activities between this assay 

platform and the original screening technique throughout all analogue production 

cycles.  The similar inhibitory potential for these agents against cruzain and 

rhodesain is not surprising given the structural homology of these two enzymes. As 

we expected based on lower homology to cruzain, activity against TbCatB was more 

modest. We were however encouraged by the observation that some compounds 

showed low micromolar IC50 values against this enzyme, which has been shown to 

be essential for T. brucei survival based on RNA interference studies in vitro2 and in 

mice.24 In contrast, knocking-down rhodesain produced a phenotype only in vivo, 

when it prolonged life of infected mice, but didn’t cure parasitemia as observed for 

TbCatB knock-down. These studies suggested that the relevant cysteine protease 

target for cure of sleeping sickness is probably TbCatB, while rhodesain seems to be 

a virulence factor, facilitating crossing the blood brain barrier24 of the host. While 

encouraged by the sub-nanomolar in vitro potency of our lead compounds against 

cruzain, and in some cases the low micromolar levels of activity against TbCatB, we 

were eager to investigate the activity against parasites in vivo.   

To assess the in vivo activity of these agents, a subset of optimized 

compounds and top actives from the primary screen were tested against the T. 

brucei parasite (Tbb, Table 4).  The screening leads 3 and 4 showed no trypanocidal 

activity up to 100 µM. Gratifyingly, several of the lead triazines (22-23, 29) showed 

activity against T. brucei with MIC50 values of 6 µM.  Furthermore, similar purine 

nitrile analogs 32 and 35 were also active (MIC50 = 25 µM). Among these 
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Table 4. In vitro and in vivo potency of active compounds against Cysteine protease 

homologs  

Compound cruzain IC50 (μM)a

20
21
22
23
24
25
26

0.004

0.001
0.01
0.002
0.002
0.03
0.03

0.01

0.06
0.05
0.04

27
28
29

rhodesain IC50 (μM)a

0.005

0.008
0.02
0.006
0.006
0.04
0.05

0.03

0.1
0.03
0.07

TbCatB IC50 (μM)a

4

>1
>1
>100
>100
>1
6

>10

>10
>10
>10

3 0.09 0.3 >1
Tbb MIC50 (μM)

6

100
100
6
6
>100
25

25

>100
25
25

>100
4 0.07 >10 >1 >100

0.0002
0.0004
0.0003

31
32
35

<0.006
0.01
<0.006

6
>100
>10

25
25
100

30

36

0.001 <0.006 1 6

a IC50 values were determined at UCSF. Curve fitting errors ranged between 7% and 

32%. 
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 compounds 29, 31 and 32 showed inhibition of TbCatB at low micromolar levels 

(IC50 of 4, 1 and 6 µM respectively), at concentrations similar to the necessary for 

anti-parasitic activity. However, for some compounds such as 22, 23 and 35 IC50 

values against this enzyme are over 100 µM, despite trypanocidal activity.  

Triazines 22, 23, 25, 27-30 and purine nitriles 32, 35, and 36 had no effect 

against the T. cruzi parasite in cell culture despite the potent in vitro activity.  The T. 

cruzi assay is substantially more stringent than the T. brucei assay, as the former 

measures parasite infection of human macrophages over several weeks, demanding 

penetration of the host cell membrane and stability over a long period of time10, 

whereas the T. brucei assay is conducted on free living parasites over a few days. 

Given the disparity in activity of these compounds in the in vitro and cell-based 

assays, it is likely that cell permeability and solubility is lacking.  Guy and co-workers 

reported that incorporation of hydrophilic alkyl moieties at N9 greatly improved 

activity against Tbb.3 As such, we are hopeful that future studies directed towards 

the improvement of the pharmacokinetic properties of these molecules could provide 

a platform for the treatment of T. cruzi utilizing reversible covalent inhibitors. 

To better understand the mechanism of action of these covalent but 

reversible inhibitors of cruzain, we determined an x-ray crystal structure of the 

cruzain/32 complex, to 1.1 Å resolution (Table 5).  The ultra-high resolution of this 

structure allowed us to analyze the enzyme-inhibitor interactions in detail. Even 

before fitting and refining compound 32, the unbiased Fo-Fc electron density was 

unambiguous for the inhibitor (Figure 5).  The covalent adduct with the catalytic 

Cys25 is clear, with the formally linear nitrile becoming a planar imino-moiety, with a  
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Table 5. Data collection and refinement statistics (molecular replacement) for the 

cruzain/32 complex structure 

 
Data collection  

Space group P6522 
Cell dimensions  

a, b, c (Å) 82.97, 82.97, 
101.90 

α, β, γ (°) 90, 90, 120 
Resolution (Å) 41.56 (1.10) * 
Rsym or Rmerge 0.052 (0.407) 

I / σI 33.6 (2.8) 
Completeness (%) 92.7 (65.1) 

Redundancy 11.6 (4.3) 
  

Refinement  
Resolution (Å) 1.10 
No. reflections 73808 

Rwork / Rfree 0.141/0.117 
No. atoms 2075 

Protein 1705 
Ligand/ion 23 

Water 351 
B-factors  
Protein 8.29 

Ligand/ion 10.43 
Water 22.34 

R.m.s. deviations  
Bond lengths (Å) 0.020 
Bond angles (°) 2.006 

*Values in parentheses are for highest-resolution shell. 
 

 111



 

A

 

B 

Figure 5. (a) Unbiased Fo-Fc 3Å electron density from the complex between 

molecule 32 and cruzain, determined to 1.1 Å resolution, stereo view.  (b) Key 

interactions observed in the refined cruzain/32 x-ray structure, stereo view.  Dashed 

lines represent hydrogen bonds (green) and dipole-dipole interactions (salmon), 

waters are shown as red spheres.  Protein carbon atoms colored gray, inhibitor 

carbon atoms colored orange, oxygen, nitrogen, sulfur and fluorine atoms colored 

red, blue, yellow and cyan respectively. Second conformation of terminal ethyl 

carbon in 32 colored magenta. PDB entry 3I06.  Images prepared with Pymol.26  
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Cysteine-sulfur to inhibitor carbon distance of 1.75 Å and a sulfur-carbon-nitrogen 

angle of 125º, in agreement with standard values. Several polar interactions are 

observed between nitrogens in the purine ring in 32 and waters or cruzain residues. 

The nitrogen in the newly formed iminothioether hydrogen-bonds to water 281 (3.17 

Å) and to the Nε in Gln19 (2.96 Å), which is part of the oxyanion hole in cysteine 

proteases of the papain family, such as cruzain25.  The anilinic nitrogen and N7 are 

solvent exposed and form hydrogen bonds to water 294 (distances 2.92 Å and 3.15 

Å, respectively). N7 is also involved in dipole-dipole interactions with waters 292 

(3.14 Å) and 368 (3.36 Å). The inhibitor purine packs against the surface between 

S1 and S2 pockets of the cruzain active site, while the aromatic ring off the 6-

position extends into the S2 pocket of the enzyme. Good van der Waals 

complementarity is observed in this mostly hydrophobic pocket, which is completely 

filled by the 3,5-difluorophenyl ring from 32. This supported our observation that 

larger, more hydrophobic groups (i.e. 3,5-dichloro) in this region result in a decrease 

in potency.  Double conformation is observed for the terminal carbon atom in the 

ethyl substituent at N9. This alkyl moiety reaches toward the surface of the enzyme 

with no direct interactions with the binding site being observed (Figure 5). As such, a 

wide variety of substituents could be tolerated at this position and ultimately 

exploited for the improvement of pharmacokinetic properties (above).  

 

Protease Activity Profiling 

The lead compounds 29, 22, 32, and 40 were also screened against a human 

protease panel (Figure 6) to identify possible off-target activity. As expected, these  
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Figure 6.  Protease profiling of compounds 29, 22,32, and 40. IC50s were 

determined for all four compounds against a panel of cysteine porteases, aspartyl 

proteases, peptidases, MMPs, and serine proteases. Black corresponds to inactives, 

in yellow are IC50s > 1uM, and in red are IC50s < 1uM.  Data was determined by 

Reaction Biology, Inc., using a 10-dose, 3-fold serial dilution of compounds.  The 

protease activities were monitored as a time-course measurement of the increase in 

fluorescence signal from fluorescently labeled peptide substrate, and initial linear 

portion slope (signal/min) was analyzed. 
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analogues were active against a few cathepsins that are highly homologous with 

human papain cysteine proteases.27  These results, however, are not necessarily 

adverse. For example, previously reported vinyl sulfone inhibitors of cruzain which 

were efficacious in mice models of Chagas’ disease were potent inhibitors of 

cathepsins B, L, S. However, no toxicity was observed in mice, rats or dogs. 28 

Cathepsins are located in the lysosymes of cells, whereas the parasites are located 

in the more accessible cytoplasm.  Potent compounds are likely to preferentially 

inhibit the target parasite as a result. Aside from the cathepsins, the lead compounds 

gave little to no inhibition against a panel of caspases, peptidases, matrix 

metalloproteinases (MMPs), and serine proteases. This protease profile 

demonstrates the specificity and broad utility of these triazine and purine nitriles. 

 

3.6 Conclusion  

 

In summary, our initial screen focused on identification of reversible, non-

peptidic small molecule cruzain inhibitors.  The screen identified the covalent 

reversible triazine nitriles, among other classes of molecules (unpublished results), 

which are known inhibitors of several human cysteine proteases.  The original hits, 

while modestly potent in biochemical assays (down to mid-nanomolar IC50 values), 

were inactive against T. brucei parasites.  Modifications to the extended structure 

both improved potency and achieved activity in vivo. The determination of the crystal 

structure of the cruzain/32 complex, at ultra-high resolution, may help guide 

additional medicinal chemistry efforts against this important parasite target. 
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3.7 Experimental Methods 

Chemistry 

 

Unless otherwise stated, all reactions were carried out under an atmosphere 

of dry argon or nitrogen in dried glassware.  Indicated reaction temperatures refer to 

those of the reaction bath, while room temperature (rt) is noted as 25 oC.  All 

solvents were of anhydrous quality purchased from Aldrich Chemical Co. and used 

as received.  Commercially available starting materials and reagents were 

purchased from Aldrich, Alfa Aesar, Acros, and Synquest and were used as 

received. 

 Analytical thin layer chromatography (TLC) was performed with Sigma Aldrich 

TLC plates (5 x 20 cm, 60 Å, 250 µm).  Visualization was accomplished by 

irradiation under a 254 nm UV lamp.  Chromatography on silica gel was performed 

using forced flow (liquid) of the indicated solvent system on Biotage KP-Sil pre-

packed cartridges and using the Biotage SP-1 automated chromatography system.  

1H- and 13C NMR spectra were recorded on a Varian Inova 400 MHz spectrometer.  

Chemical shifts are reported in ppm with the solvent resonance as the internal 

standard (CDCl3 7.26 ppm, 77.00 ppm, DMSO-d6 2.49 ppm, 39.51 ppm for 1H, 13C 

respectively).  Data are reported as follows: chemical shift, multiplicity (s = singlet, d 

= doublet, t = triplet, q = quartet, br = broad, m = multiplet), coupling constants, and 

number of protons.  Low resolution mass spectra (electrospray ionization) were 

acquired on an Agilent Technologies 6130 quadrupole spectrometer coupled to the 

HPLC system.  High resolution mass spectral data was collected in-house using and 
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Agilent 6210 time-of-flight mass spectrometer, also coupled to an Agilent 

Technologies 1200 series HPLC system.  If needed, products were purified via a 

Waters semi-preparative HPLC equipped with a Phenomenex Luna® C18 reverse 

phase (5 micron, 30 x 75 mm) column having a flow rate of 45 mL/min.  The mobile 

phase was a mixture of acetonitrile and H2O each containing 0.1% trifluoroacetic 

acid. Samples were analyzed for purity on an Agilent 1200 series LC/MS equipped 

with a Luna® C18 reverse phase (3 micron, 3 x 75 mm) column having a flow rate of 

0.8-1.0 mL/min over a 3-minute gradient and a 4.5 minute run time.  The mobile 

phase was a mixture of acetonitrile (0.025% TFA) and H2O (0.05% TFA), and a 

temperature was maintained at 50 oC..  Purity of final compounds was determined to 

be >95%, using a 3 µL injection with quantitation by AUC at 220 and 254 nM (Agilent 

Diode Array Detector).  

 

Experimental Procedures: 

 
 

Example procedure for the formation of 4,6-dichloro-N-alkyl-1,3,5-triazine-2-

amines (Step 1):   

4,6-dichloro-N-cylopentyl-1,3,5-triazin-2-amine -  To a solution of cyanuric 

chloride (1.25 g, 6.78 mmol) in CH2Cl2 (50 mL) at 0 °C was added Hünig's base 

(1.12 mL, 6.78 mmol).  After 5 minutes, cyclopentylamine (0.67 mL, 6.78 mmol) was 

added and the reaction mixture was allowed to stir for 15 minutes at 0 °C, upon 

which time the ice bath was removed.  The reaction mixture was stirred at rt for 30 

min, then concentrated under reduced pressure and directly purified on silica 
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column.  Gradient elution with ethyl acetate (2→40%) in hexanes provided 4,6-

dichloro-N-cylopentyl-1,3,5-triazin-2-amine as a colorless solid: yield (1.62 g, 5.85 

mmol, 86 %). 

 
General procedure for the formation of 6-chloro- N2-alkyl-N4-phenyl-1,3-5-

triazine-2,4-diamines (Step 2): 

6-chloro-N2-cyclopentyl-N4-(3,5-difluorophenyl)-1,3,5-triazine-2,4-diamine -  To 

a solution of 4,6-dichloro-N-cyclopentyl-1,3,5-triazin-2-amine (1.5 g, 6.44 mmol) in 

CH2Cl2 (50 mL) at 0 °C was added Hünig's base (1.12 mL, 6.44 mmol).  After 5 

minutes, 3,5-difluoroaniline (0.83 g, 6.44 mmol) was added and the reaction mixture 

was allowed to stir for 15 minutes at 0 °C, upon which time the ice bath was 

removed.  The reaction mixture was stirred at rt for 30 min, then concentrated under 

reduced pressure and directly purified on silica column.  Gradient elution with ethyl 

acetate (2→40%) in hexanes provided 6-chloro-N2-cyclopentyl-N4-(3,5-

difluorophenyl)-1,3,5-triazine-2,4-diamine as a colorless solid: yield (1.9 g, 5.83 

mmol, 91%). 

 
 
General procedure for the formation of 4-alkylamino-6-phenylamino-1,3,5-

triazine-2-carbonitriles (Step 3):   

4-(cyclopentylamino)-6-(3,5-difluorophenylamino)-1,3,5-triazine-2-carbonitrile 

(29). To a solution of 6-chloro-N2-cyclopentyl-N4-(3,5-difluorophenyl)-1,3,5-triazine-

2,4-diamine (1.0 g, 3.07 mmol) in DMSO (25 mL) was added KCN (0.220 g, 3.38 

mmol).  The reaction mixture was sealed and heated to 120 °C for 10 minutes.  

Upon completion, the reaction mixture was diluted with ethyl acetate and washed 
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several times with saturated sodium chloride solution.  The organic layer was dried 

on magnesium sulfate, filtered, and concentrated.  The resulting residue was purified 

on silica column.  Gradient elution with ethyl acetate (2→40%) in hexanes provided 

4-(cyclopentylamino)-6-(3,5-difluorophenylamino)-1,3,5-triazine-2-carbonitrile (29) as 

a colorless solid: yield (863 mg, 2.73 mmol, 89%);  1H (DMSO-d6) δ 1.45–1.63 (m, 

4H), 1.63–1.79 (m, 2H), 1.84-2.02 (m, 2H), 4.06–4.27 (m, 1H), 6.82–6.92 (m, 1H), 

7.49 (d, J = 8.7 Hz, 1H), 7.56 (d, J = 8.1 Hz, 1H), 8.48 (d, J = 6.3 Hz, 1H), 8.61 (brs, 

1H), 10.39 (brs, 1H) and 10.52 (brs, 1H); 13C NMR (DMSO-d6) δ 23.82, 23.87, 

32.15, 32.41, 52.57, 98.39, 103.43, 115.67, 141.85, 151.50, 151.93, 161.63, and 

164.10; HRMS (ESI) m/z = 317.1319 (M+H)+ (C15H15F2N6 requires 317.1316); LC-

MS: rt (min) = 3.94; LRMS (ESI) m/z = 317.1. 

 
Example procedure for the formation of 2,6-dichloro-9-alkyl-9H-purines (Step 

1):   

2,6-dichloro-9-ethyl-9H-purine – To a solution of 2,6-dichloro-9H-purine (2.0 g, 

10.6 mmol) in acetone (45 mL) was added sodium carbonate (2.25 g, 21.2 mmol).  

The reaction vessel was equipped with a reflux condenser, and the mixture was 

heated under reflux conditions for 20 minutes.  After that time, iodoethane (0.86 mL, 

10.6 mmol) was added in one portion, and the reaction mixture was allowed to stir 

for 5 h.  Upon completion, the reaction mixture was concentrated under reduced 

pressure and directly purified on silica column.  Gradient elution with ethyl acetate 

(2→40%) in hexanes provided regioisomers 2,6-dichloro-9-ethyl-9H-purine and 2,6-

dichloro-7-ethyl-7H-purine as pale yellow solids: yield  (1.5 g, 6.91 mmol, 82 %; 0.4 

g, 1.84 mmol, respectively). 
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Example procedure for the formation of 2-chloro-N-phenyl-9-ethyl-9H-purin-6-

amines (Step 2): 

2-chloro-N-(3-chlorophenyl)-9-ethyl-9H-purin-6-amine – To a solution of 2,6-

dichloro-9-ethyl-9H-purine (0.5 g, 2.30 mmol) in DMF (2 mL) was added 3-

chloroaniline (0.29 g, 2.30 mmol) and Hunig's Base (0.40 mL, 2.30 mmol).  The 

reaction mixture was sealed in a microwave tube (2-5 mL) and heated to 110 °C for 

30 min at 90 W in a Biotage Initiator® microwave.  Upon completion, the reaction 

mixture was diluted with ethyl acetate and washed several times with 3 N lithium 

chloride solution.  The organic layer was separated, dried on magnesium sulfate, 

filtered, concentrated under reduced pressure and directly purified on silica column.  

Gradient elution with ethyl acetate (5→50%) in hexanes provided 2-chloro-N-(3-

chlorophenyl)-9-ethyl-9H-purin-6-amine as a pale yellow solid: yield (0.64 g, 2.08 

mmol, 90 %). 

 
 

 
Example procedure for the formation of 6-phenylamino-9-ethyl-9H-purine-2-

carbonitriles (Step 3):   

6-(3-chlorophenylamino)-9-ethyl-9H-purine-2-carbonitrile (35) - To a solution of 

2-chloro-N-(3-chlorophenyl)-9-ethyl-9H-purin-6-amine (0.05 g, 0.16 mmol) in DMSO 

(1 mL) was added KCN (10.5 mg, 0.16 mmol).  The reaction mixture was sealed in a 

microwave tube (0.5-2 mL) and heated in a microwave to 140 °C for 1 h at 90 W.  

Upon completion, the reaction mixture was diluted with ethyl acetate and washed 

several times with saturated sodium chloride solution.  The organic layer was 
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separated, dried on magnesium sulfate, filtered, concentrated under reduced 

pressure and directly purified on silica column.  Gradient elution with ethyl acetate 

(10→70%) in hexanes provided 35 as a colorless solid: yield (45 mg, 0.15 mmol, 93 

%); 1H (CDCl3) δ 1.60 (t, J = 7.3 Hz, 3H), 4.34 (q, J = 7.4 Hz, 2H), 7.15 (ddd, J = 8.1, 

2.0 and 0.9 Hz, 1H), 7.35 (t, J = 8.1 Hz, 1H), 7.75 (ddd, J = 8.2, 2.2 and 0.9 Hz, 1H), 

7.87 (t, J = 2.1 Hz, 1H), 7.89 (s, 1H) and 8.03 (s, 1H); LC-MS: rt (min) = 3.67; LRMS 

(ESI) m/z = 299.0. 

 

6-(3,5-difluorophenylamino)-9-ethyl-9H-purine-2-carbonitrile (32) - The title 

compound was prepared using a procedure similar to that detailed for 35, 

substituting 3,5-difluoroaniline in Step 2, providing 32 as a colorless solid: yield (35 

mg, 90%); 1H NMR (DMSO-d6) δ 1.46 (t, J = 7.3 Hz, 3H), 4.30 (q, J = 7.3 Hz, 2H), 

6.94 (tt, J = 9.3 and 2.4 Hz, 1H), 7.63–7.83 (m, 2H),  8.67 (s, 1H), and 10.79 (s, 1H); 

HRMS (ESI) m/z = 301.1008 (M+H)+ (C14H11F2N6 requires 301.1006); LC-MS: rt 

(min) = 3.70; LRMS (ESI) m/z = 301.0. 

 

Example procedure for the formation of 2,6-dichloro-9-phenyl-9H-purines 

(Step 5): 

2,6-dichloro-9-(3,5-difluorophenyl)-9H-purine – To a solution of 2,6-dichloro-9H-

purine (0.6 g, 3.17 mmol) in CH2Cl2 (15 mL) was added 3,5-difluorophenylboronic 

acid (1.0 g, 6.35 mmol), copper (II) acetate (1.15 g, 6.35 mmol), 4 Å molecular 

sieves (~250 mg), and NEt3 (1.3 mL, 9.5 mmol).  The reaction mixture was stirred at 

100 oC for 16 h.  Upon completion, the reaction mixture was diluted with ethyl 
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acetate, filtered through a pad of celite, washed with water and brine (3 X 30 mL), 

and the solvent was removed under reduced pressure.  The remaining residue was 

directly purified on silica column.  Gradient elution with ethyl acetate (5→65%) in 

hexanes provided 2,6-dichloro-9-(3,5-difluorophenyl)-9H-purine as a pale yellow 

solid: (200 mg, 0.66 mmol, 21 %). 

 

2-chloro-9-(3,5-difluorophenyl)-N-ethyl-9H-purin-6-amine – The title compound 

was prepared using a procedure similar to that detailed in Step 2 above, substituting 

ethylamine, providing the product as a pale yellow solid: yield (60 mg, 83%). 

 

9-(3,5-difluorophenyl)-6-(ethylamino)-9H-purine-2-carbonitrile (40) – The title 

compound was prepared using a procedure similar to that detailed in Step 3 above, 

providing 40 as a colorless solid: yield (23 mg, 48%).  1H NMR (CDCl3) δ 1.34–1.40 

(m, 3H), 3.73 (brs, 2H), 6.02 (brs, 1H), 6.94 (tt, J = 8.7 and 2.3 Hz, 1 H), 7.39 (dd, J 

= 7.2, 1.9 Hz, 2H) and 8.16 (s, 1H); 13C NMR (CDCl3) δ 14.70, 35.94, 103.72, 

103.97, 104.21, 106.34, 106.62, 116.59, 136.23, 138.93, 139.77, 155.00, 162.14, 

and 164.77; HRMS (ESI) m/z = 301.1008 (M+H)+ (C14H11F2N6 requires 301.1003). 

 

Methods 

Cruzain enzymatic assays in 1536-well format. The compounds were 

initially prepared as 10 mM DMSO stock solutions and were arrayed for testing as 

serial twofold dilutions at 5 µL per well in 1,536-well Greiner polypropylene 

compound plates following previously described protocols.29 Cruzain activity was 
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assayed in freshly prepared 100 mM acetate buffer pH 5.5, containing 5 mM 

dithiothreitol (DTT) and 0.01 % Triton X-100. Three µl of reagents (buffer as negative 

control and cruzain at 1.5 nM final concentration in the remainder of the plate) were 

dispensed by Flying Reagent Dispenser™ (FRD) (Beckman Coulter.Inc., Fullerton, 

CA) into a black solid-bottom 1,536-well plate (Greiner Bio-One, Monroe, NC). 

Inhibitors were delivered as 23 nL of DMSO solutions via pintool transfer; vehicle-

only control consisted of 23 nL DMSO. The plate was incubated for 15 min at room 

temperature, and then 1 µL of cruzain fluorogenic substrate (Z-FR-AMC, Bachem, 2 

µM final concentration) was added to start the reaction. Following substrate 

dispense, the plate was immediately transferred into ViewLux High-throughput CCD 

imager (Perkin-Elmer, Waltham, MA) for kinetic fluorescence data collection utilizing 

standard 340 nm excitation and 450 nm emission filter set. Percent inhibition was 

calculated relative to the no-enzyme and uninhibited controls (48 wells averaged per 

condition) by using the fluorescence intensity change recorded during the first 60 

seconds of reaction. 

 

Cruzain, rhodesain and tbcatB enzymatic assays in 96-well plate format.  

100 µL per well of recombinant enzyme cruzain, rhodesain or tbcatB (in a buffer 

solution consists of 100 mM sodium acetate pH 5.5, 5 mM DTT and 0.001% Triton 

X-100) was added to a 96-well black plate that contained 1 µL of test compound (in 

DMSO). The enzyme-compound mixture was incubated for 5 min at room 

temperature. Then 100 µL per well of substrate Z-FR-AMC (in the same buffer 

solution as above) was added to the enzyme-compound mixture to initiate the 
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reaction. The rate of increase in fluorescence (units / sec), resulting from the 

proteolytic cleavage of the substrate leading to the release of fluorogenic AMC was 

monitored as with an automated microtiter plate spectrofluorimeter (SpectraMax M5, 

Molecular Devices) with fluorescence readout setting of excitation at 355 nm and 

emission at 460 nm. The assay concentrations of enzyme and substrate are 4 nM 

(cruzain), 4 nM (rhodesain), 258 nM (tbcatB) and 10 µM Z-Phe-Arg-AMC, 

respectively. Positive control wells contained 1 µL of DMSO. IC50 curve fitting was 

performed with Prism 4 software (GraphPad, San Diego, CA). 

 

Competition assays and Ki determination.  Cruzain activity was conducted 

in 96-well plates as described above, for varying concentrations of compound 5 and 

Z-FR-AMC, in presence of 0.01% Triton. Each concentration of 5 (0, 25, 50, 100, 

200 and 500 nM), was tested in seven concentrations of substrate (0.31 to 20 uM, in 

2-fold increments). Compound was incubated with cruzain for 15 minutes prior to 

addition of substrate and enzyme activity was then monitored for five minutes. Given 

the covalent reversible mechanism of this compound, initially an increase in rates of 

activity was observed, until equilibrium was reached. Calculations of rates of cruzain 

activity were based on time points after equilibrium, when a uniform rate was 

observed with time. All assays were performed in duplicate. Lineaweaver-Burk plot 

was built in Prism 4 .  

 

Trypanosoma brucei brucei assay. Trypanosoma brucei brucei strain 221 

was grown in complete HMI-9 medium containing 10% FBS, 10% Serum Plus 
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medium (Sigma Inc. St. Louis Mo. USA) and 1X penicillin/streptomycin. The 

trypanosomes were diluted to 1x105 per mL in complete HMI-9 medium. 95 µL per 

well of the diluted trypanosomes was added to sterile Greiner 96-well flat white 

opaque culture plates that contained 5 µL of test samples (in 10% DMSO). Control 

wells contained 95 µL of the diluted trypanosomes and 5 µL of 10% DMSO while 

control wells for 100% inhibition contained 95 µL of the diluted trypanosomes and 5 

µL of 1mM Thimerosal (in 10% DMSO). Trypanosomes were incubated with test 

samples for 48 h at 37°C with 5% CO2 before monitoring viability. Trypanosomes 

were then lysed in the wells by adding 50 μl of CellTiter-GloTM (Promega Inc., 

Madison, WI, USA). Lysed trypanosomes were placed on an orbital shaker at room 

temperature for 2 min. The resulting ATP-bioluminescence of the trypanosomes in 

the 96-well plates was measured at room temperature using an Analyst HT plate 

reader (Molecular Devices, Sunnyvale, CA, USA). Each compound was evaluated in 

eight concentrations, in four-fold dilutions starting at 100 µM. The reported MIC50 is 

the lowest tested compound concentration which inhibited parasite growth by at 

least 50%.  

 

Trypanosoma cruzi assay. Assays were conducted as previously 

described.10 Briefly, irradiated (1000 rad) J774 macrophages were plated overnight 

onto sterile tissue culture plates prior to infection with Y strain T. cruzi 

trypomastigotes for 2 h.  Parasites were then removed and cells cultured with RPMI-

1640 medium with the addition of compounds at the appropriate concentration (n=3 

per compound).  Untreated infected controls and cultures treated with 10 µM K777 
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were included in each independent experiment.  Treatment was continued for 27 

days and medium replaced every 48 h. Cultures were observed daily by contrast 

phase microscopy (400x) for the appearance of free trypomastigotes in the medium 

and or compound toxicity (i.e. granulation, detachment and death) for host 

macrophages. After completion of the treatment period, cultures were maintained for 

an additional 14 days to ensure ‘cure’ of the host cells. Under these experimental 

conditions, T. cruzi completed the intracellular cycle in 5 days in untreated controls, 

while K777 cured cell infection and no free parasites were observed. Seven triazine 

nitriles (compounds 22, 23, 25, 27-30) were tested at 1, 5 and 10 uM. All triazines 

were toxic against macrophages at 10 µM, inactive against T. cruzi at 1 µM and 

either toxic (23 and 29) or inactive (22, 25, 27, 28, 30) at 5 µM. Purines 32, 35, and 

36 were tested at 10 µM and were inactive.  

 

Cruzain expression and purification. Procruzain truncated at the C-

terminal30 was expressed and purified using a modified protocol (Lee, Balouch and 

Craik, unpublished results). A 0.5 mg/mL solution of procruzain (in 100 mM sodium 

acetate pH 5.5, 10 mM EDTA, 5 mM DTT and 1 M NaCl, pH adjusted to 5.3) was 

activated at 37 °C for three hours. After activation, cruzain was dialyzed in 10 mM 

Tris buffer pH 7.5, inhibited with the covalent reversible inhibitor methyl 

methanethiosulfonate (MMTS) and dialyzed again in the same buffer. Finally, the 

protein was purified in a MONO-Q anion exchange column, using a 0 to 500 mM 

NaCl gradient in 10 mM Tris buffer (pH 7.5).  
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Crystallography. MMTS inhibited cruzain was concentrated in to 1 mg/mL in 

2 mM bis tris pH 5.8. In order to reverse MMTS inhibition, 5 mM DTT was added, 

followed by addition of 400 µM of compound 32. The solution was stirred for a few 

hours at 4 °C, until cruzain was completely inhibited, and the protein was 

concentrated down to 7.5 mg/mL. Hanging drops for 384 crystallography conditions 

(Joint Center Structure Genomics screens I-IV, Qiagen) were set up using a 

Mosquito® (TTP Labtech). Each condition was screened in 1:1 and 2:1 ratio between 

protein solution and mother liquor. After two weeks incubation at 18 °C a 200 µM 

crystal was obtained in 0.1 M Tris pH 8.5, 2.0 M NH4H2PO4, in the (200 nL protein 

solution) : (100 nL mother liquor) drop. Crystals were then reproduced in the same 

conditions in 2-4 µL hanging drops, were transferred to a solution of 25% glycerol in 

mother liquor and cryocooled in liquid nitrogen.  

Data collection was performed on frozen crystals in beamline 7-1 in the 

Stanford Synchrotron Radiation Lightsource at the SLAC National Accelerator 

Laboratory. Reflections were indexed and integrated using Ipmosflm. PHASER31 

was used for the initially phasing, based on a previously reported structure of cruzain 

bound to a non-covalent inhibitor (PDB entry 1ME3)32, with the ligand, water 

molecules and ions removed. The space group was P6522. Data refinement was 

performed using REFMAC533 package and models were built and waters placed 

using Coot34.  
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Gloss to Chapter 4 

 

Since we were able to prospectively dock the full library that was screened at 

the NCGC by qHTS, one of our main goals was to evaluate docking performance 

through the comparison of virtual screening and HTS hits. A full comparison of these 

techniques on a large scale, involving exactly the same library, has very few 

precedents. In several cases both techniques have been applied to the same target 

and hit rates were compared1-3, but usually not on the same library1, 2. In other 

reports, docking was used to prioritize compounds to be experimentally screened, 

leading to the successful identification of hits4, 5. However, in those cases only a 

small percentage of the docked library was tested. Finally, in a previous 

collaboration between the Shoichet lab and the NCGC, a 70,000 compound library 

was screened by both virtual and experimental HTS, but competitive hits were found 

by HTS6, 7. 

We were therefore excited about the possibility of performing a 

comprehensive comparison of these techniques on a large library. Our first task was 

to determine how many of the qHTS hits were non-covalent competitive inhibitors. 

Such a search for true inhibitors started with the analysis reported in Chapter 2, 

which indicated how many of qHTS hits (94%) were identified as either aggregators 

or fluorescent compounds. In this chapter we describe the follow up of the remaining 

6% of hits, which led to the identification of five classes of competitive cruzain 

inhibitors. In addition to finding novel inhibitor scaffolds, this effort put us in a position 
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to evaluate virtual screening successes and failures: for every compound in the 

library we had both computational and experimental results.  

We were able to determine the main sources of virtual screening false 

positives, and the frequency of docking false negatives. Moreover, despite the 

complexity of the binding site, the analysis of false positives provided insights into 

causes for docking failure. For example, the absence of a term in the scoring 

function that considers ligand internal energy led to strained conformations in 

approximately 50% of the false positives.  

In studying the false negatives, in addition to determining their frequency I 

was able to solve the co-crystal structure of one of these compounds bound to 

cruzain. It is the first structure of cruzain bound to a non-covalent non-peptidic 

inhibitor. Due to the instability of cruzain and its auto-cleavage, obtaining structures 

with non-covalent compounds is more challenging than with potent irreversible 

covalent compounds. Previous efforts for crystallization with a nitrile, described in 

Chapter 3, provided an important foundation for the success in obtaining co-crystals 

this inhibitor. The same crystallization condition was used and seeding lead to highly 

diffracting crystals, revealing the binding mode of this compound and facilitating 

investigation on the causes for the docking failure. Furthermore, it provided 

additional information for future work on structure-based development of inhibitors.   

This study also demonstrated that, despite all of the current limitations, virtual 

screening can be used to find true positives. By demonstrating that 60% of the non-

covalent inhibitor scaffolds were represented in the top of the ranked database, this 

work validates the application of virtual screening in the prioritization of compounds 
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to be followed up in HTS. Although there were false negatives and false positives in 

virtual screening, a considerable fraction of the competitive inhibitors were found by 

combining these techniques, and in a much more efficient manner than by standard 

HTS.   in fact, two of these five classes of compounds were only followed up due to 

docking prioritization, and therefore this combined  approach was critical for their 

identification. 
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4.1 Abstract 
 

Virtual and high-throughput screens (HTS) should have complementary strengths 

and weaknesses, but studies that comprehensively and prospectively compare them 

are rare.  We compared a docking and an HTS campaign on the same 197,861-

compound library against cruzain, a thiol protease target for Chagas Disease, 

looking for reversible, competitive inhibitors, largely unknown for this target.  On 

workup, 99% of the hits were eliminated as either false positives or pathological 

inhibitors, yielding 146 well-behaved inhibitors. These fell into five chemotypes; of 

these two were prioritized by scoring among the top 0.1% of the docking-ranked 

library and having a good dose-response curve in the qHTS, two classes were 

prioritized by classical screening validation, including clustering and counter-

screening, and one chemotype was prioritized by both approaches.  Determination 

of an inhibitor/cruzain crystal structure and comparison of the high-scoring docking 

hits to experiment allowed detailed analysis of the origins of docking false-negatives 

and false-positives. This study suggests that prioritizing molecules that are both 

predicted by docking and active in HTS yields well-behaved active molecules, 

relatively unobscured by the false-positives to which both techniques are individually 

prone.   
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4.2 Introduction 
 

Both structure-based (docking) and HTS campaigns can evaluate millions of 

compounds as potential lead ligands for drug discovery and, increasingly, chemical 

biology1, 2.  Whereas all compounds are tested in an HTS campaign, only a few 

prioritized compounds are experimentally tested in a docking campaign.  Docking is 

subject to well known problems—including under-sampling protein and ligand 

configurations and the use of approximate scoring functions—and may thus miss 

many ligands.  Conversely, most HTS hits are typically artifacts or problematic 

compounds, and winnowing these down to the few truly interesting active molecules 

demands much effort.   

 

It is conceivable that the two techniques might complement each other.  

Whatever docking’s weaknesses3 they are orthogonal to those of HTS, and one 

might expect that molecules that both fit well into a protein structure, as revealed by 

docking, and that are active in an HTS campaign, may be the best to prioritize for 

initial consideration.  If true, one could imagine a combined approach that would 

dramatically increase the compounds available for evaluation to docking, while 

improving one’s ability to rapidly prioritize hits from HTS.  Whether such an approach 

is pragmatic, however, remains uncertain.  Whereas there have been several 

comparisons of hit rates between docking and HTS,4-9 only rarely has this been done 

on exactly the same compounds4, 6, and only once have the mechanism of action of 

all hits been evaluated.4, 10 This last study, though revealing, involved a relatively 

small library of compounds (70,000) and found no true reversible hits by HTS, 

vitiating a full evaluation of the docking screen. 
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We therefore wished to comprehensively compare a docking and HTS campaign, 

against exactly the same compounds and exactly the same target, systematically 

analyzing the mechanism of action of all active molecules and identifying those that 

were specific, novel, and competitive.  A 197,861-compound library was screened 

against the x-ray structure of the thiol protease cruzain, a key drug target for 

Chagas’ Disease11, using docking.  Subsequently, the same library was screened by 

quantitative HTS (qHTS)12 against this enzyme in a biochemical assay.  Each 

compound was screened in seven point dose-response, varying from 3.7 nM to 57.5 

μM, with screening statistics that supported the reliability of the screen (e.g., the Z’ 

for the detergent free and detergent-present screens were 0.78 and 0.93, 

respectively)13. To control for one of the major mechanisms of artifactual inhibition, 

all compounds at all concentrations were counter-screened in the presence of a non-

ionic detergent, and active molecules were subsequently tested in a secondary 

counter-screen for promiscuous covalent inhibition.  All active molecules that 

remained were subsequently evaluated in detailed cheminformatics and mechanistic 

studies, ultimately including protein crystallography; the results of these evaluations 

are presented within.   

 

This study enables us to pose the following questions.  First, what are the HTS 

and the docking false positives, and what are their mechanistic bases?  

Understanding these mechanisms is useful in itself, and a comprehensive analysis 

of them, on a large scale, has few precedents.  Doing so is essential to meaningfully 

compare structure-based and high-throughput screening.  Second, what are the 

docking false negatives and why are they missed?  Because we can crystallize at 

least some of the new ligands with cruzain, we can investigate this question at 

atomic resolution.  Third, can novel and reversible inhibitors be discovered for 

cruzain, a target that has, until now, been dominated by irreversible, covalent 
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molecules11, 14?   Finally, can docking reliably prioritize the true inhibitors among its 

very top-ranked molecules?  If docking can prioritize hits to test from screening, 

providing a structural model that bolsters the HTS readout while remaining 

orthogonal to it, it suggests a general method to combine the two techniques, to their 

mutual benefit.   

   

4.3 Results 
 

Database ranking by virtual screening. Prior to experimentally screening the 

MLSMR by qHTS, the exact same library was docked against a crystal structure of 

cruzain (PDB code 2AIM15). Waters and ligands were removed from the structure. 

The MLSMR library was prepared according to the ZINC16 database protocols and 

screened using DOCK 3.5.5417, 18. The cruzain structure was kept rigid, and ligand 

flexibility was considered by docking a pre-calculated database of conformations for 

each compound. Each small molecule was evaluated in up to 600 conformations, in 

an average of 18,735 orientations (over 10 Million configurations per molecule), and 

scored by van der Waals and electrostatics complementarity, using the AMBER and 

Delphi derived potentials, respectively, corrected for ligand desolvation. The best 

scoring pose for any given molecule was used for ranking the database.  
 

Preliminary characterization of HTS hits. We previously characterized those 

molecules from the qHTS that could be rapidly identified as artifacts13.  Two screens 

were run in parallel, one in the presence of 0.01% Triton X-100 and one without 

detergent; all other conditions were maintained, except that in the non-detergent 

screen enzyme concentration was two-fold higher, owing to the reduced activity of 

cruzain in the absence of detergent.  In the discussion that follows we use the term 
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“hit” contingently—beginning most permissively, so as to reduce false-negatives, 

and with increasing stringency as we seek to remove false positives.  “Hits” were 

initially defined as those compounds that showed over 40% inhibition at the highest 

concentration assayed. By this criterion, over 16,000 hits, representing 

approximately 8% of the whole library, were observed. So high a hit rate is not in 

itself credible, and our first task was to understand the origins of these molecules, 

and to winnow them down. Of these, close to 90% were removed based on 

detergent-sensitive activity; that is, they inhibited strongly in the screen that lacked 

detergent but inhibited substantially less, and with less well-defined inhibition curves, 

in the screen that included detergent; this effectively reduced the apparent hit rate to 

about 0.8%, a level frequently encountered in screening. Another 3% of the apparent 

inhibitors were fluorescent artifacts19. (Table 1) Finally, the dose response curves 

inherent in qHTS allowed us to reduce this number by insisting that compounds 

show a dose-response—and not be the product of capricious inhibition at the highest 

concentration—with at least 80% inhibition at the highest concentration tested. This 

eliminated another 3% of hits as weak inhibitors, leaving us with 921 “hits” (6% of 

the original apparent “inhibitors”, 0.46% of the MLSMR).  Of these, 493 were “filtered 

inhibitors”,13 here we decided to pursue all 921 compounds that had not been 

removed as screening artifacts in the initial, high-throughput tests.   

 

Characterization of these 921 compounds for detailed mechanism, and 

comparison to the docking results, was thus the point of departure for this study. We 

adopted two parallel tracks, one investigating the mechanism of compounds active  
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Table 1 Sources of actives in qHTS and docking screen.  

qHTS 

16,221 hits (100%) 

Virtual screening 

198 top ranking compounds (100%) 

False positives 16,078 
(99.1%) 

False positives 193 (97.5%) 

Aggregators 14,243 

(87.8%) 

Detergent-

resistant non 

selective 

745 (4.6%) 

Conformer focusing 
High internal energy conformations 

Floppy compounds 

106 (53.5%) 
101 (51.0%)       

5 (2.5%) 

Detergent-

resistant weak 

550 (3.4%) High molecular weight, 

unfulfilled polar groups 

68 (34.3%) 

Detergent-

resistant 

Fluorescent 

507 (3.1%) 

Others 33 (0.2%) 

Others  19 (9.6%) 

Non-covalent 
competitive 

146 (0.9%) Non-covalent competitive  5 (2.5%) 

Substrates 88 (0.54%) Substrates 3 (1.5%) 

Inhibitors 58 (0.36%) Inhibitors 2 (1.0%) 
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by qHTS and that had high docking ranks, the second one pursuing compounds 

based on chemotype clustering and behavior in the initial qHTS. Initial testing of 

compounds prioritized by docking was conducted at UCSF, while initial testing of 

representative cluster compounds was initially conducted at the NCGC. Whereas 

there was some overlap among the compounds prioritized by the two criteria, there 

were also a substantial number of compounds that were unique to each track.  All 

compounds that were ultimately deemed to be competitive and reversible inhibitors 

were subject to the same battery of confirmatory experiments.   

 
Prioritization of HTS follow up based on docking results. We began the follow up 

of the remaining 921 qHTS actives by investigating those among the top ranking 1% 

compounds by docking. Thirty-four of these ranked among the top 1% of compounds 

by docking score of which 19 could easily be re-sourced from vendors.  These were 

tested in a series of low throughput assays to probe their mechanism of action. To 

investigate whether they were time-dependent, a hallmark of covalent-acting 

molecules, cruzain inhibition after ten-minute pre-incubation with an inhibitor was 

compared to activity without pre-incubation. Two compounds showed time-

dependence (Supplementary Table S1).  

 Next the compounds were evaluated for colloidal aggregation in a greater detail. 

Even though these compounds were not detergent-sensitive in the qHTS, as usually 

observed for this class of artifacts, some aggregators can still inhibit enzymes in 

0.01% Triton X-100, and sometimes 0.1% of this detergent is required to prevent the 

nonspecific inhibition4. Based on comparison of the levels of cruzain inhibition by 

these compounds in three different Triton concentrations (no Triton, 0.01% and 
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0.1%), three compounds were classified as detergent-sensitive, likely active via 

colloidal aggregation, and were therefore discarded from further consideration. The 

compounds were also tested against AmpC β–lactamase, an unrelated enzyme, as 

a control for promiscuous inhibition, and two additional compounds inhibited this 

enzyme at concentrations inhibitory for cruzain.  

This left 11 compounds that showed no detergent-sensitivity, no AmpC inhibition 

and no time-dependence (Table 2). Except for compounds 4 and 5, all others can be 

clustered based on their 2D structure, and will be referred to as Cluster 1 from now 

on. The mechanism of inhibition was evaluated for one compound from each of 

these chemical classes, and these three scaffolds were confirmed as pure 

competitive inhibitors. In Cluster 1 the best scoring compound ranked 6 out of 

197,861, and the most potent compound of this class, with a Ki = 65 nM, ranked 

789. Compounds 4 and 5, with Ki values of 1.6 μM and 6 μM, ranked 153 and 173 

out of the over 197,000 compounds docked. Three close analogues of compound 4 

were indentified among the qHTS hits. These were also re-tested and confirmed as 

inhibitors. The most potent compound in this cluster was shown to be  

competitive and slightly more potent than 4, with a Ki of 0.8 μM (Supplementary 

Table S2, Supplementary Fig. 1). Thus, each of these three classes had 

representatives among the 198 top scoring compounds (top 0.1% of the dock ranked 

library).  

Characterization of HTS hits based on chemotypes. In parallel with testing 

compounds that scored well by docking and were active in the qHTS, we sought 

compounds based purely on qHTS activity and that represented major chemotypes  
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Table 2  qHTS hits prioritized for follow up based on their ranking among top 1% of 
dock ranked database and confirmed as competitive inhibitors 

Compound structure DOCK rank IC50 against 
cruzain (μM) 
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of hits; we note that the two ways of prioritizing compounds were intentionally 

separate. A combination of cheminformatics analysis and enzymological 

characterization steps were employed. Visual inspection of the structures of the 

most active, non-fluorescent, detergent-insensitive actives suggested that many 

were electrophilic, and thus possibly subject to attack by the nucleophilic cruzain. To 

facilitate identification of covalent inhibitors, these compounds were clustered based 

on their 2D structure and representatives from each cluster were counter-screened 

against papain, a cysteine protease whose substrate specificity differs from that of 

cruzain. The 921 top screening “hits” were represented by 199 compounds, 

representing 47 clusters and 35 singletons; each was assayed in this counter 

screen. Of these,167 compounds representing 38 clusters and 32 singletons had 

little or no specificity for cruzain over papain, consistent with a nonspecific covalent 

mechanism of action. Whereas papain inhibition is not definitive proof of such a 

mechanism, inspection of the chemical structures of these inhibitors supports that 

view, as they are characterized by Michael acceptors, α-halo-carbonyls, and other 

activated electrophiles known to target sulfhydryl proteases (Figure 1a).20  This left 

us with 9 clusters and 3 singletons that were selective for cruzain over papain, 

including Cluster 1 that had been, in parallel, tested based on prioritization in the 

docking screen. Expanding back the 9 clusters to all the MLSMR compounds that 

they represented, and that showed good dose-response curves in the qHTS, led to a 

total of 173 compounds from the full screen; these clusters in addition to the 3 

singletons gave a cumulative total of 176 compounds as potential inhibitors for 

follow-up. We note that another class of active molecules identified at this stage, the 

triazine nitriles, was also pursued.  These molecules act by a covalent mechanism, 

and so were missed by docking, which only considers non-covalent 

complementarity.  Since these molecules have been discussed previously21, they will 

not be further considered here.   
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Figure 1.  Compounds representative of clusters active against papain (a) and of 

clusters of compounds selective for cruzain and followed up after the papain 

counter-screen: (b) time-dependent, (c) detergent-sensitive and (d) weak or 

irreproducible cruzain inhibitors.    
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Among the 12 classes of compounds selective for cruzain, compounds from 

cluster 1 had been shown to be competitive inhibitors (above). As with the tests of 

qHTS “hits” prioritized by their docking rank (above), the remaining 11 compound 

clusters were tested for time-dependence, detergent-sensitivity, promiscuous 

inhibition and mode of inhibition. Five of these 11 classes of molecules were found 

to be time-dependent (Figure 1b, Supplementary Table S3).  Of these, three were 

Michael acceptors and one was an activated thiol ether, chemotypes that one might 

expect to be reactive against cruzain’s activated thiol nucleophile. We inferred that 

these five clusters, representing 16 of the 176 compounds (Supplementary Table 

S3), were covalent-acting inhibitors and so they were not further pursued. Of the 

remaining six scaffolds, two apparently selective chemical classes were classified as 

detergent-sensitive, at the higher detergent concentration, and discarded (Figure 

1c). For two of the four chemical classes that were neither time-dependent nor 

detergent-sensitive, inhibition was weak or not observable on detailed replication, 

including resourcing the compound, in careful one-at-a-time assays; these were also 

discounted (Figure 1d). The remaining two classes were tested against AmpC β–

lactamase, and did not inhibit this enzyme (Supplementary Table S3). Finally, these 

compounds were tested at several substrate and compound concentrations and 

confirmed as reversible, competitive inhibitors (Supplementary Fig. 1), with Ki of 2 

μM in both cases (Table 3). Since these two chemical scaffolds were not 

represented among the top ranking 0.1% or even among the top 1% of the dock 

ranked database, these classes are virtual screening false negatives 

 
In summary, after detailed testing five classes of compounds, representing 146 

compounds and 0.07% of the library, were identified as competitive, reversible 

ligands for cruzain (Table 3, Supplementary Fig 1).  Of these five, two were identified 
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Table 3 Scaffolds of cruzain competitive ligands 

Cluster 
number/ 

compounds 
per cluster 

Cluster member 
confirmed to be pure 

competitive with 
substrate 

Ki 
(μM

) 

Cluster member with 
best DOCK score 

Rank  
(% of 
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a. This class of ligand is recognized as a substrate of cruzain; all others are 

inhibitors.   
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only by the chemotype-based follow-up pursued without reference to docking rank; 

these two classes are docking false negatives.  Correspondingly, another two of the 

five classes were only chosen for follow because they had, in fact, high docking 

ranks. It was not pragmatic to follow up each of the 921 “hits” in the papain counter 

screen, and some compounds were necessarily left out—these two, one of which 

represents a cluster of only four compounds and the other which is a singleton, by 

chance, were among them.  Whereas they are certainly not screening false 

negatives, as they were active in the qHTS, it is likely they would not have been 

prioritized for follow up absent the docking results.  Finally, a fifth cluster, 

representing the vast majority of hits, was prioritized for follow-up based both on 

high docking rankings and chemotype clustering (Figure 2). In total these 146 

compounds represent 1% of all the initial “hits” and 13% of the detergent-resistant 

counter-screened hits.   

 

Search for HTS false negatives. When combined with HTS, virtual screening may 

not only prioritize HTS hits, but in principle it can also illuminate HTS false negatives. 

Indeed, in a docking and HTS campaign against β-lactamase, the docking screen 

identified just such false negatives4. To search for possible HTS false negatives for 

cruzain, we therefore re-purchased and re-tested compounds inactive in the qHTS 

that had good complementarity to cruzain by docking.  Ultimately, 32 such 

compounds were selected and re-tested. Among these, eight inhibited cruzain 

between 40 and 70% at 200 μM (Supplementary Table S4). However, further 

confirmation of these was complicated by solubility limits. Whereas these 

compounds were neither time-dependent nor detergent-sensitive, full establishment 

of their mode of inhibition and reliability was not possible. Given their weak activity, 

they were therefore disregarded; no HTS false negatives were reliably identified, 

despite substantial effort. 
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Figure 2. Two parallel strategies employed in the follow up of qHTS hits. After 

removal of aggregators, fluorescent artifacts and weak inhibitors, the remaining HTS 

hits were followed up either based on docking prioritization or based on clustering by 

chemotypes.  
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 Comparison between docking and HTS results. To quantify DOCK 

performance in predicting HTS results we turned to enrichment factors, which 

compare the observed performance to what would be expected if the database was 

randomly ranked. A commonly used metric to evaluate virtual screening, the 

enrichment factor is given by the ratio between the percentage of ligands found in a 

chosen percentage of the database and the percentage of the database evaluated. 

For instance, if 100 known ligands are included among a larger library of compounds 

docked to a target, and 8% of the ligands rank in the top 1% of the overall database 

of compounds, an enrichment factor of 8 is obtained, since it is expected that only 

1% of the ligands would be found by random selection in this slice of the database.  

This is given by the following formula: 

 

total

activeactive

NN
NN

EF
/

/

(%)

(%)
(%) = 

 

Where EF(%) is the enrichment factor at a chosen percentage X of the database, 

Nactive(%) is the number of actives ranked among the top X of the database, Nactive is 

the total number of actives in library, N(%) is the total number of compounds in X and 

Ntotal is the total number of compounds in the library.  

 

Based on this metric, we observe a significant improvement of DOCK 

performance as the HTS hits are progressively winnowed and confirmed (Figure 3; 

see also Supplementary Fig. 2 for full enrichment curves). Here we focused on the 

top 0.1% of the database, or the 198 top-ranking compounds, which is to say the 

very top of the ranked database. The initial enrichment factor, if all HTS hits are 

considered as valid, is 3-fold over random selection.  As artifacts and covalent 

inhibitors are eliminated, and we progressively consider only non-aggregating, 

selective, and competitive inhibitors, enrichment increases to 4-, 22-, and 34-fold 
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Figure 3.  Progression of the number of HTS hits and docking enrichment factors at 

different stages of mechanistic follow up. The enrichment factor was calculated at 

the top 0.1% of the database (198 compounds) and represents the ratio between the 

percentage of ligands ranked among these compounds and the percentage which 

would be expected to be found by random chance (0.1%).  
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.  The largest increase is obtained when covalent inhibitors are eliminated, 

reflecting the modeling of non-covalent complementarity in docking, and its 

disregard for reactive functionality; a favorable feature. The improvement in 

enrichment upon eliminating aggregators is modest. This was initially unexpected, 

since one might imagine that this is an artifact unique to HTS.  However, the 

tendency to aggregate is correlated with molecular weight, as is docking score, and 

so docking, too, often enriches what are ultimately shown to be colloidal aggregators 

(the original molecules shown to act by this mechanism were, in fact, discovered 

from a docking screen5, 22).  

 

Among the top 198 hits by DOCK ranking (0.1% of the database), five 

competitive cruzain ligands were found, one of them ranking 6th among all 197,861 

compounds. This and another two compounds, ranking 120 and 197, belonged to 

HTS cluster 1 (Table 3). The other two compounds successfully predicted, 4 and 5, 

ranked 153 and 173, respectively. These molecules represent three out of five 

competitive scaffolds found by HTS. If we consider all hits which ranked in the top 

1% of the docking screen (i.e. top 1,980 molecules), another 11 representatives of 

cluster 1 were found, including the most potent cruzain inhibitor found in this screen, 

compound 8, with a Ki of 65 nM and rank 789. The other two scaffolds, clusters 2 

and 31, scored poorly by DOCK and are therefore considered here as false 

negatives, with their best scoring compounds respectively ranking 7,560 (3.8% of 

the database) and 31,359 (15.9% of the database). The predicted binding modes for 

the best scoring compounds in each chemical class are shown in Figure 4. In most 

cases hydrogen bonds or dipole-dipole interactions are observed to Gly66, Asp161 

and Gln19, as previously observed in published crystallographic complexes of 

cruzain bound to other inhibitors23.  
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Figure 4. Predicted binding modes for competitive cruzain inhibitors. Best scoring 

pose of highest ranking compound in each cluster shown. (a) compound 1, rank 6 

(out of 197,861), cluster 1, (b) 4, rank 153, (c) 5, rank 173, (d) 15, cluster 2, rank 

7,560 and (e) 17, cluster 31, rank 31,359. Cruzain surface shown in gray. Active site 
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Cysteine 25 and residues involved in hydrogen bond interactions shown in sticks. 

Dashed lines represent hydrogen bonds.  Protein carbon atoms colored gray and 

small molecules carbon atoms colored green. Oxygen, nitrogen and sulfur colored 

red, blue and yellow respectively. Chlorine and fluorine colored magenta and cyan 

respectively. Figures prepared with Pymol.56 
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Among the clusters of competitive ligands, cluster 44 showed the best 

enrichment, with its best scoring compound (compound 4) ranking 153 and the worst 

scoring compound ranking 21,010 (10.6% of the database) (Supplementary Table 

S2, Supplementary Fig. 2b). Comparing the enrichment curves for clusters 1, 2 and 

31 it was surprising to observe thatvirtual screening performed better for cluster 1, 

the most flexible class of compounds (Supplementary Fig. 2b). Within cluster 1, we 

investigated whether there was any correlation between the relative ranking of the 

molecules and their physical properties, especially the number of rotatable bonds. 

However, for the properties analyzed (number of rotatable bonds, molecular weight, 

xlogP, polar surface area, number of H-bond donors or acceptors) no trends were 

observed.  

 

The false positives among the 198 top scoring compounds by docking are 

characterized by two principal features: molecules containing several polar groups 

with unfulfilled cruzain interactions, and molecules with high internal energy (Table 

1, Figure 5). These observations reflect known liabilities of the docking program 

used here, DOCK3.5.5417, 18, and are common problems in the field.24, 25 The 

observation of groups with many unfilled interactions, responsible for 34% of these 

false positives, is likely caused by the difficulty in balancing the positive effects of 

electrostatics interactions and the energetic cost of ligand desolvation. The most 

common source of false positives, observed for 53.5% of the top ranking 

compounds, were high energy conformations. Almost all cases in this class (51%) 

were due to conformations of back-to-back amides in which the torsional angle 

around the carbonyl-carbonyl bond is zero and the two amide hydrogens, both 

bearing a partial positive charge, point towards each other (Figure 5b). These 

hydrogens interact with the backbone carbonyl from Asp161 in cruzain, making 

favorable electrostatic interactions with the enzyme, but are unpenalized for the  
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a b

Figure 5. Main sources of virtual screening false positives. Predicted poses for top 

ranking false positives: (a) rank 1, illustrating presence of unfulfilled polar 

interactions, (b) rank 3, representing high energy conformations. Cruzain surface 

shown in gray. Active site Cysteine 25 and residues involved in hydrogen bond 

interactions shown in sticks. Dashed lines represent hydrogen bonds, waters are 

shown as red spheres.  Protein carbon atoms colored gray and small molecules 

carbon atoms colored green. Oxygen, nitrogen, sulfur and chlorine colored red, blue, 

yellow and magenta respectively. Figures prepared with Pymol.56   
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electrostatic cost of juxtaposing the two amide nitrogen dipoles. High energy 

conformations that score well reflect the absence of an explicit consideration of 

ligand internal energy in the DOCK3.5.54 scoring function. Whereas only the lowest 

energy conformations of a compound are included when building the database to be 

docked, molecules within a certain energy window from the lowest energy are 

included, and differences in the internal energy among these conformations are not 

taken into account at later stages in the virtual screening. A related case was 

observed for 2.5% of false positives, which contained highly flexible substituents. 

These reflect the absence of a penalty for entropic losses upon binding to the 

protein.  

 

Discovery of a class of cruzain substrates among competitive compounds. To 

understand the molecular bases of recognition, we pursued co-crystallization of 

cruzain with the non-covalent competitive inhibitors. Cruzain was co-crystallized with 

one compound from each class of competitive inhibitors (compounds 4, 5, 11, 27 

and 29), using standard conditions21. Crystals diffracted well, often to ultra-high or 

near-ultra-high resolution (1.0 to 1.3 Å), and the structures were determined. 

However, electron density for most ligands was poor, and with exception of 

compound 27 (cluster 2) it was not possible to resolve ligand coordinates 

unambiguously. Although poor electron density might be explained by poor solubility 

or high flexibility of compounds, the presence of labile groups, especially esters in 

cluster 1 and compound 4, prompted us to investigate if compounds were degraded 

in the crystallization buffer (2 mM Bis-Tris pH 5.8). To this end, we applied liquid 

chromatography coupled to mass spectrometry (LC/MS). Most compounds were 

stable over several hours in the presence or absence of cruzain, however we 

observed enzyme-catalyzed degradation of compound 11 in the presence of 100 nM 

cruzain (Figure 6, Supplementary Fig. 3). While the intact compound was still  
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Figure 6. Identified cruzain substrate. Structure of compound 11, identified as a 

cruzain substrate through LC/MS and biochemical assays, and highly ranked by 

docking.  Predicted cleavage site indicated (wavy line).  
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observed in solution even after one day of incubation in the absence of cruzain, in 

the presence of enzyme it was absent after a forty-minute incubation, indicating that 

cleavage of 11 was enzyme catalyzed. Further evidence of hydrolysis was obtained 

by measuring time-dependence of cruzain inhibition by two compounds from cluster 

1, 11 and 8, which showed the lowest IC50 against cruzain within this cluster. We 

compared percentages of cruzain activity after incubation with 1 μM of 8 or 10 μM of 

11 from zero to 240 min (Supplementary Fig. 3). A clear time-dependent effect on 

the fraction of active cruzain was observed in the presence of enzyme.  
 

Before learning of the substrate properties of this chemotype, we investigated a 

limited SAR series around the benzamidoacetate series (exemplified by compounds 

8 and 11).  Several analogues were prepared and evaluated for potency 

(Supplementary Table S5). The most active of these new compounds inhibited 

cruzain with an IC50 of 30 nM, eight-fold better than that of the best HTS hit in this 

series, 11 (IC50 = 260 nM). Whereas this suggests that this series is optimizable, we 

note that even in these more potent, low nanomolar inhibitors, replacement of the 

ester functionality with an amide moiety resulted in complete loss of activity as did 

other hydrolytically stable ester isosteres, such as oxadiazole and thiadiazole 

analogues (Supplementary Fig. 4). This suggests that even these more potent 

ligands are also best thought of as tight-binding substrates for the enzyme. 

 

Compounds 4 and 5, which unlike compounds 8 and 11 are not from cluster 1, 

were also evaluated for stability in the presence of enzyme, by both LC/MS and the 

time-dependence assay, but did not behave as substrates (Supplementary Fig. 5). 

Over a four-hour period, or even after a day in the case of compound 5, these 

compounds were stable by LC/MS in the presence of 100 nM cruzain. They also 

inhibited cruzain at similar levels regardless of incubation time.  
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Crystal structure of cruzain/27 complex. A structure of the cruzain complex with 

compound 27, a docking false negative, was solved to near ultra high-resolution 

(1.28 Å, Table 4). Most residues in the active site are observed in conformations 

similar to the ones present in the cruzain structure used for docking15. The most 

significant changes are a flip in Gln159 (Supplementary Fig. 6) and double 

conformation of the catalytic Cys25. The lower occupancy Cys25 conformation 

(approximately 30%) is covalently modified by S-methyl methanethiosulfonate, a 

covalent reversible cruzain inhibitor used in the purification of this enzyme and 

removed prior to the crystallography. The higher occupancy Cys25  conformation is 

unmodified.  Also, small differences are observed for residues forming the S2 

pocket, such as Glu208, Leu67 and Leu160, which move towards the ligand.  

 

Unambiguous electron density was obtained for the inhibitor (Figure 7). The 

amide group in 27 binds between the S1 and S2 pockets, making interactions similar 

to those previously observed for covalent cruzain inhibitors23, though the x-ray 

structure confirms the lack of covalent attachment. The amide nitrogen hydrogen 

bonds to the carbonyl in Asp161 (distance = 2.99 Å), whereas the carbonyl hydrogen 

to the backbone nitrogen in Gly66 (distance = 3.04 Å). The bromo-phenyl ring 

occupies the S2 pocket of cruzain, and the ester makes a dipole-dipole interaction 

with the backbone nitrogen in His162 (3.19 Å). The benzimidazole ring is mostly 

solvent exposed, and its nitrogens hydrogen-bond to waters 226 and 218 (3.00 and 

2.55 Å, respectively). In the docking prediction, the bromo-phenyl ring occupies the 

S2 pocket as experimentally observed, although the ring is flipped by approximately 

180°, and the amide nitrogen hydrogen bonds to Asp161 carbonyl (2.85 Å), also as 

observed by crystallography (Figure 7). Past this point in the inhibitor structure, the  
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Table 4 Data collection and refinement statistics for cruzain/27 complex 

Data collection  

Space group P6522 

Cell dimensions  

    a, b, c (Å) 82.98, 82.98, 101.73 

    α, β, γ  (°)  90, 90, 120 

Resolution (Å) 1.28(1.33-1.28) * 

Rsym or Rmerge 9.2(18.6) 

I / σI 78.0(29.3) 

Completeness (%) 99.9(100.0) 

Redundancy 11.5(11.0) 

  

Refinement  

Resolution (Å) 41.46 to 1.28 

No. Reflections 59,354 

Rwork / Rfree 0.115/0.144 (0.078/0.132 )

No. atoms  

    Protein 1,559 

    Ligand/ion 163 

    Water 314 

B-factors  

    Protein 8.5 

    Ligand/ion 12.8 

    Water 25.7 

R.m.s. deviations  

Bond lengths (Å) 0.013 

Bond angles (°) 1.491 

*Values in parentheses are for highest-resolution shell. 
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a 

Figure 7 Comparison between docking pose and crystallographic geometry of 

compound 27 (a) Stereo view of unbiased electron density (Fo-Fc countoured at 3σ) 

from cruzain/27 complex structure determined to 1.28 Å. (b) Key interactions 

between compound 27 and cruzain. Dashed lines represent hydrogen bonds 

(orange) or dipole-dipole interactions (magenta), waters are shown as red spheres. 

(c) Superposition of docking pose and crystallographic geometry. Carbon atoms 

colored gray for cruzain, cyan for crystallographic pose and green in DOCK 

predicted pose. Oxygen, nitrogen, sulfur and bromine colored red, blue, yellow and 

orange respectively. Figures prepared with Pymol.56  
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overlap with the crystallographic pose becomes poor, since the benzimidazole ring 

position is in a completely different region of the active site, in the S1’ pocket.  

 

Investigation of causes of poor ranking of compound 27 by DOCK.  Upon 

obtaining the structure of cruzain bound to 27, we were interested to know why 

DOCK failed to predict the correct binding mode for this compound. Whereas the 

specific reasons for virtual screening failure are hard to determine in a complex 

binding site, it is usually possible to divide docking problems into inadequate 

sampling and poor scoring.  

 

Problems in sampling might owe to the absence of the relevant conformation in 

the database or to inadequate sampling of the right orientation by docking. To 

investigate if the crystallographic conformation was docked, all 600 conformations of 

27 present in the database were rigidly docked in multiple orientations and the rmsd 

between the observed binding mode and the best scoring pose for each 

conformation was calculated. Several conformations within a 2 Å cutoff from the 

crystallographic were observed, with rmsd values as low as 1.4 Å (Supplementary 

Fig. 7). Even though the torsional angle around the methylene-carbonyl bond in this 

conformation differed from the crystallographic one, most of the compound overlaps 

well with the crystallographic pose, capturing the interactions observed 

experimentally. This result suggested that poor ranking of this compound was not 

due to under-sampling. 

 

Next, we investigated whether the crystallographic pose of 27 would score well in 

the energy potential maps used for docking. DOCK 3.5.54 uses three terms in its 

scoring function: van der Waals interactions, electrostatic interactions and a penalty 

for ligand desolvation18, 26, 27 (M. Mysinger and BKS, unpublished).  The contribution 
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of each atom present in docked molecules can be evaluated by each term. In the 

energy potential maps calculated from the original conformation of cruzain, used in 

the docking, the crystallographic geometry of 27 scores poorly at -8.5 kcal/mol, and 

would have ranked 180,479 out of the 197,861 molecules docked (DOCK’s energy 

scores are typically far off-set from binding affinities, as was the case here). This is 

much less favorable than the energy scores obtained for the best scoring pose of 

this compound by docking (-35.5, rank 28,521). The difference between the scores 

of these two conformations is due to much less favorable scores for the 

crystallographic conformation both in the van der Waals term (-8.4 vs. -22.2 for the 

docked conformation) and in the balance between electrostatic score and ligand 

desolvation (-0.1 vs. -13.3. Supplementary Table S6). We then evaluated how 27 

scored in grids prepared using the cruzain/27 complex structure determined here, 

but otherwise following the same protocol in grids preparation. The score of the 

crystallographic pose improved, and the gap between scores of crystallographic 

pose, -17.6 kcal/mol, and the best scoring pose by DOCK, -26.7 kcal/mol, is 

reduced. This improvement is due to more favorable van der Waals interactions, 

suggesting that even though the conformational changes observed for residues in 

the cruzain active site are small, considering this flexibility could have a big impact 

when scoring this compound.  

 

 

4.4 Discussion  
 

We may now tender preliminary answers to the questions that motivated this 

study.  The dominant source of false positives in this screen, as in earlier ones10, 

remains colloidal aggregation, contributing 88% of the initial screening hits in the 

cruzain qHTS.  Contributions from fluorescence interference and promiscuous 
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covalent inhibition, though still substantial at 3% and 5% of the initial hits, 

respectively, were substantially less.  As in earlier studies10, the results support 

response to detergent as a fast initial screen to identify colloidal aggregators.  

Whereas this test does not identify all aggregators, it does identify over 95% of 

them, and as previously it appears more reliable even than properties such as high 

Hill slopes,28 which only identify about 50% of aggregators,13 also consistent with 

previous observations.10 This study is also one of the few, perhaps only, to allow a 

comprehensive analysis of docking false positives, and here the results were 

perhaps less expected. The largest single group of these false positives owed to the 

adoption of high-energy ligand conformations that fit the cruzain structure well but, 

without being grossly wrong, are energetically inaccessible to the small molecules.  

Correspondingly, testing of the entire library reveals docking false negatives, which 

x-ray crystallography suggests derive from scoring problems, partially due to small 

conformational changes in the protein upon ligand binding.  Notwithstanding these 

problems, this study has identified five new, competitive families of inhibitors for 

cruzain, four of which are non-covalent and reversible, suggesting that such 

inhibitors can be found despite the dominance of covalent inhibitors for this and 

related thiol proteases.  Perhaps most generally, if most tentatively, this study 

supports the idea that docking and high-throughput screens are complementary and 

may be usefully combined, with the docking providing orthogonal structural support 

for the prioritization of interesting screening “hits” to follow up.  We take each of 

these points in turn.    

 

Owing to the high frequency of false positives in HTS and docking29-33, 

discovering true inhibitors from among initial screening hits requires extensive 

counter-screening and mechanistic investigation. The observations afforded by 

qHTS, where every compound was tested in seven point dose-response, are of 
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relatively high quality for the field, and even so only 1% of initial hits were non-

covalent, competitive inhibitors. Whereas colloidal aggregation remains by far the 

dominant form of artifact34-36, again contributing approximately 90% of the hits,4, 10, 13 

this biophysical mechanism has the virtue of being easily controlled for, at least for 

the majority of aggregators that are detergent sensitive.  But even among the active 

molecules that remain after discarding the detergent-sensitive aggregators, over 

90% still act by undesirable mechanisms. This is consistent with the idea that the 

most difficult part of a screening project comes after the screen has been performed 

and one is left with a large number of potentially interesting molecules, most of 

which are misleading, through which one must carefully sift by detailed experiment.  

Analyzing the direct, unfiltered results of HTS campaigns, such as one might often 

find in public repositories, might lead one quickly astray.   

 

Among virtual screening top hits, approximately 90% could be explained by two 

main sources of false-positives. Over half of these artifacts result from failing to 

penalize high-energy compound conformations in the docking score. This supports 

the need to consider an internal energy term for conformations docked and the loss 

of degrees of freedom for the ligand, as previously demonstrated in a study of HIV 

reverse-transcriptase inhibitors25, 37. Another third of the false positives owes to high 

molecular weight compounds containing unfulfilled polar groups. These compounds 

likely score well due to difficulties in balancing the favorable van der Waals and 

electrostatic interactions with the protein and the unfavorable desolvation energy 

involved in the formation of the complex.     

 

The determination of the crystal structure of the cruzain/27 complex illustrates 

one of a docking false negative at atomic resolution. With the structure determined, it 

seems clear that a contribution to its low ranking in the docking screen is that in its 
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bound form cruzain makes small but important conformational accommodations that 

improve its overall complementarity to the inhibitor. This reinforces the importance of 

considering protein flexibility in structure-based screens, even for relatively rigid 

active sites, like cruzain is. This remains the subject of intense research38-41, and is 

in some senses an expected problem. Less anticipated was the adoption of a 

conformation where that the benzimidazole ring of 27 climbs out of the active site. 

The complementarity here—also missed in the docking—is with ordered water 

molecules, the use of which in docking is also being pursued42-45.  More broadly, 

whereas previous combinations of virtual and experimental screening have lead to 

the identification of hits6-9, illustrating some of the strengths of docking, reporting the 

rate of docking false negatives allows a fair evaluation of virtual screening also from 

its failures. To our knowledge, this has been previously reported in only one study6, 

and without structural information on the binding mode of the false negatives.  

 

An encouraging result to emerge from this study was the discovery of five 

new scaffolds of competitive inhibitors of this key parasitic target, with Kis ranging 

from 65 nM to 6 μM. Whereas several classes of inhibitors for this enzyme have 

been previously described, almost all are peptidic covalent agents. Among the 

classes discovered here, some compounds are more peptidic, and in the case of 

cluster 1 were later found to be cruzain substrates. Other molecules, in clusters 2 

and 31, present novel non-peptidic scaffolds. These compounds could serve as 

starting points for medicinal chemistry optimization, especially clusters 2 and 31, 

which contain mostly lead-like46 compounds.  In the case of cluster 2, the high 

resolution crystal structure reported here can provide additional guidance for a 

structure-based design effort. 
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Perhaps the most ambitious goal of this study was to investigate how structure-

based screening can prioritize true actives from HTS, and origins and frequency of 

false positives and false negatives in this approach. Even with all of the codicils, 

caveats, and liabilities in docking, half of the scaffolds that turned out to be non-

covalent, competitive inhibitors identified by HTS, in addition to the class of 

substrates identified here, were among the top 0.1% of the collection prioritized by 

docking. Indeed, two of the five classes of ligands were only prioritized for follow-up 

based on their docking rankings; because these compounds represented only small 

clusters, they had little SAR and so were not given a very priority for further 

investigation as part of the HTS workflow.  We hasten to add that it was combination 

of activity in the qHTS and high docking ranking that identified these compounds; we 

don’t pretend that these represent screening false negatives as usually understood. 

More broadly had we relied on docking to prioritize compounds to be tested 

experimentally, rather than pursuing the parallel tracks that we did, we would have 

so screened 1,000 times fewer compounds but found 60% of the competitive 

scaffolds. Had we screened the top 5% docking ranked library, only one inhibitor 

class would have been missed. This agrees with earlier work by Keseru and 

colleagues, where  the top ranking 1% of docked molecules resembled four of the 

six scaffolds found by HTS6, and with a ß-lactamase study from our own groups 

where all of the true non covalent inhibitors from an virtual screening and HTS were 

identified by docking alone.4  Admittedly, these earlier studies were 20- to 3-fold 

smaller than the one presented here, respectively.  This work supports the potential 

for using structure-based virtual screening in the prioritization of compounds either to 

be screened by HTS or, as is our preference, to be pursued after the HTS is 

prosecuted.   
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4.5 Experimental Section 
 

Database preparation: The 197,861 compounds present in the MLSMR database 

were submitted to standard preparation protocols for addition to the ZINC 

database16, as recently described4. After removal of duplicates 195,177 unique 

molecules were detected, out of which 187,693 were successfully added to the 

database. The discrepancy of 7,484 molecules not added to the database is due to 

531 compounds filtered due to egregious violation (such as molecular weight over 

600 g/mol, unacceptable atom or more than 20 chiral centers), 3,151 molecules that 

were not handled correctly by our automatic database preparation procedure and 

3,802 not loaded for other reasons, such as absence of polar atoms.  

 

Virtual screening. The compound library was virtually screened using DOCK 

3.5.54. Docking was performed against PDB structure 2AIM.15 This structure was 

selected after a comparison of the 13 structures of cruzain in complex with inhibitors 

at that point available in the PDB. Only very small differences were observed for the 

active site residues conformations, except for Glu208, which is highly flexible and 

can be either exposed to solvent or rotate towards the cruzain S2 pocket47. In 

previous docking studies with cruzain we were successful in identifying hits if the 

Glu208 was represented in the conformation in which it is rotated towards the S2 

pocket48, such as observed in 2AIM, while no hits were found in docking to 1ME3 

structure, in which the Glu208 side chain is rotated towards solvent. In this study we 

again considered both possibilities for Glu208 conformation, but obtained better 

enrichments for structure 2AIM. Therefore, the results obtained with this structure 

were chosen for the comparison with HTS.  
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No waters seemed to be conserved among the available structures and therefore 

prior to docking all waters were removed. Hydrogens were added to standard 

positions. Matching spheres were generated based on atomic positions of ten 

inhibitors from published structures and later modified to be concentrated in the 

cruzain S2 pocket.  

 

To improve hydrogen bonding complementarity and based on analysis of 

common hydrogen bonds present in 13 cruzain structures available in the Protein 

Data Bank (as of July 2007), partial atomic charges were increased by 0.4 in the 

amide side chain of Glutamine 19 (Oε1 and HNε1, HNε2, with the positive charge 

divided between the two hydrogens and increased by 0.2 in each), in polar atoms of 

Cysteine 25 (O, Sγ, HN and HSγ), in the amide backbone of Aspartate 161 (O and 

HN) and in polar atoms of Glycine 66 (O and HN).  This is consistent with similar 

treatment in earlier prospective docking campaigns from our lab4, 49.  Sampling 

parameters used were matching tolerance of 1.2 Å and bin sizes of 0.4 Å for both 

ligand and receptor, with an overlap of 0.3 Å. To accelerate calculations in DOCK, 

energy potential grids were pre-calculated using the programs CHEMGRID27 and 

Delphi50. Multiple conformations and orientations of each ligand were scored based 

on van der Waals and electrostatic interactions with a penalty for ligand desolvation 

(M. Mysinger & BKS, unpublished)4, 49. The best scoring conformation of each 

compound was used for ranking the database.  

 

Docking of compound 27. The 600 conformations of 27 generated by OMEGA 

(OpenEye Scientific Software, Santa Fe, NM, USA) and used for docking the library 

were rigidly docked to cruzain, both in the original grids and in grids generated using 

cruzain coordinates from the determined structure in complex with this compound. 

Sampling parameters used for single mode runs were matching tolerance of 1.2 Å, 
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bin sizes of 0.4 Å and bin overlaps of 0.2 Å. Root mean square deviations (rmsd) 

were calculated between each generated pose and the crystallographic pose of 

compound 27. 

 

The program scoreopt was used to investigate detailed scoring for the 

crystallographic pose of compound 27, in both grids used. Scoreopt allows the 

calculation of electrostatic and van der Waals contributions and the desolvation 

penalty for each atom in the ligand. The scores for each term in the DOCK3.5.54 

scoring function were compared to those for the best ranking pose obtained by the 

program in the same grids.  

 

Papain counter screen. The 921 detergent-resistant, non-fluorescent top hits 

obtained from qHTS13 were clustered based on their 2D structures using 

Leadscope’s structural fingerprint and a Tanimoto coefficient cutoff of 0.7. 149 

clusters were obtained, 70 of them containing four or more active compounds. 

These were further filtered based on potency cutoffs. A total of 199 compounds, 

including active and inactive members of a filtered set of 47 clusters, plus 35 

singletons, were screened in parallel against cruzain and papain. Each compound 

was tested in seven different concentrations against each enzyme. Screening 

against papain was performed following the protocol and reaction conditions 

previously described for cruzain13 with the following two changes: 1) cysteine, added 

to the buffer at 5 mM final concentration, was used to maintain papain activity 

instead of the dithiothreitol employed in the cruzain assay and 2) papain was used at 

a final concentration of 12 nM in order to obtain adequate assay signal. 

 

Cruzain inhibition assays. Cruzain activity was measured by monitoring the cleavage of 

the fluorogenic substrate Z-Phe-Arg-aminomethylcoumarin (Z-FR-AMC). All cruzain assays 
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were performed in Sodium Acetate 0.1 M pH 5.5 and in the presence of 5 mM dithiothreitol 

(DTT). The final concentration of cruzain was 0.4 nM, and the substrate concentration was 

2.5 μM (Km = 2 μM), except for Ki determination, when the Z-FR-AMC varied from 0.31 to 

20 μM, in two fold increments. Assays were conducted in presence of 0.01% Triton X-100, 

except for evaluation of detergent-sensitivity, when inhibition was compared in 0, 0.01 and 

0.1% Triton. Assays were followed for five minutes, and activity was calculated based on 

initial rates.  

 

For evaluation of time-dependent inhibition, percentages of enzyme inhibition by 

a compound with or without pre-incubation with enzyme for 10 minutes were 

compared. During the pre-incubation step cruzain and compound concentrations 

were ten-fold higher than in the final assay.  In assays performed in the absence of 

detergent, compounds were always pre-incubated with cruzain for five minutes, to 

allow small molecule aggregate formation, since this was the purpose of these non-

detergent assays. Investigation of other mechanisms were typically conducted in the 

presence of detergent, and here there was no pre-incubation with enzyme unless 

compound inhibition was known to be time-dependent. For these known time-

dependent inhibitors, five-minute incubation was performed to allow discrimination 

between time-dependence and detergent-sensitivity.  We note that in the initial 

qHTS, the incubation time with and without detergent was the same.13 

To determine if cruzain inhibitors were competitive, each compound was tested 

in at least four concentrations (variable depending on IC50 against cruzain) and 

seven concentrations of Z-FR-AMC (0.31 to 20 μM, in two-fold increments). Data 

was analyzed with Prism 4 (GraphPad), and Ki values were determined from 

Lineweaver-Burk and Dixon plots.  
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AmpC β-lactamase inhibition. AmpC activity was based on rates of cleavage of 

the substrate CENTA, measured by monitoring absorbance at 405 nm for three 

minutes, and was calculated based on initial rates. Assays were performed at 

Potassium Phosphate 50 mM, pH 7.0, with final concentrations of 1 nM enzyme and 

100 μM substrate (Km = 48 μM). All compounds were tested in the absence of Triton 

X-100 and in presence of 0.01% Triton X-100, and AmpC inhibition rates were 

compared. In the assays in the absence of Triton X-100 the compounds were pre-

incubated with enzyme for five minutes before addition of substrate, whereas there 

was no pre-incubation step in the assays in the presence of Triton.  

 

Cruzain expression, purification and crystallography.  Cruzain was expressed 

and purified in a modified version (Lee, Balouch and Craik, unpublished results) of a 

previously published protocol51 , activated and purified as recently described21. 

Active cruzain was inhibited with S-methyl methanethiosulfonate (MMTS), a covalent 

reversible inhibitor, to prevent self-degradation.  

 

MMTS inhibited cruzain was concentrated to 1 mg/mL in 2 mM bis tris buffer pH 

5.8. 5 mM DTT was added to reverse MMTS inhibition, followed by addition of 

compound 11. The solution was then concentrated down to 7.5 mg/mL. Crystals 

were obtained by hanging drop method in a previously described crystallization 

condition, 0.1 M Tris pH 8.5, 2.0 M NH4H2PO4
21

  . 2-4 μL drops with various protein: 

mother liquor ratios (1:1, 1.5:1, 2:1) were set up and seeded with previously 

obtained crystals. Before cryo-cooling, crystals were soaked for one day in 200 mM 

DTT and for one hour in a 1.4 mM solution of 27 in mother liquour. Crystals were 

cryo-cooled in a 25% solution of ethylene glycol in mother liquor, containing 1.4 mM 

27. Similar protocols were conducted in co-crystallizations of cruzain with 

compounds 11, 4, 5 and 29.  
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Data collection was performed in frozen crystals in beamline 8.3.1 at the Advanced Light 

Source (ALS, Lawrence Berkeley Laboratory, CA), using ELVES52 to determine the data 

collection strategy. For the cruzain/27 complex, 200 frames were collected, with 0.5 s 

exposure and 0.5° oscillations between frames. Reflections were indexed and integrated 

using Mosflm and scaled using SCALA53. The structure was solved by molecular 

replacement using Phaser, with PDB structure 3I06 as the template. Data refinement was 

performed using Phenix54  and models were built using Coot.55 In the final model 84.2% of 

residues were in the most favoured regions in the Ramachandran plot, 15.3% were in 

additional allowed regions and 0.5% in disfavoured regions. PDB accession code 3KKU. 

 
Liquid chromatography/mass spectrometry (LC/MS). Solutions of compounds 11, 

4 and 5 were prepared in 2 mM Bis Tris pH 5.8, in the presence or absence of 100 

nM cruzain. Solutions were examined by LC/MS at several time points (from 30 

minutes to 24 hours) to investigate if these compounds were degraded over time 

and if degradation was catalyzed by cruzain. LC/MS was conducted on a Waters 

Micromass ZQ in ESI+ mode, equipped with a Waters 2996 Photodiode Array 

Detector and a Waters Alliance 2795 separations module. Compounds were eluted 

through an analytical Xterra C-18 column, using a methanol (0.2% formic acid)/water 

(0.2% formic acid) system, with a linear gradient from 5 to 95% water in 6 min and a 

flow rate of 1 mL/min. Elution was monitored at 254 nm. 

Compound purity. As previously described13, all compounds in the MLSMR 

library were purchased and their purity was certified by the corresponding vendors. 

Briefly, the entire screening library (Galapagos Biofocus DPI, South San Francisco, 
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CA) was subjected to purity analysis before plating by using an eight-channel MUX 

high-throughput parallel chromatographic system (Micromass Ltd, Manchester, UK 

and Waters, Milford, MA) and separating the sample on Phenomenex Gemini 5 um 

C18 column (2 x 50 mm). Compounds used in the follow up experiments were 

reanalyzed for purity via liquid chromatography- mass spectrometry (LCMS). All 

compounds passed purity criteria (>95%). For follow up assays at UCSF, 

compounds 26, 44 and 45 were re-sourced from the NCGC. All other compounds 

were purchased and that their purity certified as at least 90% (frequently > 95%), by 

their vendors. Among the compounds confirmed as competitive inhibitors, 4, 5 and 8 

were purchased from Enamine, with at least 90% purity assured by the company. 

Compounds 27 and 29 were purchased from ChemBridge and IBScreen, 

respectively, and both were certified > 95% pure; for compound 27, the 1.28 Å x-ray 

structure, in complex with the cruzain, was consistent with its reported structure.  
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Appendix A 

Supplementary Information for Chapter 1 

 

A.1 Cruzain expression and purification 

 

Procruzain truncated at the C-terminal1 was expressed and purified using a 

modified protocol (Lee, Balouch and Craik, unpublished results). Procruzain was 

diluted to a final concentration of 0.5 mg/mL in 100 mM sodium acetate, pH 5.5, 10 

mM EDTA, 5 mM dithiothreitol (DTT) and 1 M NaCl (pH adjusted to 5.3) and 

activated at 37°C for one hour. Complete activation of cruzain was confirmed in a 

SDS-PAGE gel. Active cruzain was concentrated and diluted to desired 

concentration in 100 mM sodium acetate, pH 5.5, and stored at -80°C.  

 

A.2 Virtual screening  

 

To evaluate the flexibility of active site residues, the thirteen structures of 

cruzain complexes available in the Protein Data Bank (PDB) as of April 2006 were 

compared. Glu 208, localized at the bottom of the S2 pocket, is the only residue in 

the cruzain active site for which significant changes in conformation were observed. 

This flexibility was partially taken into account by performing virtual screening 

against two observed conformations, one in which Glu 208 is turned towards solvent 

(PDB structure 1ME3) and one in which it is turned towards the S2 pocket (PDB 

structure 1AIM). In both cases all water molecules were removed from the receptor 
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and polar hydrogens were added to standard positions. Matching spheres for ligand 

placement were generated based on atomic positions of 10 inhibitors in complex 

with cruzain (PDB structures 1ME3, 1ME4, 1U9Q, 1AIM, 2AIM, 1EWO, 1EWP, 

1F29, 1F2B, 1F2C). Based on analysis of common hydrogen bonds present in the 

13 cruzain complexes, magnitudes of partial atomic charges were increased by 0.4 

in the amide side chain of Glu 19 (Oε1 and HNε1, HNε2, which the positive charge in 

each hydrogen increased by 0.2), in polar atoms of Cys 25 (O, Sγ, HN and HSγ), in 

the amide backbone of Asp 161 (O and HN) and in polar atoms of Gly 66 (O and 

HN).  

The lead-like subset of the ZINC2 database as of April, 2006, (416,857 

compounds) was docked using DOCK 3.5.54. This database contains compounds 

with log P values between -2 and 4, molecular weights between 150 and 350 g/mol, 

up to three hydrogen bond donors, and up to six hydrogen bond acceptors. To 

accelerate calculations in DOCK, energy potential grids were pre-calculated using 

the programs CHEMGRID3 and Delphi4. Sampling parameters used were matching 

tolerance of 1.0 Å, bin sizes of 0.2 Å for both ligand and receptor, with an overlap of 

0.2 Å. Multiple conformations and orientations of each ligand were scored based on 

van der Waals and electrostatic interactions with a penalty for ligand desolvation. 

The best scoring conformation of each compound was used for ranking the 

database. The top 500 ranked compounds from each of the two docking runs were 

visually inspected. Based on complementarity to the active site and hydrogen 

bonding pattern, seventeen compounds and were selected and purchased for further 

testing.  
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A.3 Selection of commercially available analogues of DOCK hits 

 

Commercially available analogs of compound 1 were found based on 

searches for substructures using the ZINC website, Eight compounds, varying in 

either of the two aromatic rings and/or in the linker between the rings of compound 

1, were selected and purchased from Enamine (Kiev, Ukraine) 

 

A.4 Cruzain Inhibition Assay 

 

Cruzain assays were performed in 100 mM sodium acetate, pH 5.5, 

containing 5 mM DTT and 0.001% or 0.01% Triton X-100. Compounds were 

incubated with cruzain for five minutes and reactions were initiated by adding the 

fluorogenic substrate Z-Phe-Arg-aminomethylcoumarin (Z-FR-AMC). The final 

concentration of cruzain was 0.4 nM and the substrate concentration was 2.5 µM 

(Km = 1 µM). In the assay including a pre-incubation step with bovine serum albumin 

(BSA), 0.001% Triton X-100 was used. The compounds were incubated with 0.22 

mg/mL BSA for five minutes. Cruzain was added and the mixture was incubated for 

an additional five minutes before adding of substrate. The final concentration of BSA 

was 0.1 mg/mL.  

To measure enzyme inhibition, the increase in fluorescence (excitation 

wavelength = 355 nm, emission wavelength of 460 nm), was monitored for five 

minutes in a microtiter plate spectrofluorimeter (Molecular Devices, FlexStation). 
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Activity was calculated based on initial rates using SoftMax Pro 4.8. All assays were 

performed in duplicates in 96-well plates. Each compound was assayed in at least 

seven different concentrations in each assay condition. Dose response curves were 

determined and the IC50 values were calculated using Prism 4 (GraphPad, San 

Diego, USA).  

 

To investigate competitive inhibition and calculate Ki values, each compound 

was assayed at a given concentration (based on the IC50 against cruzain) in seven 

concentrations of Z-FR-AMC (0.31 to 20 µM, in two-fold increments). In 0.01% Triton 

X-100, compounds 1, 2, 3 were tested at 100 µM, 16 and 23 at 50 µM, and 21 at 

100 µM. In 0.001% triton, compound 1 was tested at 25 µM, 2 at 100 µM, 23 and 21 

at 5 µM. For a full Ki determination, compound 1 was also evaluated at 12.5, 25, 50 

and 200 µM in 0.01% Triton X-100. Data was analyzed using Prism 4, and Ki values 

were derived from Lineweaver-Burk plots and from the variation of Km values 

apparent at different compound concentrations.  

 

A.5 AmpC β-lactamase inhibition assay  

 

Assays were performed in duplicate in 50 mM potassium phosphate (KPi), pH 

7.0, with final concentrations of 1 nM enzyme and 100 µM CENTA β-lactamase 

substrate (Km = 48 µM). Compounds and DMSO controls were pre-incubated with 

enzyme for five minutes before addition of substrate.  Selected compounds were 
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tested in the absence of Triton X-100 and, if inhibition was observed, also in 

presence of 0.01% Triton X-100.  

AmpC β-lactamase activity was based on rate of substrate cleavage. The 

increase in absorbance at 405 nm was monitored for three minutes and reaction rate 

was calculated using an initial rate function. AmpC inhibition rates in the presence 

and absence of Triton X-100 were compared. If enzymatic inhibition was detergent-

sensitive, the compound was classified as an aggregator.  

 

A.5 Flow cytometry  

 

Compound solutions were prepared by dilution from DMSO stocks into filtered 

0.1 M sodium acetate pH 5.5 containing 0.001% Triton X-100. After two minutes the 

samples were examined using a BD Gentest™ Solubility Scanner (BD Biosciences, 

San Jose, CA, USA), an adapted flow cytometer. Fifteen compounds active against 

cruzain were examined in at least two concentrations (around the IC50 and IC90 

values) and in the presence 0.001% Triton X-100. Particle counts for these solutions 

were compared to the counts for DMSO controls in the same buffer. Five inactive 

compounds were also examined, at 100 µM and 200 µM.  

 

A.6 Dynamic light scattering 

 

Compound solutions were prepared as described for flow cytometry assays. 

Solutions were incubated for five minutes and examined in a DynaPro (Wyatt 
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Technology, Santa Barbara, CA, USA) dynamic light scattering (DLS) instrument. 

Compound 21 was examined at 3.1 µM and 14 at 50 µM. Particle formation 

measured by DLS agreed with flow cytometry results.  

 

A.7 Synthesis 

 

A.7.1 General 

1H NMR spectra were recorded on a Varian INOVA-400 400MHz 

spectrometer.  Chemical shifts are reported in δ units (ppm) relative to TMS as an 

internal standard.  Coupling constants (J) are reported in hertz (Hz).  All reagents 

and solvents were purchased from Aldrich Chemical or Acros Organics and used as 

received unless otherwise indicated. Analogs 1-5 were purchased from Enamine, 

Ltd.. Intermediates SI-1,5 was prepared as described previously.  Air and/or moisture 

sensitive reactions were carried out under an argon atmosphere in oven-dried 

glassware using anhydrous solvents from commercial suppliers.  Air and/or moisture 

sensitive reagents were transferred via syringe or cannula and were introduced into 

reaction vessels through rubber septa. Solvent removal was accomplished with a 

rotary evaporator at ca 10-50 Torr. Column chromatography was carried out using a 

Biotage SP1 and silica gel cartridges from Biotage.  Analytical TLC plates from EM 

Science (Silica Gel 60 F254) were employed for TLC analyses.  
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A.7.2 Assessment of Compound Purity  

 

The purity of analogs submitted for biological testing was assessed by 

analytical HPLC using two different chromatography conditions (methods A and B).  

Analysis was performed on a Waters 2795 Separation Module / Waters 2996 

Photodiode Array Detector controlled by MassLynx 4.0 software.   Separations were 

carried out with an XTerra® MS C18 5µm 4.6x50mm column an ambient temperature 

(unregulated) using a mobile phase of water-acetonitrile containing a constant 

0.20% formic acid. The UV signal at 254 nm was monitored via photodiode array 

detector.  In method A,  the acetonitrile-water ratio was increased linearly from 5 to 

95% acetonitrile over 2.5 minutes, then maintained at 95% acetonitrile for 1.5 min., 

and then decreased to 5% acetonitrile over 0.5 min, and maintained at 5% 

acetonitrile for 0.5 min.  In method B,  the acetonitrile-water ratio was maintained at 

5% acetonitrile for 1 min., then increased linearly from 5 to 100% acetonitrile over 

7.0 minutes, then maintained at 100% acetonitrile for 1 min., and then decreased to 

5% acetonitrile over 0.5 min, and maintained at 5% acetonitrile for 0.5 min.  Each 

analog submitted for enzymatic or biological testing was assessed by one or both of 

these methods and was >95% pure, unless otherwise indicated in the experimental 

section.   
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SUPPLEMENTARY SCHEME 

Supplementary Scheme 1.  Synthesis of oxadiazole analogs. 
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Reagents and conditions:  a) 10 equiv. H2NNH2-H2O, MeOH, 91%, b) ethyl oxalyl 

chloride, DIPEA, THF, 96%, c) i) thionyl chloride, DIPEA, ether; ii) toluene, reflux, 

45% d) R-NH2, DIPEA, DMAP, EtOH 88oC, sealed vial, e)  4N HCl, dioxane. 

 
 
 
A.7.3 Experimental procedures 

 

2-(benzyloxy)-N-(2,5-dichlorophenyl)acetamide An oven-dried flask under argon 

was charged with a solution of benzyloxyacetyl chloride (0.19 g, 0.155 mL, 1.00 
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mmol) in dichloromethane (5 mL) and treated with N,N-diisopropylethylamine (0.25 

g, 0.339 ml, 2.00 mmol) and 2,5-dichloroaniline (0.16 g, 1.00 mmol).  The reaction 

mixture was stirred at 25oC for two hours and then poured into 1N HCl solution (20 

ml), followed with more dichloromethane.  The layers were separated and the 

organic phase washed with saturated NaHCO3 (1x 20 ml), brine (1x 20 ml), and then 

dried (MgSO4), filtered and concentrated.  The residue was purified by automated 

flash chromatography on silica gel (ethyl acetate-hexanes) to afford the product 

(0.24 g, 78%).  1H NMR: (400MHz, CDCl3) δ: 8.73 (br s, 1H), 8.24 (d, J = 2.4 Hz, 

1H),  7.07-6.93 (m, 6H), 6.95 (d, J = 8.4 Hz, 1H), 6.70 (dd, J = 8.4, 2.4 Hz, 1H), 4.36 

(s, 2H), 3.81 (s, 2H).  

 

N-(2,5-dichlorophenyl)-2-hydroxyacetamide.  To a solution of 2-(benzyloxy)-N-

(2,5-dichlorophenyl)acetamide  (0.341 g, 1.10 mmol) in 4 ml methanol and 5 ml ethyl 

acetate, was added 10 mg of 10% palladium on carbon.  The reaction flask 

evacuated and flushed with hydrogen gas thrice and stirred vigorously under a 

balloon of hydrogen gas for 23 hours.  The reaction mixture was then filtered through 

a pad of celite and the filtrate evaporated.  The crude product was purified by flash 

chromatography on silica gel (40% ethyl acetate-hexanes) to afford the product as a 

white solid, (0.168 g, 69%). 1H NMR: (400MHz, CDCl3) δ: 8.93 (br s, 1H), 8.49 (d, J 

= 2.2 Hz, 1H), 7.24 (m, 1H), 7.01 (dd,  J = 8.8, 2.6 Hz, 1H), 4.26 (s, 2H), 2.54 (br s, 

1H).  
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 [(2,5-dichlorophenyl)carbamoyl]methyl 2-aminobenzoate (6). To a stirred 

solution of anthranilic acid (31 mg, 0.23 mmol) and N-(2,5-dichlorophenyl)-2-

hydroxyacetamide (50 mg, 0.23 mmol) in dry DMF (2.3 ml) under dry argon was 

added DMAP (28 mg, 0.23 mmol) and diisopropylcarbodiimide (32 mg, 0.04 ml, 0.25 

mmol).  The reaction mixture was stirred overnight at room temperature and then 

poured into ethyl acetate (100 ml).  The solution was washed with water (3 x 10ml) 

and then dried (MgSO4), filtered, and concentrated.  The residue was purified by 

flash chromatography on silica gel to afford the product (7.0 mg, 10% yield, 90% 

pure by 1H NMR).  1H NMR: (400MHz, CDCl3) δ: 8.61 (brs, 1H), 8.54 (d, J = 2.7 Hz, 

1H), 7.33-7.29 (m, 1H),  7.28 (d, J = 8.9 Hz, 1H), 7.04 (dd, J = 8.4, 2.1 Hz, 1H),  

6.71-6.65 (m, 2H), 4.91 (s, 2H);  MS: (m/z): [M+H]+ = 339 

 
 
tert-Butyl 2-(cyclohexylamino)-2-oxoethylcarbamate N-Boc-glycine (1.00 g, 5.71 

mmol) and cyclohexylamine (0.98 mL, 8.6 mmol) were dissolved in DMF (16 mL) 

with stirring.  N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) 

(1.35 g, 6.81 mmol) was added, followed by N,N,-diisopropylethylamine (2.98 mL, 

17.1 mmol) and the reaction mixture was heated at 50oC for 24 hours.  The reaction 

mixture was cooled, diluted with 70 mL ethyl acetate and washed sequentially with 

with 1N HCl, 50% saturated sodium bicarbonate, and brine.  The organic layer was 

dried over magnesium sulfate, filtered and concentrated to afford a crude product 

which was purified by chromatography on silica gel (ethyl acetate) to afford the 

purified product (380 mg, 26%).  1H NMR: (400MHz, CDCl3) δ: 6.00 (br s, 1H), 5.20 
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(br s, 1H), 3.73 (m, 3H), 1.89  (dd, J = 8.0, 2.0 Hz, 2H), 1.72 (m, 2H), 1.58 (m, 1H), 

1.44 (s, 9H),  1.36 (m, 2H), 1.16 (m, 3H). 

 

2-Amino-N-(2-(cyclohexylamino)-2-oxoethyl)nicotinamide trifluoroacetate (7)  

tert-Butyl 2-(cyclohexylamino)-2-oxoethylcarbamate (0.19 g, 0.79 mmol) was treated 

with 5N HCl in dioxane for 2 hours, then concentrated to afford the amine 

hydrochloride salt.   A portion of this material (40 mg, 0.21 mmol), along with 2-

aminonicotinic acid (29 mg 0.21 mmol), and benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP, 120 mg, 0.23 mmol) 

was dissolved in DMF (2 mL) and N,N,-diisopropylethylamine (0.183 mL, 1.05 

mmol).  The mixture was stirred at room temperature for 18 hrs.  The reaction 

mixture was diluted with ethyl acetate, and the organic layer was washed with water 

and brine, dried with magnesium sulfate, and concentrated.   The crude residue was 

purified by silica gel chromatography (0-10% MeOH/CH2Cl2) followed by HPLC (5-

95% ACN/0.05%TFA/water 16 min, 20 mL/min).  Desired fractions were collected 

and lyophilized to afford the product (18 mg, 31%) as the trifluoroacetate salt.  1H 

NMR: (400MHz, DMSO-d6) δ: 8.91 (s, 1H), 8.23 (d, J = 7.2 Hz, 1H), 8.13 (d, J = 5.6 

Hz, 1H), 7.96 (br s, 1H), 7.85 (d, J = 7.6 Hz, 1H), 6.88 (t, J = 7.2 Hz, 1H), 3.83 (d, J = 

5.2 Hz, 2H), 3.54 (m, 1H), 1.70-1.65 (m, 4H), 1.55-1.53 (m, 1H), 1.29-1.09 (m, 5H); 

MS: (m/z): [M+H]+ = 276 

 
 
2-[(2-aminophenyl)formamido]-N-cyclohexylacetamide (8) Prepared as 

described above for 7 but employing anthranilic acid (29 mg, 0.21 mmol) in the 
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coupling reaction.  The crude product was purified by flash chromatography (0-10% 

MeOH-CH2Cl2) to afford 8 (38 mg, 66%) 1H NMR: (400MHz, CDCl3) δ: 7.41 (dd, J = 

6.4, 1.6 Hz, 1H), 7.23-7.18 (m, 1H),  6.86 (brs, 1H), 6.67-6.63 (m, 2H), 5.91 (br d, J = 

6.4 Hz, 1H), 5.50 (br s, 2H), 4.02 (d, J = 5.2 Hz, 1H), 3.78-3.75 (m, 1H),  1.92-1.88 

(m, 2H), 1.71-1.66 (m, 2H),  1.61-1.58 (m, 2H), 1.39-1.30 (m, 2H), 1.20-1.10 (m, 2H); 

MS: (m/z): [M+H]+ = 276 

 
 
(2-Hydrazinocarbonyl-phenyl)-carbamic acid tert-butyl ester (SI-2).  To a 

suspension of 2,5-dioxopyrrolidin-1-yl 2-(tert-butoxycarbonylamino)benzoate1 (SI-1, 

500 mg, 1.50 mmol) in methanol was added hydrazine hydrate (0.727 mL, 15 mmol).  

The reaction mixture became homogeneous and was stirred at ambient temperature 

for four hours.  Then, solvent was removed on a rotary evaporator to yield a white 

paste was that taken into a mixture of ethyl acetate and 50% saturated sodium 

bicarbonate.   The layers were separated and the organic phase washed with brine, 

dried (MgSO4), filtered, and concentrated to afford the product (0.34 g, 91%), which 

was used without further purification.  1H NMR: (400MHz, CDCl3) δ: 9.82 (s, 1H), 

8.31 (d, J = 8.3 Hz, 1H),  7.44 (t, J = 8.6 Hz, 1H), 7.36 (d, 8.0 Hz, 1H), 6.98 (t, J =  

7.4 Hz, 1H), 4.05 (br s, 2H), 1.49 S, 9H); MS: (m/z): [M+H]+ = 252. 

 

[N'-(2-tert-Butoxycarbonylamino-benzoyl)-hydrazino]-oxo-acetic acid ethyl 

ester (SI-3).  To a stirred, chilled (0oC), solution of (2-hydrazinocarbonyl-phenyl)-

carbamic acid tert-butyl ester (SI-2, 0.99 g, 3.97 mmol), and N,N,-

diisopropylethylamine (0.97 mL, 5.56 mmol) in dry THF (10mL) under dry argon  was 
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added ethyl chlorooxoacetate (0.62 mL, 5.56 mmol) dropwise.  The reaction was 

warmed to room temperature and stirred for 1 hr.  Upon completion, solvent was 

removed on a rotary evaporator and the residue was dissolved in ethyl acetate, 

washed with aqueous 1N HCl, 50% saturated sodium bicarbonate, brine, and dried 

(MgSO4), filtered, and concentrated. The crude residue (1.54g) was purified by flash 

chromatography on silica gel, eluting with 5% methanol in dichloromethane to afford 

the desired product (1.34 g, 96%).  1H NMR: (400MHz, CDCl3) δ: 9.71-9.69 (m, 2H), 

8.91 (d, J = 6.6 Hz, 1H), 8.38 (d, J = 8.4 Hz, 1H),  7.55 (d, J = 8.0 Hz, 1H), 7.50 (t, J 

= 7.2 Hz, 1H), 7.02 (t, J = 7.6 Hz, 1H), 4.42 (q, J = 6.8 Hz, 2H), 1.49 (s, 9H), 1.41 (t, 

6.8 Hz, 3H); MS: (m/z): [M+H]+ = 352 

 

 

5-(2-tert-Butoxycarbonylamino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 

ethyl ester (SI-4). To a stirred, chilled (0oC), suspension of [N'-(2-tert-

butoxycarbonylamino-benzoyl)-hydrazino]-oxo-acetic acid ethyl ester (SI-3, 0.35 g, 1 

mmol) and pyridine (0.21 mL , 2.60 mmol) in dry diethyl ether (8 mL) was added 

thionyl chloride (0.109 mL, 1.50 mmol) dropwise under dry argon. The reaction 

mixture was stirred for 2 hours at 0°C and then warmed to room temperature.  The 

reaction mixture was filtered through celite, the filtrate evaporated, and the residue 

taken into toluene (8 mL) and heated at reflux for 2 hrs.  After cooling, the reaction 

mixture was concentrated, and the crude product purified by flash chromatography 

on silica gel eluting with 6:1 hexane-ethyl acetate to afford the desired product (151 

mg, 45%).  1H NMR: (400MHz, CDCl3) δ: 10.09 (s, 1H), 8.52 (d, J = 8.4 Hz, 1H), 
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7.97 (dd, J = 8.0, 1.2 Hz, 1H),  7.54 (t, J = 8.4 Hz, 1H),  7.11 (t, J = 8.0 Hz, 1H), 4.55 

(q, J = 7.2 Hz, 2H),  1.52 (s, 9H), 1.47 (t, J = 7.2 Hz, 3H) 13C NMR: (100MHz, CDCl3) 

δ: 165.9, 155.4, 154.4, 153.0, 140.1, 134.2, 128.5, 122.2, 119.4, 108.7, 81.2, 63.8, 

28.5, 14.3; MS: (m/z): [M+H]+ = 334. 

 

 

[2-(5-Cycloheptylcarbamoyl-[1,3,4]oxadiazol-2-yl)-phenyl]-carbamic acid tert-

butyl ester.  A solution of 5-(2-tert-butoxycarbonylamino-phenyl)-[1,3,4]oxadiazole-

2-carboxylic acid ethyl ester  (SI-4, 60 mg, 0.18 mmol) in ethanol (1.5 mL) was 

treated with cycloheptylamine (0.150 mL, 1.01 mmol), and the mixture was heated at 

reflux for one hour under argon.  The reaction mixture was cooled, concentrated, 

and the crude product purified by automated column chromatography eluting with 

ethyl acetate-hexane to afford the desired product (67 mg, 94%).  1H NMR: 

(400MHz, CDCl3) δ: 10.03 (s, 1H),  8.49 (d, J = 8.8 Hz, 1H),  8.00 (dd, J = 8.0, 2.0 

Hz, 1H), 7.51-7.47 (m, 1H), 7.10-7.06, (m, 1H), 4.19-4.10 (m, 1H),  2.06-2.00 (m, 

2H), 1.69-1.48 (m, 19H); MS: (m/z): [M+H]+ = 401. 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid cycloheptylamide (10). 

A flask was charged with [2-(5-cycloheptylcarbamoyl-[1,3,4]oxadiazol-2-yl)-phenyl]-

carbamic acid tert-butyl ester (67 mg, 0.168 mmol) and a solution of 4N HCl/dioxane 

(5mL) added.  The reaction mixture was stirred at room temperature until the 

reaction was judged complete.  The solvent was removed on a rotary evaporator 

and the residue was purified by semi-preparative HPLC to afford the desired product 
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(30 mg, 45%).  1H NMR: (400MHz, CDCl3, CD3OD) δ: 7.86 (dd, J = 8.5, 1.4 Hz, 1H), 

7.30-7.26 (M, 1H), 7.02 (br d, J = 8.1 Hz, 1H), 6.78-6.74 (m, 2H), 2.02-1.97 (m, 4H),  

1.72-1.48 (m, 6 H);  MS: (m/z): [M+H]+ = 301 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid ethyl ester 

hydrochloride (SI-7). 5-(2-tert-Butoxycarbonylamino-phenyl)-[1,3,4]oxadiazole-2-

carboxylic acid ethyl ester  (SI-4, 127 mg, 0.381 mmol) was taken into 4N HCl in 

dioxane (10 mL) and stirred at room temperature until the reaction was complete as 

judged by LC-MS.  Solvent was removed on a rotary evaporator and the residue was 

triturated with ether to afford the crude product, which was generally used without 

further purification in subsequent reactions (see General Method A below).  A 

portion of this material was purified by semi-preparative HPLC for the purposes of 

full characterization. 1H NMR: (400MHz, DMSO-d6) δ: 7.62 (dd, J = 8.0, 1.2 Hz, 1H), 

7.29-7.25 (m, 1H), 6.90 (d, J = 8.4 Hz, 1H), 6.78 (br s, 2H), 6.67 (t , J = 6.8 Hz, 1H),  

4.43 (q, J = 7.1 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H) 13C NMR: (100MHz, CDCl3) δ: 

166.3, 155.2, 154.8, 149.2, 134.1, 128.5, 116.9, 116.4, 103.6, 63.5, 14.5 MS: (m/z): 

[M+H]+ =  234 

 

A.7.4 General Method for Oxadiazole Analog Synthesis 

General Method A 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid ethyl ester, hydrochloride 

salt (SI-7, ~0.12 mmol scale generally), N,N,-diisopropylethylamine  (2-3 

equivalents) and C-ring amine (2-3 equivalents) are dissolved or suspended in 1 mL 
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absolute ethanol in a glass vial containing a stir bar.  The vial is sealed with a cap 

and heated at 88°C with stirring until the reaction is judged complete by TLC or LC-

MS, typically more than 16 hours and up to 96 hours.  After cooling to room 

temperature, the product often precipitates and is collected, washed with ethanol 

and 6:1 ethyl acetate-hexane, and dried.  This protocol typically affords product of 

high purity for those compounds that precipitate from the reaction solution.   In cases 

where product does not precipitation, the reaction solvent is removed in vacuo and 

the crude product purified by flash chromatography on silica gel or by semi-

preparative HPLC.  Typical yields are 40-67%. 

 

General Method B 

5-(2-tert-Butoxycarbonylamino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid ethyl 

ester (compound SI-4, ~0.12 mmol scale generally) and C-ring amine (~1.3 

equivalents) are dissolved in 1 mL absolute ethanol in a glass vial containing a stir 

bar.  In cases where the amine is provided as a salt, an excess (1-3 equivalent per 

equivalent of amine salt) of N,N,-diisopropylethylamine are added to the reaction 

mixture.   The vial is sealed with a cap and heated at 88°C with stirring until the 

reaction is judged complete by TLC or LC-MS, typically more than 16 hours and up 

to 96 hours. For reactions that prove sluggish, a small amount (~1mg) of 4-

dimethylaminopyridine can be added. After cooling to room temperature, the 

reaction product often precipitates and is collected, washed with ethanol and 6:1 

ethyl acetate-hexane, and dried.  In cases where product does not precipitate, , the 

reaction solvent is removed in vacuo, and the crude product purified by flash 
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chromatography on silica gel. The resulting Boc-protected intermediates are then 

taken into dichloromethane (2 mL), treated with trifluoroacetic acid (0.4 mL), and 

stirred at room temperature until the deprotection reaction is complete.  The product 

is then purified by semi-preparative HPLC.  Typical yields are 11-22% overall (two 

steps). 

  

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (2,4-dimethoxy-phenyl)-

amide  trifluoroacetate (11, SMDC-256029). Prepared according to General 

Method B (11 mg, 24%). 1H NMR: (400MHz, DMSO-d6) δ: 9.94 (s, 1H), 7.74 (d, J = 

7.7 Hz, 1H), 7.30 (t, J = 7.3 Hz, 1H),  6.90 (d, J = 8.4 Hz, 1H), 6.77 (br s 2H),  6.69-

6.65 (m, 2H), 6.56 (dd, J = 8.9, 2.6 Hz, 1H), 3.82 (s, 3H), 3.75 (s, 3H); MS: (m/z): 

[M+H]+ = 341 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid cyclohexylamide, 

trifluoroacetate (9, SMDC-256027).   Prepared according to General Method B (48 

mg, 80%).  1H NMR: (400MHz, CDCl3, CD3OD) δ: 7.86 (dd, J = 8.1, 1.5 Hz, 1H), 

7.30-7.26 (m, 1H),  7.15 (d, J = 5.2 Hz, 1H), 6.79-6.74 (m, 2H),  6.32 (br s, 2H), 3.99-

3.93 (m, 1H), 2.03-1.99 (m, 2H), 1.79-1.73 (m, 2H), 1.67-1.60 (m, 1H), 1.47-1.08 (m, 

5H); MS: (m/z): [M+H]+ = 287. 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (benzo[1,3]dioxol-5-

ylmethyl)-amide (SMDC-256107). Prepared according to General Method A. 1H 
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NMR: (400MHz, CDCl3, CD3OD) δ: 7.88-7.81 (m, 2H)7.23 (m, 1H), 6.65-6.80 (m, 

4H), 5.88 (s, 2H), 4.48 (d, J = 4.8 Hz, 2H);  MS: (m/z): [M+H]+ = 339 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 3-fluoro-4-

trifluoromethyl-benzylamide (SMDC-256108). Prepared according to General 

Method A. 1H NMR: (400MHz, CDCl3, CD3OD) δ: 8.24 (br s, 1H), 7.82 (dd, J = 8.0, 

1.5 Hz, 1H),   7.49-7.63 (m, 2H), 7.27-7.17 (m, 1H), 6.76-6.69 (m, 2H),  4.68 (d, J = 

6.0 Hz, 2H); MS: (m/z): [M+H]+ = 381 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (5-methyl-furan-2-

ylmethyl)-amide (SMDC-256109). Prepared according to General Method A.  1H 

NMR: (400MHz, CDCl3, CD3OD) δ: 7.83-7.81 (m, 2H) 7.25-7.23 (m, 1H), 6.76-6.71 

(m, 2H),  6.15 (d, J = 2.8 Hz, 1H), 5.86 (d, 2.8 Hz, 1H), 4.52-4.54 (d, J = 5.6 Hz, H), 

2.21 (s, 3H) (m, 2H); HPLC (method B) tR  5.65 min (92.3 area %); MS: (m/z): [M+H]+ 

= 299 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 2,5-dimethoxy-

benzylamide (16, SMDC-256110).  Prepared according to General Method A. (38 

mg, 67%).  1H NMR: (400MHz, CDCl3) δ: 7.86 (dd, J = 8.0, 1.5 Hz, 1H),  7.64 (m, 

1H), 7.23-7.18 (m, 1H), 6.90 (m, 1H), 6.89-6.71 (m, 4H), 5.80 (br s, 2H), 4.59 (d, J= 

6.0 Hz, 2H), 3.82 (s, 3H) 3.77 (s, 3H);  MS: (m/z): [M+H]+ = 355 
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5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (2-morpholin-4-yl-

ethyl)-amide (17, SMDC-256111).  Prepared according to General Method A.  1H 

NMR: (400MHz, CDCl3, CD3OD) δ: 7.80 (dd, J = 8.0, 1.5 Hz, 1H),  7.21 (m, 1H), 

6.75-6.68 (m, 2H), 3.91-3.81 (m, 6H), 3.34-3.27 (m, 6H);  MS: (m/z): [M+H]+ = 318 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (1-ethyl-pyrrolidin-2-

ylmethyl)-amide trifluoroacetate (18, SMDC-256112). Prepared according to 

General Method A.  1H NMR: (400MHz, CDCl3, CD3OD) δ: 7.85-7.87 (dd, J = 8.0, 

1.5 Hz, 1H), 7.26-7.22 (m, 1H), 6.75-6.69 (m, 2H), 3.87-3.66 (m, 4H), 3.36-3.33 (m, 

1H), 2.93-2.91 (m, 2H),  2.27-2.23 (m, 1H) 2.23-1.90 (m, 3H),  1.29 (t, 7.2 Hz 3H); 

MS: (m/z): [M+H]+ = 316 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid indan-1-ylamide 

trifluoroacetate (SMDC-256113). Prepared according to General Method A. 1H 

NMR: (400MHz, CDCl3, CD3OD) δ: 7.86 (dd, J = 8.0, 1.5 Hz, 1H), 7.73 (d, J= 6Hz, 

1H), 7.30-7.17 (m, 4H), 6.76-6.71 (m, 2H), 5.65 (dd, J= 15.2 Hz, 7.8 Hz, 1H), 3.03-

3.01 m, 1H), 2.91- 2.85 (m, 1H), 2.65-2.59 (m, 1H), 1.99-1.94 (m, 1H); MS: (m/z): 

[M+H]+ = 321 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (3-imidazol-1-yl-

propyl)-amide trifluoroacetate (SMDC-256114).  Prepared according to General 

Method A.  1H NMR: (400MHz, CDCl3, CD3OD) δ: 8.90 (s, 1H), 7.83 (dd, J = 8.0, 1.5 
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Hz, 1H), 7.31-7.25 (m, 3H), 6.77-6.72 (m, 2H), 4.26-4.22 (m, 2H), 3.47-3.44 (m, 2H), 

2.21-2.17 (t, 2H); MS: (m/z): [M+H]+ = 313 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid [3-(2-oxo-pyrrolidin-1-

yl)-propyl]-amide (19, SMDC-256115). Prepared according to General Method A.  

1H NMR: (400MHz, CDCl3): δ: 8.29 (br s, 1H), 7.88 (dd, J = 8.0, 1.5 Hz, 1H), 7.28-

7.26 (m, 1H), 6.77-6.71 (m, 2H), 5.85 (br s, 2H), 3.47-3.38 (m, 2H), 2.44-2.40 (m, 

2H), 2.08-2.02 (m, 2H), 1.84-1.78 (m, 2H); MS: (m/z): [M+H]+ = 330 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid piperidin-4-ylamide 

(SMDC-256116).  Prepared according to General Method A.  1H NMR: (400MHz, 

CDCl3, CD3OD) δ: 7.84 (dd, J = 8.0, 1.5 Hz, 1H),  7.27-7.23 (m, 1H), 6.76-6.69 (m, 

2H), 4.20-4.16 (m, 1H),  3.46-3.42 (m, 2H), 2.99-2.92 (m, 2H), 2.16-2.11 (m, 2H), 

2.00-1.90 (m, 2H); MS: (m/z): [M+H]+ = 288 

 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (1H-benzoimidazol-2-

ylmethyl)-amide (SMDC-256117). Prepared according to General Method A.  1H 

NMR: (400MHz, CDCl3, CD3OD) δ: 7.83 (dd, J = 8.0, 1.5 Hz, 1H), 7.53-7.51 (m, 2H), 

7.26-7.22 (m, 3H), 6.76-6.70 (m, 2H), 4.79 (s, 2H);  MS: (m/z): [M+H]+ = 335 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid [2-(2-oxo-imidazolidin-

1-yl)-ethyl]-amide (SMDC-256118). Prepared according to General Method A.  1H 
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NMR: (400MHz, CDCl3, CD3OD) δ: 7.83 (dd, J = 8.0, 1.5 Hz, 1H) 7.25-7.21 (m, 1H),  

6.75-6.68 (m, 2H),  3.59-3.53 (m, 2H), 3.51-3.49 (m, 2H), 3.40-3.32 (m, 4H);  MS: 

(m/z): [M+H]+ = 317 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (2-hydroxy-indan-1-yl)-

amide trifluoroacetate (SMDC-256119). Prepared according to General Method A.  

1H NMR: (400MHz, CDCl3, CD3OD) δ: 8.04 (d, J= 9.8 Hz, 1H); 7.86 (dd, J = 8.0, 2.1 

Hz, 1H), 7.31-7.18 (m, 4H), 6.76-6.70 (m, 2H), 5.53-5.51 (m, 1H), 4.68-4.65 (m, 1H), 

3.20 (dd, J= 11.5 Hz, 4.5 Hz, 1H), 2.99 (dd, J= 11.5 Hz, 4.5 Hz, 1H);  MS: (m/z): 

[M+H]+ = 337 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (4-diethylamino-

phenyl)-amide  trifluoroacetate (SMDC-256120). Prepared according to General 

Method B.  1H NMR: (400MHz, CDCl3, CD3OD) δ: 7.87-7.83 (m, 3H), 7.40 (d, J = 8.7 

Hz,), 7.27-7.23 (m, 1H),  6.78-6.74 (m, 2H), 3.50 (q, J = 6.8 Hz, 4H), 1.11 (t, J = 

7.3** Hz, 6H); MS: (m/z): [M+H]+ = 352 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (2-methyl-1H-indol-5-

yl)-amide trifluoroacetate (13, SMDC-256121). Prepared according to General 

Method B.  1H NMR: (400MHz, CDCl3, CD3OD) δ: 7.89-7.87 (m, 2H), 7.29-7.23 (m, 

4H), 6.79-6.76 (m, 2H), 2.41 (s, 3H); MS: (m/z): [M+H]+ = 334 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (2-oxo-azepan-3-yl)-
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amide (SMDC-256170). Prepared according to General Method A.  1H NMR: 

(400MHz, CDCl3) δ: 8.39 (d, J = 5.9 Hz, 1H) 7.87 (dd, 1H, J = 8.0, 1.1 Hz) 7.29-7.26 

(m, 1H), 6.78-6.73 (m, 2H), 6.11 (br s, 1H), 5.84 (br s, 2H), 4.72-4.68 (m, 1H), 3.33-

3.28 (m, 2H),  2.24-2.20 (m, 1H), 2.06-2.05 (m, 1H),  1.89-1.86 (m, 2H), 1.86-1.42 

(m, 2H); MS: (m/z): [M+H]+ = 316 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (1-adamantan-1-yl-

ethyl)-amide trifluoroacetate (SMDC-256171). Prepared according to General 

Method A.  1H NMR: (400MHz, CDCl3) δ: 7.86 (dd, J= 7.8, 1.9 Hz, 1H) 7.32-7.28 (m, 

1H), 7.14 (d, J = 10.2 Hz, 1H) 6.80-6.75 (m, 2H), 5.43 (br s, 3H), 3.94-3.87 (m, 1H), 

2.00 (s, 3H),  1.53-1.72 (m, 12H), 1.16 (d, J = 6.8 Hz, 3H); MS: (m/z): [M+H]+ = 367 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (2-thiomorpholin-4-yl-

pyridin-4-ylmethyl)-amide (SMDC-256172). Prepared according to General 

Method A.  1H NMR: (400MHz, CDCl3) δ: 8.13-8.11 (m, 1H); 7.88 (dd, 1H, J = 8.5, 

1.5 Hz), 7.49 (br s, 1H), 7.31-7.27 (m, 1H), 6.78-6.74 (m, 2H), 6.55-6.54 (m, 2H), 

5.80 (br s, 2H),  4.56 (s, 2H), 3.94-3.91 (m, 4H), 2.64-2.62 (m, 4H); MS: (m/z): 

[M+H]+ = 397 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid indan-2-ylamide  

trifluoroacetate (SMDC-256173). Prepared according to General Method A.  1H 

NMR: (400MHz, CDCl3) δ: 7.87 (dd, J = 8.1, 1.5 Hz, 1H), 7.32-7.17 (m, 5H), 6.77-
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6.73 (m, 2H), 4.94-4.90 (m, 1H), 4.32 (br s, 3H), 3.43-3.37 (m, 2H), 2.99-2.94 (m, 

2H);  MS: (m/z): [M+H]+ = 321 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (benzo[1,2,5]thiadiazol-

4-ylmethyl)-amide trifluoroacetate (SMDC-256174).  Prepared according to 

General Method A.  1H NMR: (400MHz, CDCl3, CD3OD) δ: 8.34 (t, J = 7.5 Hz, 1H), 

7.93 (m, 1H), 7.83 (dd, J = 8.1, 1.5 Hz, 1H), 7.59-7.52 (m, 2H), 7.27-7.23 (m, 1H), 

6.76-6.70 (m, 2H), 5.10 (d, J = 6.0 Hz); MS: (m/z): [M+H]+ = 353 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 3-morpholin-4-yl-

benzylamide  (SMDC-256175). Prepared according to General Method A.  1H NMR: 

(400MHz, CDCl3) δ: 7.85-7.88 (m, 1H), 7.45 (br s, 1H), 7.22-7.30 (m, 2H), 6.73-6.87 

(m, 5H), 5.80 (br s, 2H),  4.59-4.61 (d, J = 6Hz, 2H), 3.81-3.83 (m, 4H), 3.12-3.15 

(m, 4H), HPLC; MS: (m/z): [M+H]+ = 380 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 2-amino-6-fluoro-

benzylamide (SMDC-256176). Prepared according to General Method A. 1H NMR: 

(400MHz, CDCl3) δ: 7.84 (dd, J = 7.9, 0.9 Hz, 1H), 7.56 (t, 6.1 Hz, 1H), 7.30-7.25 (m, 

1H), 7.05-7.00 (m, 1H), 6.77-6.72 (m, 2H), 6.45-6.40 (m, 2H),  5.80 (m, 2H), 4.64-

4.60 (m, 4H); MS: (m/z): [M+H]+ = 328 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 3,4,5-trimethoxy-

benzylamide (SMDC-256177). Prepared according to General Method A.  1H NMR: 
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(400MHz, CDCl3) δ: 7.84 (dd, J = 7.9, 0.9 Hz, 1H), 7.65(M, 1H), 7.25-7.23 (m, 1H), 

6.76-6.55 (m, 2H), 6.55 (s, 2H), 5.80 (br s, 2H), 4.57 (d, J = 6.0 Hz, 2H), 3.80 (s, 

9H); MS: (m/z): [M+H]+ = 385 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (5-methyl-2-phenyl-2H-

[1,2,3]triazol-4-ylmethyl)-amide (SMDC-256185). Prepared according to General 

Method A. 1H NMR: (400MHz, CDCl3) δ: 7.96-7.98 (m, 2H), 7.88 (dd, J = 7.9, 0.9 

Hz, 1H), 7.62 (t, J = 5.4 Hz, 1H), 7.45-7.41 (m, 2H), 7.31-7.25 (m, 2H), 6.78-6.73 (m, 

2H), 5.81 (br s, 2H), 4.77 (d, J = 5.4 Hz, 2H), 2.41 (s, 3H); MS: (m/z): [M+H]+ = 376 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 3-pyrazol-1-yl-

benzylamide  (SMDC-256186). Prepared according to General Method A.  1H NMR: 

(400MHz, CDCl3, CD3OD) δ: 7.89-7.88 (m, 1H), 7.83 (dd, J = 8.1, 1.5 Hz, 1H), 7.64 

(s, 2H), 7.53-7.51 (t, J= 7.6 Hz, 1H), 7.27-7.21 (m, 2H), 6.75-6.70 (m, 2H), 6.41-6.40 

(m, 1H),  4.64 (s, 2H); MS: (m/z): [M+H]+ = 361 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 2-(tetrahydro-pyran-4-

yloxy)-benzylamide (SMDC-256187). Prepared according to General Method A. 1H 

NMR: (400MHz, CDCl3) δ: 7.85 (dd, J = 8.1, 1.1 Hz, 1H), 7.6 (t, J = 5.4 Hz, 1H),  7.3 

(m, 1H), 7.24-7.26 (m, 2H), 6.88-6.86 (m, 2H), 6.76-6.70 (m, 2H), 5.80 (br s, 2H), 

4.64-4.66 (d, J= = 6.2 Hz, 2H), 4.58-4.56 (m, 1H),  4.00-3.94 (m, 2H), 3.62-3.56 (m, 

2H), 2.09-2.06 (m, 2H), 1.86-1.82 (m, 2H); MS: (m/z): [M+H]+ = 395 
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5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 4-phenoxy-

benzylamide (SMDC-256188).  Prepared according to General Method A. 1H NMR: 

(400MHz, CDCl3) δ: 7.89 (dd, J = 8.1, 1.5 Hz, 1H), 7.31-7.23 (m, 7H) , 7.09 (m, 1H), 

6.99 (m, 3H),  6.78-6.76 (m, 2H), 5.80 (br s, 2H), 4.63 (d, J = 6.3 Hz, 2H); MS: (m/z): 

[M+H]+ = 387 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 2-morpholin-4-yl-

benzylamide  (SMDC-256189). Prepared according to General Method A. 1H NMR: 

(400MHz, CDCl3) δ: 8.62 (t, J = 5.2 Hz 1H) 7.88 (dd, J= 7.1, 1.5 Hz, 1H), 7.30-7.18 

(m, 4H), 7.13-7.11 (m, 1H), 6.77-6.72 (m, 2H), 5.81 (br s, 2H), 4.75 (d, J = 5.5 Hz, 

2H), 3.91-3.93 (m, 4H), 2.94-2.97 (m, 4H); MS: (m/z): [M+H]+ = 380 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 4-pyrazol-1-ylmethyl-

benzylamide (SMDC-256190). Prepared according to General Method A.  1H NMR: 

(400MHz, CDCl3) δ: 7.87 (dd, J = 8.0, 1.4 Hz, 1H), 7.52-7.17 (m, 8H), 6.78-6.75 (m, 

2H),  6.25-6.26 (m, 1H), 5.79 (br s, 2H), 5.29 (s, 2H), 4.64 (d, 6.3 Hz, 2H); MS: (m/z): 

[M+H]+ = 375 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (1,3-dimethyl-

bicyclo[2.2.1]hept-2-yl)-amide  (SMDC-256191).  Prepared according to General 

Method A.  1H NMR: (400MHz, CDCl3) δ: 7.87 (dd, J = 8.0, 1.5 Hz, 1H), 7.29-7.25 

(m, 1H) 7.22 (d, J = 9.2 Hz, 1H),  7.77-6.73 (m, 2H), 5.81 (br s, 2H),  3.80 (dd, J= 

9.7, 1.8 Hz, 1H),  1.81-1.78 (M, 1H),  1.72-1.66 (m, 2H),  1.55-1.45 (m, 1H), 1.42-
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1.34 (m, 1H), 1.29-1.20 (m, 2H), 1.15 (s, 3H), 1.09 (s, 3H), 0.86 (s, 3H); MS: (m/z): 

[M+H]+ = 341 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid [5-(4-methoxy-phenyl)-

1H-pyrazol-3-yl]-amide  trifluoroacetate (21, SMDC-256192). Prepared according 

to General Method B.  1H NMR: (400MHz, DMSO-d6) δ: 11.62 (s, 1H) 7.90-7.92 (m, 

1H),  7.66-7.68 (d, 8.8 Hz, 2H),  7.26-7.30 (m, 1H), 6.99-7.01 (d, 8.4 Hz, 2H) 6.88-

6.90 (d, 8.0 Hz, 2H), 6.77 (br s, 1H), 6.66-6.69 (m, 1H), 3.76 (s, 3H) 13C NMR: 

(100MHz, DMSO-d6) δ: 166.0, 159.9, 157.1, 151.5, 149.0, 146.7, 143.4, 133.9, 

129.1, 127.2, 122.7, 116.7, 116.3, 115.1, 104.0, 94.7, 55.9; MS: (m/z): [M+H]+ = 377  

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (4-morpholin-4-yl-

phenyl)-amide  trifluoroacetate (SMDC-256193). Prepared according to General 

Method B.  1H NMR: (400MHz, DMSO-d6) δ: 10.96 (s, 1H), 7.77-7.74 (m, 1H), 7.67 

(d, J = 8.0 Hz, 2H),  7.30-7.26 (m, 1H), 6.96 (d, J = 8.0 Hz, 2H),  6.91 (d, J = 8.5 Hz, 

1H) 6.70 (t, J = 7.4 Hz, 1H) 3.71 (t, J= 3.7 Hz, 4H), 3.08 (t, J= 3.7 Hz, 4H); MS: 

(m/z): [M+H]+ = 366 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (6,7,8,9-tetrahydro-

dibenzofuran-2-yl)-amide trifluoroacetate (12, SMDC-256194).  Prepared 

according to General Method B. 1H NMR: (400MHz, DMSO-d6) δ: 11.1 (s, 1H),  7.91 

(s, 1H), 7.78 (d, J = 7.8 Hz, 1H), 7.57-7.55 (m, 1H), 7.47 (d, J = 8.8 Hz, 1H),  7.31-

7.27 (m, 1H), 6.92 (d, J = 8.4 Hz, 1H), 6.80 (br s, 2H),  6.71 (t, J= 6.9 Hz, 1H), 2.70 
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(t, J = 5.3 Hz, 2H), 2.56 (t, J = 5.1 Hz, 2H), 1.88-1.82 (m, 2H), 1.79-1.75 (m, 2H), 

HPLC (method A) tR  3.18 min (100 area %), HPLC (method A) tR  2.93 min (100 

area %), HPLC (method B) tR  6.98 min (90.2 area %); MS: (m/z): [M+H]+ = 375 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid 2,6-dichloro-

benzylamide (15, SMDC-256195).  Prepared according to General Method B, 

except  additional 2,6- dichlorobenzylamine (40 mg, 0.23 mmol) was added during 

the course of the reaction.  1H NMR: (400MHz, CDCl3) δ: 7.87 (dd, J = 8.0, 1.5 Hz, 

1H), 7.35-7.19 (m, 4H) 6.78-6.73 (m, 2H), 5.80 (br s, 2H), 4.98 (d, J = 5.9 Hz, 2H); 

MS: (m/z): [M+H]+ = 363 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (2-morpholin-4-yl-

pyridin-4-ylmethyl)-amide (SMDC-256196). Prepared according to General 

Method B, except that additional 2-morpholin-4-yl-pyridin-4-ylmethyl)-amine (65 mg, 

0.34 mmol) was added during the course of the reaction.  1H NMR: (400MHz, CDCl3) 

δ: 8.16 (d, J = 5.2 Hz, 1H), 7.87 (dd, J = 8.0, 1.5 Hz, 1H), 7.46 (m, 1H), 7.31-7.29 

(m, 1H), 6.79-6.74 (m, 2H),  6.61-6.60 (m, 2H),  5.80 (br s, 2H), 4.59 (d, J = 6.0 Hz, 

2H), 3.80 (t, J = 4.8 Hz, 4H), 3.50 (t, J = 4.8 Hz, 4H); MS: (m/z): [M+H]+ = 381 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (1H-indazol-5-yl)-amide 

(SMDC-256197).  Prepared according to General Method B.  1H NMR: (400MHz, 

CDCl3, CD3OD) δ: 8.23 (d, J = 2.0 Hz, 1H), 8.00 (s, 1H),  7.89 (dd, J = 8.0, 1.2 Hz, 
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1H), 7.52-7.49 (m, 2H), 7.26-7.22 (m, 1H), 6.78-6.74 (m, 2H); MS: (m/z): [M+H]+ = 

321 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (3-pyrrolidin-1-yl-

phenyl)-amide trifluoroacetate (14, SMDC-256200).  Prepared according to 

General Method B.  1H NMR: (400MHz, CDCl3, CD3OD) δ: 9.20 (s, 1H), 7.93 (s, 1H), 

7.88 (d, J = 7.6 Hz, 1H), 7.53-7.49 (m, 1H), 7.47  (t, J = 8.0 Hz, 1H), 7.33 (t, J = 7.2 

Hz, 1H), 7.21-7.18 (m, 1H), 6.81-6.78 (m, 2H), 6.29 (br s, *H)  3.71 (s, 4H), 2.26 (s, 

4H), HPLC (method B) tR  6.57 min (90.8 area %), MS: (m/z): [M+H]+ = 350 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (2-thiophen-2-yl-

thiazol-4-ylmethyl)-amide  (SMDC-256202).  Prepared according to General 

Method A.  1H NMR: (400MHz, CDCl3) δ: 7.88 (dd, J = 8.0, 1.5 Hz, 1H), 7.72 (br s, 

1H), 7.50-7.49 (m, 1H), 7.39-7.38 (m, 1H),  7.30-7.26 (m, 1H), 7.15 (m, 1H), 7.07-

7.05 (m, 1H), 6.78-6.76 (m, 2H), 5.81 (br s, 2H), 4.77 (d, J = 5.6 Hz, 2H); MS: (m/z): 

[M+H]+ = 384 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (5-thiophen-2-yl-1H-

pyrazol-3-yl)-amide trifluoroacetate (23, SMDC-281561). Prepared according to 

General Method B.  1H NMR: (400MHz, DMSO-d6) δ: 11.76 (br s, 1H), 7.87 (br s, 

1H), 7.55 (br s, 1H), 7.45 (s, 1H),  7.30 (m, 1H),  7.11 (t, J= 3.7 Hz, 1H), 6.90 (d, J= 

8.4 Hz, 1H),  6.77 (br s, 2H),  6.70 (t, J  = 7.5 Hz, 1H); MS: (m/z): [M+H]+ = 353 
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5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (1-methyl-1H-pyrazol-3-

yl)-amide trifluoroacetate (26, SMDC-281562). Prepared according to General 

Method B.  1H NMR: (400MHz, CDCl3) δ: 9.59 (s, 1H),  7.91 (dd, J = 8.0, 1.2 HZ, 

1H), 7.31-7.27 (m, 2H), 6.81-6.74 (m, 3H), 6.10 (br s, 3H),  3.84 (s, 3H), HPLC 

(method B) tR  4.92 min (93.3 area %), MS: (m/z): [M+H]+ = 285 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (5-methyl-2H-pyrazol-3-

yl)-amide  trifluoroacetate (25, SMDC-281563). Prepared according to General 

Method B.  1H NMR: (400MHz, DMSO-d6) δ: 11.46 (s, 1H),  7.89 (m, 1H), 7.29 (t, J = 

6.9 Hz, 1H), 6.89 (d, J = 8.4 Hz, 1H),  6.76 (br s, 2H), 6.69 (t, J = 7.70 Hz, 1H), 6.35 

(br s, 1H), 2.21 (s, 3H); MS: (m/z): [M+H]+ = 285 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (5-tert-butyl-2H-

pyrazol-3-yl)-amide trifluoroacetate (24, SMDC-281564). Prepared according to 

General Method B.  1H NMR: (400MHz, DMSO-d6) δ: 11.47 (s, 1H),  7.89-7.87 (m, 

1H), 7.29 ( t, J = 8.4 Hz, 1H),  6.89 (d, J = 8.4 Hz, 1H),  6.68 ( t, J = 8.0 Hz, 1H),  

6.36 (s, 1H), 5.71 (s, 1H), 1.24 (s, 9H); MS: (m/z): [M+H]+ = 327 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (2-methyl-2H-pyrazol-3-

yl)-amide  trifluoroacetate (SMDC-281565). Prepared according to General 

Method B.  1H NMR: (400MHz, CDCl3, CD3OD) δ: 7.88 (dd, J =  8.0, 1.2 Hz, 1H),  

7.46 (d, J = 2.0 Hz,  1H),  7.31 (t, J = 8.6 Hz, 1H), 6.79-6.73 (m, 2H), 6.41 (d, J = 1.6 

Hz, 1H), 3.83 (s, 3H); MS: (m/z): [M+H]+ = 285 
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5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (5-phenyl-2H-pyrazol-3-

yl)-amide  trifluoroacetate (22, SMDC-281566). Prepared according to General 

Method A.  1H NMR: (400MHz, DMSO-d6) δ: 11.66  (s, 1H), 7.90-7.89 (m, 1H), 7.74 

(d, J = 7.7 Hz, 2H),  7.45 (t, J = 8.3 Hz, 2H), 7.34 (t, J = 7.4 Hz, 1H), 7.29 (t, J = 

7.7Hz, 1H),  6.98 (s, 1H),  6.90 (d, J = 8.4 Hz, 1H), 6.76 (br s, 2H),  6.69 (t, J = 7.0 

Hz, 1H),  3.97 (s, 1H); MS: (m/z): [M+H]+ = 347 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid [5-(4-chloro-phenyl)-

[1,3,4]thiadiazol-2-yl]-amide   (SMDC-281573). Prepared according to General 

Method A. 1H NMR: (400MHz, DMSO-d6) δ: 7.91 (d, J = 8.5Hz, 2H),  7.75 (dd, J = 

8.1, 1.4 Hz, 1H),  7.53 (d, J = 8.5Hz, 2H),  7.27 (t, 8.5 Hz, 1H),  6.89 (d, J = 8.8 Hz, 

1H), 6.76 (br s, 2H), 6.69 (t, J = 8.1 Hz, 1H) HPLC (method B) tR  6.63 min (93.8 

area %), MS: (m/z): [M+H]+ = 399 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid [4-(4-chloro-phenyl)-

thiazol-2-yl]-amide trifluoroacetate (SMDC-281574). Prepared according to 

General Method A.  1H NMR: (400MHz, DMSO-d6) δ: 7.97-7.94 (m, 3H), 7.84 (s, 

1H), 7.50 (d, J = 8.7Hz, 2H), 7.31 (t, J = 8.4 Hz, 1H),  6.91 (d, J = 9.0 Hz, 1H), 6.71 

(t, J = 8.1 Hz, 1H); MS: (m/z): [M+H]+ = 398 

 

5-(2-Amino-phenyl)-[1,3,4]oxadiazole-2-carboxylic acid (5-p-tolyl-2H-pyrazol-3-

yl)-amide  (20, SMDC-281575). Prepared according to General Method A except 
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that 1.5 equivalent amine and 2.0 equivalent N,N,-diisopropylethylamine were 

employed, with the addition of DMAP (13 mg, 0.106 mmol) during the course of the 

reaction.  Upon completion, the precipitate was triturated with warm absolute 

ethanol, and washed with 1:1 ethyl acetate-hexane to afford the desired product (32 

mg, 30%).  1H NMR: (400MHz, DMSO-d6) δ: 11.63 (s, 1H), 7.91 (m, 1H),  7.63 (d, 

7.6 Hz, 1H), 7.28-7.23 (m, 3H), 7.67 (br s 2H),  6.69 (t, J = 7.7 Hz, 1H), 2.29 (s, 3H); 

MS: (m/z): [M+H]+ = 361 
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A.8 Supplementary Tables  

Table S1:  Enzyme inhibition data for initial glycolamide analogs.  The IC50 values 

were determined under conditions of 0.01% Triton X-100 (high Triton).   
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Supplementar   Enzyme inhibition data for oxadiazole 

analogs b rin ario s C-rings.  Th e determined under 

conditions of 0.001% Triton 100 (low Triton).     

SMDC No. Cmpd. No in manuscript 
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IC50(µM)

y Information - Table S2:
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Table S2 (continued) 
struct re u SMDC Cmpd. No in 

manuscript 
Cruzain
IC5 M)No 0(µ
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Table S2 (continued) 
structure SMDC
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Table S2  
structure SMDC No Cmpd. No in manuscript 

Cruzain
IC50(µM)

(continued)
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Table S2 (continued) 
structure SMDC No Cmpd. No in manuscript 

Cruzain
IC50(µM)
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Table S2 (continued) 
structure SMDC No Cmpd. No in manuscript )

Cruzain
IC50(µM
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Table S2 (continued) 
s SM m
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Table S2 (continued) 
structure SMDC No Cmpd. No in manuscript 

Cruzain
IC50(µM)
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Appendix B 
pporting tion for Chapter 2  

 

B.1 Flow cytometry analysis of aggregators 

 

Compounds were procured as powders and formulated as 10 mM solutions in 

DMSO. For use, the compound solutions were loaded into a Matrix V-bottom 

polypropylene 384-well plate (Thermo Fisher Scientific, Hudson, NH) and diluted 1:2 

in DMSO row-wise within the plate, 16 compounds per each half.  This was used as 

the source compound plate for all experiments with a final compound concentration 

range of 100 µM to 0.2 µM.  To provide a background reference, in columns 1 and 

13 of the prepared plate there was only buffer and in columns 2 and 14 there was 

1% DMSO in buffer. All co following 5 buffer conditions: 

ch), 100 mM sodium acetate pH 5.5 

MD), 20 mM phosphate buffer pH 7.0 (Sigma-

Aldrich), 100 mM Tris-HCl pH 8.0 (Invitrogen, Carlsbad, CA), 100 mM Tris-HCl pH 

9.0 (Sigma-Aldrich), and finally 100 mM CAPS pH 11.0 (Sigma-Aldrich).  Buffers 

were passed through a 0.2 µm filter just prior to use. 

Creating each of the finalized plates containing 1 µL compound in 99 µL 

buffer was timed and completed 30 minutes prior to reading the plate on the BD 

Gentest Solubility Scanner (BD Biosciences, San Jose, CA).  Immediately prior to 

compound analysis, the scanner was aligned with beads at a known concentration 

and size. Following compound mixing and incubation, the first plate was set on the 

Su  Informa

mpounds were tested in the 

100 mM glycine-HCl pH 2.5 (Sigma-Aldri

(Quality Biological, Inc., Gaithersburg, 
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BD solubility scanner plate loader; additional mixing was performed directly before 

jection.  Settings were adjusted to allow for particle counts to occur at a low 

5) and 

n 

ed by another read on the scanner. For the second read, 

e 

on speed was lowered to 

 

et of criteria (as supplied by the 

luble, Low, Medium, High, and Precipitation.  

in

threshold of 35 which correlates to a size of 100 nm (covers channel 35-25

the injection speed was set to 4. After the plate was finished reading, there was a

incubation of 4 hours, follow

the threshold was set to 195 (covers channels 195-255) in order to focus on larg

particles, defined as greater than 1500 nm, and the injecti

setting 1. Significant particle formation was recorded when 25 or more events were

counted. The data analysis consisted of applying a s

instrument manufacturer) to the data set which resulted in the assignment of 

aggregation potential descriptors: So

 231



Table 1. Aggregator Analyses by ry. Aggregation and 

solubility/precipitat

recipitation)) are shown for each pH tested.

ial

pH: 2.5 5.5 7 8 9 11
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Cruzain AmpC
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N S
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M M S M S S No Yes

H H H H H H No Yes

M H M H S S No Yes

P P M M M M Yes Yes

P H M M M M Yes Yes

H P M P P P No Yes

HNO

Table S1. continued 
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Table S1. continued 
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Appendix C 

Supporting Information for Chapter 3 

 
 
C.1 General Methods 
 
 
 Unless otherwise stated, all reactions were carried out under an atmosphere 

of dry argon or nitrogen in dried glassware.  Indicated reaction temperatures refer to 

those of the reaction bath, while room temperature (rt) is noted as 25 oC.  All 

solvents were of anhydrous quality purchased from Aldrich Chemical Co. and used 

as received.  Commercially available starting materials and reagents were 

purchased from Aldrich and were used as received. 

 Analytical thin layer chromatography (TLC) was performed with Sigma Aldrich 

TLC plates (5 x 20 cm, 60 Å, 250 µm).  Visualization was accomplished by 

irradiation under a 254 nm UV lamp.  Chromatography on silica gel was performed 

using forced flow (liquid) of the indicated solvent system on Biotage KP-Sil pre-

packed cartridges and using the Biotage SP-1 automated chromatography system.  

1H- and 13C NMR spectra were recorded on a Varian Inova 400 MHz spectrometer.  

Chemical shifts are reported in ppm with the solvent resonance as the internal 

standard (CDCl3 7.26 ppm, 77.00 ppm, DMSO-d6 2.49 ppm, 39.51 ppm for 1H, 13C 

respectively).  Data are reported as follows: chemical shift, multiplicity (s = singlet, d 

= doublet, t = triplet, q = quartet, br = broad, m = multiplet), coupling constants, and 

number of protons.  Low resolution mass spectra (electrospray ionization) were 

acquired on an Agilent Technologies 6130 quadrupole spectrometer coupled to the 

HPLC system.  High resolution mass spectral data was collected in-house using and 
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Agilent 6210 time-of-flight mass spectrometer, also coupled to an Agilent 

echnologies 1200 series HPLC system.  If needed, products were purified via a 

aters semi-preparative HPLC equipped with a Phenomenex Luna® C18 reverse 

phase (5 micron, 30 x 75 mm) column having a flow rate of 45 mL/min.  The mobile 

phase was a mixture of acetonitrile and H2O each containing 0.1% trifluoroacetic 

acid.  Samples were analyzed for purity on an Agilent 1200 series LC/MS equipped 

with a Luna® C18 reverse phase (3 micron, 3 x 75 mm) column having a flow rate of 

0.8-1.0 mL/min over a 3-minute gradient and a 4.5 minute run time.  The mobile 

phase was a mixture of acetonitrile (0.025% TFA) and H2O (0.05% TFA), and a 

temperature was maintained at 50 oC..  Purity of final compounds was determined to 

be >95%, using a 3 µL injection with quantitation by AUC at 220 and 254 nM (Agilent 

Diode Array Detector).  

T

W

 236



C.2 Tabular Format of Figure 6:  Protease Profiling  

Table S1:  pIC50s of   
Target 
Index Protease ProteaseType #29 #22 #32 #40 #33 

 notable compounds against proteases   

1 BACE-1 Aspartyl protease 0.00 0.00 4.20 0.00 0.00 
2 Cathepsin-D Aspartyl protease 0.00 0.00 0.00 0.00 0.00 
3 Cathepsin-E Aspartyl protease 0.00 0.00 0.00 0.00 0.00 
4 Proteinase-A Aspartyl protease 0.00 0.00 4.19 0.00 0.00 
5 Calpain-1 Cystein Protease 0.00 0.00 0.00 0.00 0.00 
6 Caspase1 Cystein Protease 0.00 0.00 0.00 4.15 4.79 
7 Caspase2 Cystein Protease 0.00 0.00 0.00 0.00 0.00 
8 Caspase3 Cystein Protease 0.00 0.00 0.00 0.00 0.00 
9 Caspase4 Cystein Protease 5.09 0.00 4.48 0.00 0.00 
10 Caspase5 Cystein Protease 4.87 0.00 0.00 0.00 0.00 
11 Caspase6 Cystein Protease 5.45 5.29 0.00 0.00 0.00 
12 Caspase7 Cystein Protease 0.00 0.00 0.00 0.00 0.00 
13 Caspase8 Cystein Protease 0.00 0.00 0.00 0.00 0.00 
14 Caspase9 Cystein Protease 0.00 0.00 0.00 0.00 0.00 
15 Caspase10 Cystein Protease 0.00 0.00 0.00 0.00 0.00 
16 Caspase11 Cystein Protease 0.00 0.00 0.00 0.00 0.00 
17 Caspase14 Cystein Protease 5.04 4.85 0.00 0.00 0.00 
18 Cathepsin-B Cystein Protease 5.00 0.00 4.97 0.00 0.00 
19 Cathepsin-C Cystein Protease 0.00 0.00 7.46 6.23 5.16 
20 Cathepsin-H Cystein Protease 4.79 4.84 6.90 6.19 0.00 
21 Cathepsin-K/O2 Cystein Protease 7.69 7.76 7.63 7.30 0.00 
22 Cathepsin-L Cystein Protease 6.69 6.51 6.93 6.25 5.10 
23 Cathepsin-S Cystein Protease 5.25 5.19 7.80 6.98 4.57 
24 Cathepsin-V Cystein Protease 6.74 6.08 6.62 4.15 0.00 
25 Papain Cystein Protease 6.41 6.29 7.35 7.48 0.00 

26 Cathepsin-X/Z carboxypeptidases 5.50 5.19 6.03 6.50 4.83 
Cysteine-type 

27 DDP-IV dipeptidyl-peptidase 0.00 0.00 0.00 0.00 0.00 
28 DPP-VIII dipeptidyl-peptidase 0.00 0.00 0.00 0.00 0.00 
29 DPP-IX dipeptidyl-peptidase 0.00 0.00 0.00 0.00 0.00 
30 ADAM-9 MMP 0.00 0.00 0.00 0.00 0.00 
31 ADAM-10 MMP 0.00 0.00 0.00 0.00 0.00 
32 MMP1 MMP 0.00 0.00 0.00 0.00 0.00 
33 MMP2 MMP 0.00 0.00 0.00 0.00 0.00 
34 MMP3 MMP 0.00 0.00 0.00 0.00 0.00 
35 MMP7 MMP 0.00 0.00 0.00 0.00 0.00 
36 MMP8 MMP 0.00 0.00 0.00 0.00 0.00 
37 MMP9 MMP 0.00 0.00 0.00 0.00 0.00 
38 MMP10 MMP 0.00 0.00 0.00 0.00 0.00 
39 MMP11 MMP 0.00 0.00 0.00 0.00 0.00 
40 MMP12 MMP 0.00 0.00 0.00 0.00 0.00 
41 MMP13 MMP 0.00 0.00 0.00 0.00 0.00 
42 MMP14 MMP 0.00 0.00 4.14 3.87 3.37 
43 TACE MMP 0.00 0.00 4.13 0.00 0.00 
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44 ACE1 peptidyl-dipeptidaseA 0.00 0.00 0.00 0.00 0.00 

45 ACE2 B 0.00 0.00 0.00 0.00 0.00 
peptidyl-dipeptidase 

46 APC Serine protease 0.00 0.00 0.00 0.00 0.00 
47 CCC1s Serine protease 0.00 0.00 0.00 4.30 0.00 
48 Cathepsin-G Serine protease 0.00 0.00 0.00 0.00 3.83 
49 Chymase Serine protease 0.00 0.00 0.00 0.00 4.05 
50 Chymotrypsin Serine protease 0.00 0.00 0.00 0.00 4.19 
51 Elastase Serine protease 0.00 0.00 0.00 0.00 4.07 
52 Factor-VIIa Serine protease 0.00 0.00 0.00 0.00 0.00 
53 Factor-Xa Serine protease 0.00 0.00 0.00 0.00 0.00 
54 Factor-XIa Serine protease 0.00 0.00 0.00 0.00 0.00 
55 Furin Serine protease 0.00 0.00       
56 Granzyme-A Serine protease 0.00 0.00 0.00 0.00 0.00 
57 Granzyme-B Serine protease 0.00 0.00 0.00 0.00 0.00 
58 HCV NS3/4A Serine protease 0.00 0.00 0.00 0.00 0.00 
59 Kallikrein-1 Serine protease 0.00 0.00 0.00 0.00 0.00 
60 Kallikrein-4 Serine protease 0.00 0.00 4.84 3.75 5.01 
61 Kallikrein-5 Serine protease 0.00 0.00 0.00 0.00 0.00 
62 Kallkrein-8       0.00 0.00 0.00 
63 Plasma-Kallikrein Serine protease 0.00 0.00 0.00 0.00 0.00 
64 Plasmin Serine protease 0.00 0.00 0.00 0.00 0.00 
65 Proteinase-K Serine protease 0.00 0.00 4.13 0.00 0.00 
66 Thrombin-alpha Serine protease 0.00 0.00 0.00 0.00 0.00 
67 tPA Serine protease 5.89 6.07 0.00 0.00 0.00 
68 Trypsin Serine protease 0.00 0.00 0.00 0.00 0.00 
69 Tryptase-beta2 Serine protease 0.00 0.00 0.00 0.00 0.00 

70 
Tryptase-gamma-
1 Serine protease 0.00 0.00 0.00 0.00 0.00 

71 Urokinase Serine protease 0.00 0.00 0.00 0.00 0.00 
        

 

C.3 Experimental Procedures and Characterization of Compounds 

 

N

N

N

CN

H
N

H
N

 

4-(ethylamino)-6-(phenylamino)-1,3,5-triazine-2-carbonitrile (9) - The title 

compound was prepared using a procedure similar to that detailed for 29, 

substituting 2.0M ethylamine in THF in Step1 and aniline in Step 2, providing 9 as a 

colorless solid: yield (200 mg, 77%); 1H NMR (DMSO-d6) δ 1.08–1.20 (m, 3H), 3.21–
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3.51 (m, 2H), 7.05 (td, J = 7.36, 1.1 Hz, 1H), 7.24–7.42 (m, 2H), 7.72 (brs, 2H), 8.33 

( 115.16, 116.39, 

120.17, 123.19, 128.55, 138.58, 151.10, and 164 H I)  2 1956 

(M+H 12H es 24 S: rt ) 5 E z = 

241.1

brs, 1H), and 10.17 (brs, 1H), 13C NMR (DMSO-d6) δ 18.39, 42.15, 

.43; RMS (ES  m/z 41.1

)+ (C 13 6N  requir 1.11962); LC-M  (min  = 3. 7; LRMS ( SI) m/

. 

N N

N
H
N

CN

H
N

 

4-(cy pent -6-(phe -tria -2 b i The 

title pou epared 29, 

subs ing a ep 2, p a co s  7%); 

1H N  (DM .45–1 .61–1 (m, 2H), 1.79–2.07 (m, 2H), 

4.08–4.30 (m, 1H), 7.04 (t, J = .18–  ( 3 ,  8.22 

(brs, ), an s, 1H SO-  23.34, 31.77, 31.96, 32.13, 

52.00, 115.25, 115.40, 127.89 , 15 , 2 6 , and 

163. HRM  28 15H 6 requires 281.1509); LC-MS: 

rt (min) = 3.80; LRMS (ESI) m/

clo ylamino) nylamino)-1,3,5 zine -car onitr le (10) - 

com nd was pr  using a procedure similar to that detailed for 

titut niline in St roviding 10 as lorles  solid: yield (200 mg, 7

MR SO-d6) δ 1 .61 (m, 4H), 1 .76 

 7.4 Hz, 1H), 7 7.48 m, 2H), 7.7  (brs  2H),

 1H d 10.03 (br ); C NMR (DM13 d6) δ

, 129.25, 138.66 1.03 151.4 , 162.32, 1 3.72

91; S (ESI) m/z = 1.1509 (M+H)+ (C 17N

z = 281.1. 

 

4-(phenylamino)-6-(propylamino)-1,3,5-triazine- rb r 1   title 

comp nd w pared us  procedure a d  29, 

substituting propylamine in Step1 and aniline in S , i 1 a rless 

solid: yield (220 mg, 79%); 1H NMR (DMSO-d6) δ 0.83–0.95 (m, 3H), 1.47–1.63 (m, 

2-ca onit ile ( 1) - The

ou as pre ing a simil r to that etailed for

tep 2  prov ding 1 as  colo
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2H), 9–3.3 2H), 6.96– 7 (m ), 7.72 (brs, 2H), 10.04 

(brs, ), an 8 (brs, 1H C NMR (DMSO-  11.36, 21.68, 22.05, 42.15, 

115. 115.  123.1 8.58, 1 d .4 R (ESI) 

m/z = 255.1353 (M+H)+ (C13 s 255.1353); LC-MS: rt (min) = 3.67; 

LRMS (ESI) . 

 

3.1 0 (m, 7.12 (m, 1H), 7.24– .40 , 2H

 1H d 10.1 ); 13 d ) δ6

24, 39, 120.17, 9, 128.55, 13 151. 0, an  164 3; H MS 

H N  require15 6

m/z = 255.1

 

4-(isopropylamino)-6-(pheny triazi -c n  

comp nd w s ure a d  29, 

subs ing ine in aniline S 2 o as a 

colorless soli g,  (DMS 6 1  9 .99–

4.16  1H) 7.5 ), 7.2 .4 ,  7 d  16.8 

Hz, 3  8.14 rs, 1H), 8.28 ( .03 ( 1H 1 s ); 13C 

NMR (DMSO-d6) δ 21.77, 22.14, 42.28, 115.24, 115.39, 120.24, 123.18, 128.58, 

 

m/z = 255.0. 

lamino)-1,3,5- ne-2 arbo itrile (12) - The title 

ou as prepared u ing a proced simil r to that etailed for

titut isopropylam  Step1 and  in tep , pr viding 12 

d: yield (190 m 70%); H NMR1 O-d ) δ 1. 0–1.26 (m, H), 3

 (m, , 7.05 (td, J =  and 1.1 Hz, 1H 4–7 0 (m  3H), .71 ( , J =

H),  (b brs, 1H) and 10 brs, ), and 10. 6 (br , 1 H

138.66, 151.14, 151.47, 163.35, and 163.51; LC-MS: rt (min) = 3.67; LRMS (ESI)

 

4-(cyclopropylmethylamino)-6-(phenylamino)-1,3,5-triazine-2-carbonitrile (13) - 

The title compound was prepared using a procedure similar to that detailed for 29, 

substituting methylcyclopropylamine in Step1 and aniline in Step 2, providing 13 as a 
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colorless solid: yield (195 mg, 72%); 1H NMR (DMSO-d6) δ 0.17–0.32 (m, 2H), 0.38–

0.53 (m, 2H), 0.95–1.16 (m, 1H), 3.09–3.25 (m, 2H), 7.05 (t, J = 7.4 Hz, 1H), 7.26–

7.42 (m, 2H), 7.55–7.84 (m, 2H), 8.44 (brs, 1H), and 10.17 (brs, 1H); 13C NMR 

(DMSO-d6) δ 3.31, 10.39, 44.69, 115.27, 120.31, 123.26, 128.58, 138.52, 138.64, 

151.21, 151.48, 162.83, 164.26, and 164.36; HRMS (ESI) m/z = 267.1355 (M+H)+ 

(C14H15N6 requires 267.1353); LC-MS: rt (min) = 3.72; LRMS (ESI) m/z = 267.1. 

 

4-(isobutylamino)-6-(phenylamino)-1,3,5-triazine-2-carbonitrile (14) - The title 

compound was prepared using a procedure similar to that detailed for 29, 

substituting isobutylamine in Step1 and aniline in Step 2, providing 14 as a colorless 

solid: yield (120 mg, 78%); 1H NMR (DMSO-d6) δ 0.82–0.99 (m, 9 H), 1.76–1.95 (m, 

1H), 3.04–3.17 (m, 2H), 6.96–7.14 (m, 1H), 7.22–7.42 (m, 2H), 7.71 (d, J = 7.1 Hz, 

2H), 9.88 (brs, 1H), and 10.03 (brs, 1H); HRMS (ESI) m/z = 269.1509 (M+H)+ 

(C14H16N6 requires 269.1509); LC-MS: rt (min) = 3.75; LRMS (ESI) m/z = 269.1. 

N

N

N

CN

H
N

H
N

 

4-(butylamino)-6-(phenylamino)-1,3,5-triazine-2-carbonitrile (15) - The title 

compound was prepared using a procedure similar to that detailed for 29, 

substituting butylamine in Step1 and aniline in Step 2, providing 15 as a colorless 

solid: yield (111 mg, 85%); 1H NMR (DMSO-d6) δ 0.90 (t, J = 7.3 Hz, 3H), 1.27–1.40 

(m, 2H), 1.45–1.59 (m, 2H), 3.23–3.31 (m, 2H), 6.97–7.14 (m, 1H), 7.25–7.41 (m, 
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2H), 7.72 (brs, 2H), 8.37 (brs, 1H), and 10.19 (brs, 1H); 13C NMR (DMSO-d6) δ 

13.61, 19.45, 19.59, 30.43, 30.85, 115.25, 120.17, 120.23, 123.16, 123.21, 128.54, 

138.61, 151.10, and 164.40; HRMS (ESI) m/z = 269.1509 (M+H)+ (C14H17N6 requires 

269.1507); LC-MS: rt (min) = 3.77; LRMS (ESI) m/z = 269.1.  

N

N

N

CN

H
N

H
N

OH

 

4-(4-hydroxybutylamino)-6-(phenylamino)-1,3,5-triazine-2-carbonitrile (16) - The 

title compound was prepared using a procedure similar to that detailed for 29, 

substituting 4-hydroxybutylamine in Step1 and aniline in Step 2, providing 16 as a 

colorless solid: yield (103 mg, 79%); H NMR (DMSO-d ) δ 1.39–1.52 (m, 2H), 1.52–

1.67 (m, 2H), 3.25–3.36 (m, 2H), 3.41 (t, J = 6.4 Hz, 2H), 7.05 (t, J = 6.9 Hz, 1H), 

7.23–7.41 (m, 2H), 7.72 (brs, 2H), 8.37 (brs, 1H), and 10.17 (brs, 1H); C NMR 

(DMSO-d6) δ 25.21, 29.96, 60.43, 61.47, 115.42, 123.76, 127.87, 129.27, 138.60, 

151.12, 151.49, 162.78, 164.26, and 164.41; LC-MS: rt (min) = 3.30; LRMS (ESI) 

m/z = 285.1. 

1
6

13

 

4-(methylamino)-6-(phenylamino)-1,3,5-triazine-2-carbonitrile (17) - The title 

compound was prepared using a procedure similar to that detailed for 29, 

substituting 2.0M methylamine in THF in Step1 and aniline in Step 2, providing 17 as 

a colorless solid: yield (112 mg, 79%); H NMR (DMSO-d6) δ 2.83 (dd, J = 14.5 and 

4.8 Hz, 3H), 7.05 (t, J = 7.4 Hz, 1H), 7.22–7.42 (m, 2H), 7.73 (brs, 2H), 8.23 (brs, 

1
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1H), and 10.19 (brs, 1H); 13C NMR (DMSO-d6) δ 27.33, 115.28, 115.37, 120.34, 

123.18, 128.60, 138.59, 150.97, 151.50, and 164.80; HRMS (ESI) m/z = 227.1041 

(M+H)+ (C11H11N6 requires 227.1040); LC-MS: rt (min) = 3.45; LRMS (ESI) m/z = 

227.1.  

 

4-(cyclohexylamino)-6-(phenylamino)-1,3,5-triazine-2-carbonitrile (18) - The title 

compound was prepared using a procedure similar to that detailed for 29, 

.89; 

LRMS (ESI) m/z = 295.1. 

substituting cyclohexylamine in Step1 and aniline in Step 2, providing 18 as a 

colorless solid: yield (90 mg, 71%); 1H NMR (DMSO-d6) δ 1.03–1.19 (m, 1H), 1.20–

1.39 (m, 4H), 1.52–1.66 (m, 1H), 1.66–1.79 (m, 2H), 1.79–1.86 (m, 1H), 1.90 (d, J = 

5.4 Hz, 2H), 6.95–7.16 (m, 2H), 7.20–7.36 (m, 3H), 8.35 (brs, 1H), and 10.03 (s, 

1H); 13C NMR (DMSO-d6) δ 24.71, 31.77, 32.23, 49.32, 115.24, 115.42, 120.50, 

123.79, 127.84, 129.20, 138.64, 151.20, 151.50, 163.36, and 163.56; HRMS (ESI) 

m/z = 295.1668 (M+H)+ (C16H18N6 requires 295.1664); LC-MS: rt (min) = 3

 

4-(2-hydroxyethylamino)-6-(phenylamino)-1,3,5-triazine-2-carbonitrile (19) - The 

title compound was prepared using a procedure similar to that detailed for 29, 

substituting 2-hydroxyethylamine in Step1 and aniline in Step 2, providing 19 as a 

colorless solid: yield (98 mg, 78%); LC-MS: rt (min) = 3.21; LRMS (ESI) m/z = 257.0. 
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4-(cyclopentylamino)-6-(3-nitrophenylamino)-1,3,5-triazine-2-carbonitrile (20) -  

 The title compound was prepared using a procedure similar to that detailed for 29, 

substituting 3-nitroaniline in Step 2, providing 20 as a colorless solid: yield (800 mg, 

87%); 1H (DMSO-d6) δ 1.47–1.63 (m, 4H), 1.64–1.78 (m, 2H), 1.93–2.06 (m, 2H), 

4.22–4.33 (m, 1H), 7.53–7.66 (m, 1H), 7.79–7.94 (m, 1H), 8.63 (brs, 1H), 9.12 (brs, 

1H) and 10.66 (brs, 1H); 13C (DMSO-d6) δ 23.83, 32.18, 32.27, 32.36, 39.32, 39.43, 

39.53, 39.74, 39.95, 40.16, 40.36, 40.57, 117.83, 130.34, and 140.50; HRMS (ESI) 

m/z = 326.1363 (M+H)+ (C15H16N7O2 requires 326.1360); LC-MS: rt (min) = 3.84; 

LRMS (ESI) m/z = 326.1. 

N

N

N

CN

H
N

H
N

F  

4-(cyclopentylamino)-6-(3-fluorophenylamino)-1,3,5-triazine-2-carbonitrile (21) 

- The title compound was prepared using a procedure similar to that detailed for 29, 

substituting 3-fluoroaniline in Step 2, providing 21 as a colorless solid: yield (223 mg, 

68%); 1H NMR (DMSO-d6) δ 1.44–1.63 (m, 4H), 1.63–1.79 (m, 2H), 1.83–2.02 (m, 

2H), 4.08–4.29 (m, 1H), 6.79–6.92 (m, 1H), 7.25–7.39 (m, 1H), 7.39–7.49 (m, 1H), 

7.79 (brs, 1H), 7.86 (d, J = 11.4 Hz, 1H), 8.37 (brs, 1H), 8.51 (brs, 1H), 10.23 (brs, 

1H) and 10.36 (brs, 1H); 13C NMR (DMSO-d6) δ22.21, 23.05, 23.29, 23.72, 31.76, 

115.16, 115.31, 129.34, 130.85, 140.46, 151.04, 151.44, 162.28, 163.68, and 
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163.82; HRMS (ESI) m/z = 299.1417 (M+H)+ (C15H16FN6 requires 299.1415); LC-

MS: rt (min) = 3.84; LRMS (ESI) m/z = 299.1. 

 

4-(3-chlorophenylamino)-6-(cyclopentylamino)-1,3,5-triazine-2-carbonitrile (22) 

-  

The title compound was prepared using a procedure similar to that detailed for 29, 

substituting 3-chloroaniline in Step 2, providing 22 as a colorless solid: yield (820 

mg, 88%); 1H (DMSO-d6) δ 1.38–1.63 (m, 4H), 1.63–1.82 (m, 2H), 1.82–2.09 (m, 

2H), 4.15 (brs, 1H), 6.95–7.19 (m, 1H), 7.33 (q, J = 8.0 Hz, 1H), 7.51 (d, J = 8.2 Hz, 

1H), 8.50 (brs, 1H) and 10.37 (brs, 1H); 13C (DMSO-d6) δ 23.79, 32.15, 32.26, 32.38, 

52.55, 65.34, 130.56, 130.61, 130.61, 133.37, 140.65, 151.49, and 164.12; LC-MS: 

rt (min) = 3.97; LRMS (ESI) m/z = 315.1. 

 

4-(3-bromophenylamino)-6-(cyclopentylamino)-1,3,5-triazine-2-carbonitrile (23) 

- The title compound was prepared using a procedure similar to that detailed for 29, 

substituting 3-bromoaniline in Step 2, providing 23 as a colorless solid: yield (870  

mg, 92%); 1H (DMSO-d6) δ 1.44–1.63 (m, 4H), 1.63–1.80 (m, 2H), 1.82–2.11 (m, 

2H), 4.03–4.25 (m, 1H), 7.14–7.35 (m, 2H), 7.52 (d, J = 7.2 Hz, 1H), 8.54 (brs, 1H) 

and 10.37 (brs, 1H); 13C (DMSO-d6) δ 23.82, 23.85, 32.17, 32.38, 52.55, 115.59, 

121.89, 122.89, 125.93, 130.93, 140.78, and 151.46; HRMS (ESI) m/z = 359.0619 
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(M+H)+ (C15H165BrN6 requires 359.0614); LC-MS: rt (min) = 3.99; LRMS (ESI) m/z = 

359.1. 

 

4-(cyclopentylamino)-6-(4-fluorophenylamino)-1,3,5-triazine-2-carbonitrile (24) 

- The title compound was prepared using a procedure similar to that detailed for 29, 

substituting 4-fluoroaniline in Step 2, providing 24 as a colorless solid: yield (450 mg, 

72%); 1H NMR (DMSO-d6) δ 1.37–1.59 (m, 4H), 1.62–1.80 (m, 2H), 1.80–2.02 (m, 

2H), 4.12 (brs, 1H), 7.09–7.21 (m, 2H), 7.73 (brs, 2H), 8.40 (brs, 1H) and 10.20 (brs, 

1H); 13C NMR (DMSO-d6) δ22.21, 23.05, 23.29, 23.72, 31.76, 114.31, 115.39, 

122.33, 134.96, 151.03, 156.85, 159.27, 162.60, 163.70, and 163.90; HRMS (ESI) 

m/z = 299.1417 (M+H)+ (C15H16FN6 requires 299.1413); LC-MS: rt (min) = 3.81; 

LRMS (ESI) m/z = 299.1. 

 

4-(cyclopentylamino)-6-(m-tolylamino)-1,3,5-triazine-2-carbonitrile (25) - The 

title compound was prepared using a procedure similar to that detailed for 29, 

substituting 3-methylaniline in Step 2, providing 25 as a colorless solid: yield (620 

mg, 84%); 1H (DMSO-d6) δ 1.43–1.62 (m, 4H), 1.63–1.79 (m, 2H), 1.80–2.03 (m, 

2H), 2.28 (s, 3H), 4.05–4.32 (m, 1H), 6.87 (d, J = 7.5 Hz, 1H), 7.19 (t, J = 7.8 Hz, 

1H), 7.36–7.55 (m, 1H), 8.30 (s, 1H), and 10.03 (s, 1H); 13C (DMSO-d6) δ 21.67, 

23.82, 32.21, 32.42, 52.49, 115.67, 124.33, 128.81, 138.09, 138.98, 151.44, and 
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164.19; HRMS (ESI) m/z = 295.1662 (M+H)+ (C16H19N6 requires 295.1666); LC-MS: 

rt (min) = 3.92; LRMS (ESI) m/z = 295.1. 

N

N

N

CN

H
N

H
N

Br
 

4-(4-bromophenylamino)-6-(cyclopentylamino)-1,3,5-triazine-2-carbonitrile (26) 

- The title compound was prepared using a procedure similar to that detailed for 29, 

t (min) = 3.95; LRMS (ESI) m/z = 359.0. 

substituting 4-bromoaniline in Step 2, providing 26 as a colorless solid: yield (330 

mg, 80%); 1H NMR (DMSO-d6) δ 1.46–1.64 (m, 10 H), 1.64–1.79 (m, 4H), 1.81–1.98 

(m, 4H), 4.05–4.26 (m, 3H), 7.20–7.32 (m, 5H), 7.52 (d, J = 8.3 Hz, 2H), 8.34 (brs, 

1H), 8.55 (brs, 2H), 10.17 (brs, 1H) and 10.37 (brs, 1H); 13C NMR (DMSO-d6) 

δ22.21, 23.05, 23.29, 23.72, 31.76, 115.13, 118.55, 121.45, 122.45, 125.49, 130.50, 

140.38, 151.04, 162.78, and 163.67; HRMS (ESI) m/z = 359.0617 (M+H)+ 

(C15H16BrN6 requires 359.0614); LC-MS: r

 

4-(biphenyl-3-ylamino)-6-(cyclopentylamino)-1,3,5-triazine-2-carbonitrile (27) - 

The title compound was prepared using a procedure similar to that detailed for 29, 

substituting 3-aminobiphenyl in Step 2, providing 27 as a colorless solid: yield (127 

mg, 66%); 1H NMR (DMSO-d ) δ 1.37–1.58 (m, 2H), 1.58–1.73 (m, 2H), 1.81–1.97 

(m, 3H), 4.14–4.28 (m, 1H), 7.29–7.37 (m, 2H), 7.37–7.42 (m, 2H), 7.42–7.49 (m, 

3H), 7.50–7.58 (m, 1H), 7.58–7.67 (m, 3H), 8.33 (brs, 1H) and 10.30 (brs, 1H); 

6
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HRMS (ESI) m/z = 357.1824 (M+H)+ (C21H21N6 requires 357.1822); LC-MS: rt (min) 

= 4.01; LRMS (ESI) m/z = 357.1. 

 

4-(cyclopentylamino)-6-(3-(trifluoromethyl)phenylamino)-1,3,5-triazine-2-

carbonitrile (28) - The title compound was prepared using a procedure similar to 

that detailed for 29, substituting 3-trifluoromethylaniline in Step 2, providing 28 as a 

colorless solid: yield (80 mg, 53%); 1H NMR (DMSO-d6) δ 1.46–1.62 (m, 4H), 1.62–

1.79 (m, 2H), 1.83–2.02 (m, 2H), 4.09–4.28 (m, 1H), 7.38 (dd, J = 8.4 and 0.7 Hz, 

1H), 7.55 (t, J = 7.9 Hz, 1H), 8.21 (brs, 1H), 8.31 (brs., 1H), 8.54 (d, J = 18.6 Hz, 1 

H), and 10.51 (brs, 1H); 13C NMR (DMSO-d6) δ 23.29, 23.42, 31.68, 31.94, 52.37, 

115.13, 116.06, 119.20, 123.50, 125.51, 129.49, 129.73, 139.58, 151.10, 162.90, 

and 163.70; HRMS (ESI) m/z = 349.1385 (M+H)+ (C16H16F3N6 requires 349.1381); 

LC-MS: rt (min) = 3.94; LRMS (ESI) m/z = 349.1. 

 

4-(cyclopentylamino)-6-(3,5-dichlorophenylamino)-1,3,5-triazine-2-carbonitrile 

(30) - The title compound was prepared using a procedure similar to that detailed for 

29, substituting 3,5-dichloroaniline in Step 2, providing 30 as a colorless solid: yield 

(230 mg, 60%); LC-MS: rt (min) = 4.13; LRMS (ESI) m/z = 349.0. 
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4-(2,2-difluoroethylamino)-6-(3,5-difluorophenylamino)-1,3,5-triazine-2-

carbonitrile (31) - The title compound was prepared using a procedure similar to 

that detailed for 29, substituting 2,2-difluoroethylamine in Step 1 and 3,5-

difluoroaniline in Step 2, providing 31 as a colorless solid: yield (45 mg, 47%); LC-

MS: rt (min) = 3.75; LRMS (ESI) m/z = 312.1. 

 

 

9-cyclopentyl-6-(3,5-difluorophenylamino)-9H-purine-2-carbonitrile (34) - The 

title compound was prepared using a procedure similar to that detailed for 35, 

substituting cyclopentylbromide in Step 1 and 3,5-difluoroaniline in Step 2, providing 

34 as a colorless solid: yield (22 mg, 62%); LC-MS: rt (min) = 3.85; LRMS (ESI) m/z 

= 341.1. 
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6-(3-chlorophenylamino)-9-cyclopentyl-9H-purine-2-carbonitrile (36) – The title 

compound was prepared using a procedure similar to that detailed for , 

substituting cyclopentylbromide in Step 1, providing 36 as a colorless solid: yield (42 

1

4.99 (dq, J = 7.3 and 7.1 Hz, 1H), 7.15 (ddd, J = 8.0, 2.0 and 0.9 Hz, 1H), 7.35 (t, J = 

1H) and 8.49 (s, 1H); 13 ) δ 23.86, 32.79, 57.10, 116.45, 118.51, 

120.40, 124.37, 130.13, 138.94, 140.96, 148.98, 151.42; LC-MS: rt (min) = 3.90; 

35

mg, 87%); H (CDCl3) δ 1.80–1.93 (m, 2H), 1.94–2.10 (m, 4H), 2.31–2.44 (m, 2H), 

8.1 Hz, 1H), 7.76 (ddd, J = 8.3, 2.2 and 0.9 Hz, 1H), 7.90 (t, J = 2.1 Hz, 1H), 8.12 (s, 

C NMR (CDCl3

LRMS (ESI) m/z = 339.1. 

 

Example procedure for the formation of 2,6-dichloro-9-fluoroalkyl-9H-purines

(Step 4): 

2,6-dichloro-9-(2,2-difluoroethyl)-9H-purine - To a solution of 2,6-dichloro-9H-

purine (0.5 g, 2.7 mmol) 2,2-difluoroethanol (0.26 g, 

 

3.2 mmol), and 

triphenylphosphine (0.76 g, 2.9 mmol) in THF (10.5 mL) was added 

diisopropylazadicarboxylate (0.57 mL, 2.9 mmol) dropwise at rt.  The reaction 
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mixture was allowed to stir for 16 h, upon which time the solvent was removed under 

reduced pressure.  The remaining residue was directly purified on silica column.  

Gradient elution with ethyl acetate (10→70%) in hexanes provided 2,6-dichloro-9-

. (2,2-difluoroethyl)-9H-purine as an off-white solid: (577 mg, 2.3 mmol, 86 %)

 

2-chloro-9-(2,2-difluoroethyl)-N-(3,5-difluorophenyl)-9H-purin-6-amine – The 

title compound was prepared using a procedure similar to that detailed in Step 2 

above, substituting 3,5-difluoroaniline and increasing the reaction temperature to 

150 oC, providing the product as a pale yellow solid: yield (85 mg, 62%). 

 

9-(2,2-difluoroethyl)-6-(3,5-difluorophenylamino)-9H-purine-2-carbonitrile (33) – 

The title compound was prepared using a procedure similar to that detailed in Step 3 

above, providing 33 as a colorless solid: yield (30 mg, 36%).  1H (CDCl3) δ4.66 (td, J 

= 14.4 and 3.6 Hz, 2H), 6.06 (t, J = 3.6 Hz, 1H), 6.20 (t, J = 3.6 Hz, 1H), 6.33 (t, J = 

3.6 Hz, 1H), 6.65 (tt, J = 8.8 and 2.3 Hz, 1H), 7.46 (dd, J = 8.9 and 2.2 Hz, 2H), 7.86 
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(s, 1H) and 8.10 (s, 1H); HRMS (ESI) m/z = 337.0827 (M+H)+ (C14H9F4N6 requires 

337.0825); LC-MS: rt (min) = 3.65; LRMS (ESI) m/z = 337.0. 

F

N

N N

N

HN

N

F

F
F  

6-(2,2-difluoroethylamino)-9-(3,5-difluorophenyl)-9H-purine-2-carbonitrile (37) - 

The title compound was prepared using a procedure similar to that detailed for 40, 

substituting 2,2-difluoroethylamine in Step 2, providing 37 as a colorless solid: yield 

(11 mg, 52%); LC-MS: rt (min) = 3.64; LRMS (ESI) m/z = 337.0. 

 

9-(3-chlorophenyl)-6-(ethylamino)-9H-purine-2-carbonitrile (38) - The title 

compound was prepared using a procedure similar to that detailed for 40, 

g, 47%); 1H NMR (DMSO-d6) δ 1.21 (t,  J = 7.16 Hz, 3H), 3.53 (quin, J = 

substituting 3-chlorophenyl boronic acid in Step 5, providing 38 as a colorless solid: 

yield (18 m

6.6 Hz, 2H), 7.56–7.61 (m, 1H), 7.66 (t, J = 8.1 Hz, 1H), 7.86 (d, J = 8.3 Hz, 1H), 

8.00 (s, 1H), 8.64 (t, J = 6.1 Hz, 1H) and 8.84 (s, 1H); 13C NMR (DMSO-d6) δ 14.40, 

35.02, 104.21, 117.04, 122.10, 123.23, 128.01, 131.28, 133.76, 137.34, 141.98 and 
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186.38. HRMS (ESI) m/z = 299.0805 (M+H)+ (C14H12ClN6 requires 299.0806); LC-

MS: rt (min) = 3.66; LRMS (ESI) m/z = 299.0. 

 

9-(3-chlorophenyl)-6-(2,2-difluoroethylamino)-9H-purine-2-carbonitrile (39) - 

The title compound was prepared using a procedure similar to that detailed for 40, 

1

H), 8.00 (s, 

1H), 8.88–8.96 (m, 2H); 13C NMR (DMSO-d6) δ 42.17, 116.84, 121.47, 122.27, 

123.40, 123.53, 128.20, 131.32, 133.80, 135.37, 136.92, 142.93, 154.79, 193.43. 

HRMS (ESI) m/z = 335.0614 (M+H)+ (C14H10ClF2N6 requires 335.0618); LC-MS: rt 

(min) = 3.68; LRMS (ESI) m/z = 335.0. 

substituting 3-chlorophenyl boronic acid in Step 5 and 2,2-difluoroethylamine in Step 

2, providing 39 as a colorless solid: yield (23 mg, 53%); H NMR (DMSO-d6) δ 3.86–

4.00 (m, 2H), 6.10 (t, J = 3.9 Hz, 1H), 6.24 (t, J = 3.8 Hz, 1H), 6.38 (t, J = 3.9 Hz, 

1H), 7.58–7.63 (m, 1H), 7.67 (t, J = 8.1 Hz, 1H), 7.86 (d, J = 8.7 Hz, 1

 

6-(cyclopentylamino)-9-(3,5-difluorophenyl)-9H-purine-2-carbonitrile (41) - The 

title compound was prepared using a procedure similar to that detailed for 40, 
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substituting cyclopentylamine in Step 2, providing 41 as a colorless solid: yield (30 

mg, 44%); LC-MS: rt (min) = 3.85; LRMS (ESI) m/z = 341.1. 
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Appendix D 

Supporting Information for Chapter 4 
 

 

D.1 Synthesis of analogues of compound 11  

General Methods: 

 
 Unless otherwise stated, all reactions were carried out under an atmosphere of dry 

 Analytical thin layer chromatography (TLC) was performed with Sigma Aldrich TLC 

plates (5 x 20 cm, 60 Å, 250 μm).  Visualization was accomplished by irradiation under a 

254 nm UV lamp.  Chromatography on silica gel was performed using forced flow (liquid) of 

.26 ppm, 77.00 ppm, DMSO-d6 2.49 ppm, 39.51 

ppm for 1H, 13C respectively).  Data are reported as follows: chemical shift, multiplicity (s = 

singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), coupling constants, 

and number of protons.  Low resolution mass spectra (electrospray ionization) were 

acquired on an Agilent Technologies 6130 quadrupole spectrometer coupled to the HPLC 

system.  High resolution mass spectral data was collected in-house using and Agilent 6210 

argon or nitrogen in dried glassware.  Indicated reaction temperatures refer to those of the 

reaction bath, while room temperature (rt) is noted as 25 oC.  All solvents were of anhydrous 

quality purchased from Aldrich Chemical Co. and used as received.  Commercially available 

starting materials and reagents were purchased from Aldrich and were used as received. 

the indicated solvent system on Biotage KP-Sil pre-packed cartridges and using the Biotage 

SP-1 automated chromatography system.  1H- and 13C NMR spectra were recorded on a 

Varian Inova 400 MHz spectrometer.  Chemical shifts are reported in ppm with the solvent 

resonance as the internal standard (CDCl3 7

time-of-flight mass spectrometer, also coupled to an Agilent Technologies 1200 series 

HPLC system.  If needed, products were purified via a Waters semi-preparative HPLC 
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equipped with a Phenomenex Luna® C18 reverse phase (5 micron, 30 x 75 mm) column 

having a flow rate of 45 mL/min.  The mobile phase was a mixture of acetonitrile and H2O 

each containing 0.1% trifluoroacetic acid.  Samples were analyzed for purity on an Agilent 

1200 series LC/MS equipped with a Luna® C18 reverse phase (3 micron, 3 x 75 mm) 

column having a flow rate of 0.8-1.0 mL/min over a 3-minute gradient and a 4.5 minute run 

time.  The mobile phase was a mixture of acetonitrile (0.025% TFA) and H2O (0.05% TFA), 

and a temperature was maintained at 50 oC..  Purity of final compounds was determined to 

be >95%, using a 3 µL injection with quantitation by AUC at 220 and 254 nM (Agilent Diode 

Array Detector).  

 

Preparation of compound 31: 

 

 

tert-butyl 2-(cyclohexanecarboxamido)acetate: 

To a solution of tert-butyl 2-aminoacetate (0.6 g, 4.57 mmol) in CH2Cl2 (25 mL) was added 

triethylamine (0.64 mL, 4.57 mmol) and cyclohexanecarbonyl chloride (0.67 g, 4.57 mmol).  

The reaction mixture was stirred for 1 h at rt, at which time the solution was washed with 

water.  The organic layer was extracted, dried on MgSO4, filtered, and concentrated in 

vacuo. The resulting residue was purified directly on silica column.  Gradient elution with 

ethyl acetate (10→60%) in hexanes provided the title compound as a colorless solid: yield 

(1.0 g, 4.14 mmol, 91 %). 
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2-(cyclohexanecarboxamido)acetic acid: 

)acetate (1.0 g, 4.14 mmol) in toluene 

ed SiO2 (20 grams).  The reaction was heated to reflux overnight, then 

ooled and filtered.  The SiO2 was washed with 10% MeOH/CH2Cl2 several times.  The 

To a solution of tert-butyl 2-(cyclohexanecarboxamido

(100 mL) was add

c

filtrate was concentrated to yield the title compound as a colorless solid.  No further 

purification was needed: yield (0.69 g, 3.73 mmol, 90%). 

 

O
O

O
N
H

O

 

 

6

13
6

31 

2-oxo-1,2-diphenylethyl 2-(cyclohexanecarboxamido)acetate: 

To a solution of commercially available 2-hydroxy-1,2-diphenylethanone (0.15 g, 0.71 mmol) 

and 2-(cyclohexanecarboxamido)acetic acid (0.13 g, 0.71 mmol) in THF (7 mL) was added 

triphenylphosphine (0.19 g, 0.71 mmol), followed by dropwise addition of diisopropyl 

azodicarboxylate (0.14 mL, 0.71 mmol).  The reaction mixture was stirred at rt for 2 h.  Upon 

completion, the solvent was removed under reduced pressure and the residue was purified 

directly on silica column.  Gradient elution with ethyl acetate (1→35%) in hexanes provided 

the title compound as a colorless solid: yield (0.21 g, 0.55 mmol, 78 %). LC-MS: rt (min) = 

3.68; 1H NMR (DMSO-d ) δ 1.06-1.36 (m, 6H), 1.52-1.73 (m, 4), 2.07-2.21 (m, 1H), 3.84-

4.06 (m, 2H), 7.15 (s, 1H), 7.32-7.43 (m, 3H) 7.46-7.57 (m, 4H) 7.62 (t, J = 7.4 Hz, 1H) 8.05 

(d, J = 7.2 Hz, 2H) 8.20 (t, J = 6.0 Hz, 1H); C NMR (DMSO-d ) δ 25.39, 25.55, 29.57, 

43.91, 43.99, 44.06, 77.00, 78.19, 128.53, 128.72, 129.12, 129.77, 130.06, 133.73, 133.95, 
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134.26, 134.30, 134.82, 135.00, 170.02, 176.12, 176.29, and 193.92; HRMS (m/z): [M]+ 

calcd. for C23H25NO4, 379.1784; found, 379.1788. 

 

General Scheme for compounds 32-35: 

 

a) Et N, CH Cl , rt, 1 h; b) SiO2, toluene, reflux, 16 h; c) Et3N, CH2Cl2, rt, 1 h; d) K2CO3, 

MeOH 1 h; e) 1, PPh3, DIAD, THF, rt, 16 h. 

 

General Procedures

3 2 2

: 

 

To a stirring solution of t-butyl glycine (1.0 eq) in CH2Cl2 were added the acid chloride (1.1 

eq) and triethylamine (1.1 eq).  The reaction mixture was stirred at rt for 1 hr, at which time 

the mixture was diluted further w/ CH2Cl2 and washed with sat. ammonium chloride solution 

and brine.  The organic layer was extracted, dried on MgSO4, filtered, and the solvent was 

removed under reduced pressure.  The residue was purified directly on silica gel.  Gradient 

elution (20-40% EtOAc in hexanes) afforded the desired product (t-butyl amidoacetates): 

yield (95-99%). 
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A solution of the t-butyl amidoacetate (1 mmol) and SiO2 (6 g) in toluene was refluxed for 16 

h.  The reaction mixture was filtered and the silica gel was washed several times with 10% 

MeOH-CH Cl  and the solvent was removed under reduced pressure to afford the 

amidoacetic acids, S1 as a colorless or pale solids: yield (90-95%). See below for specific 

example. 

2 2

 

General procedure C – To a solution of the requisite aniline (1.0 eq) in CH2Cl2 were added 

triethylamine (1.1 eq) and 2-chloro-2-oxoethyl acetate (1.1 eq).  The reaction mixture was 

stirred at rt for 1 h, at which time the mixture was diluted further w/ CH2Cl2 and washed with 

sat. ammonium chloride solution and brine.  The organic layer was extracted, dried on 

MgSO4, filtered, and the solvent was removed under reduced pressure.  The residue was 

purified directly on silica gel.  Gradient elu  (20-40% EtOAc in hexanes) afforded the 

s or pale solid: yield (95-

tion

desired products (2-oxo-2-(arylamino)ethyl acetates) as a colorles

99%). 

 

General procedure A – To a stirring solution of 2-oxo-2-(arylamino)ethyl acetate  (1.0 eq) in 

a methanol with potassium carbonate (1.0 eq).  The reaction mixture was stirred at rt for 1 h, 

at which time it was diluted w/ EtOAc and filtered through Celite.  The organic layer was 

washed with sat. ammonium chloride and brine, extracted, dried on MgSO4, filtered, and the 

solvent was removed under reduced pressure.  The residue was purified directly on silica 

gel.  Gradient elution (40-60% EtOAc in hexan s) afforded the desired product (2-hydroxy-

N-arylacetamides, S2) as a colorless or pale solid or oil: yield (90-95%). 

e
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General procedure e – To a stirring solution of 2-hydroxy-N-arylacetamides S2 (1.0 eq), 

amidoacetic acids S1 (1.0 eq), and triphenylphosphine (1.1 eq) in THF was added 

diisopropyl azodicarboxylate (DIAD, 1.1 eq) dropwise at rt.  The reaction mixture was stirred 

for 16 h, at which time the solvent was removed under reduced pressure.  The residue was 

purified directly on silica gel.  Gradient elution (25-60% EtOAc in hexanes) afforded the 

desired products (benzamidoacetates or carboxamidoacetates, S3) as colorless or pale 

solids: yield (80-95%).   

 

 

32 

2-(2-chloro-5-(trifluoromethyl)phenylamino)-2-oxoethyl 2-(2-chlorobenzamido)acetate 

LC-MS: rt (min) = 3.55; H NMR (CDCl3) δ 4.43 (d, 2H, J = 5.6 Hz), 4.87 (s, 2H), 6.98 (m, 

1H), 7.33-7.44 (m, 4H), 7.52 (d, 1H, J = 8.4 Hz), 7.71 (d, 1H, J = 7.6 Hz), 8.56 (brs, 1H) and 

8.65 (s, 1H); C NMR (CDCl ) δ  41.89, 63.67, 119.02 (q, F-splitting), 122.07 (q, F-splitting), 

127.02, 127.67, 129.67, 130.38, 130.45, 130.55, 130.88, 131.99, 133.41, 134.06, 164.69, 

166.73 and 168.17; HRMS (m/z): [M]  calcd. for C18H13Cl2F3N2O4, 448.0204; found, 

448.0200. 

 

1

13
3

+

 260



 

33 

2-(2-chloro-5-(trifluoromethyl)phenylamino)-2-oxoethyl 2-(cyclohexanecarboxamido) 

acetate 

LC-MS: rt (min) = 3.61; 1H NMR (DMSO-d6) δ 1.08-1.32 (m, 5H), 1.55-1.67 (m, 5H), 2.10-

2.17 (m, 1H), 3.28 (s, 3H), 3.64 (s, 1H), 3.90 (d, 2H, J = 6.0 Hz), 7.53 (dd, 1H  = 8.4 and 

6

18 20 3 2 4

, J

1.6 Hz), 7.75 (d, 1H, J = 8.4 Hz), 8.12 (d, 1H, J = 2.0 Hz), 8.15 (m, 1H) and 9.90 (s, 1H); 13C 

NMR (DMSO-d ) δ 25.14, 25.41, 29.03, 43.51, 51.91, 60.74, 62.59, 121.73 (q, F-splitting), 

122.17, 122.85 (q, F-splitting), 124.89, 127.89, 128.22, 130.15, 130.87, 135.10, 166.34, 

169.69, 175.64 and 175.80; HRMS (m/z): [M]+ calcd. for C H ClF N O , 420.1064; found, 

420.1068. 

 

 

34 

2-(2-chlorophenylamino)-2-oxoethyl 2-(cyclohexanecarboxamido)acetate 

LC-MS: rt (min) = 3.38; 1H NMR (DMSO-d6) δ 1.1-1.35 (m, 5H), 1.58-1.70 (m, 5H), 2.15 (tt, 

1H, J = 11.2 and 3.2 Hz), 3.93 (d, 2H, J = 6.0 Hz), 4.76 (s, 2H), 7.21 (td, 1H, J = 7.6 and 1.6 

Hz), 7.33 (td, 1H, J  = 8.0 and 1.6 Hz), 7.50 (dd, 1H, J = 8.0 and 1.6 Hz), 7.68 (dd, 1H, J = 

8.0 and 1.6 Hz) and 8.20 (t, 1H, J = 6.0 Hz); 13C NMR (DMSO-d6) δ 25.14, 25.42, 29.04, 

43.53, 126.21, 126.74, 127.49, 129.53, 134.06, 165.74, 169.64 and 175.81; HRMS (m/z): 

[M]+ calcd. for C17H21ClN2O4, 352.1190; found, 352.1187. 
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35 

2-(2-chlorophenylamino)-2-oxoethyl 2-(2-chlorobenzamido)acetate 

LC-MS: rt (min) = 3.37; 1H NMR (DMSO-d ) δ 4.15 (d, 2H, J = 6.0 Hz), 4.83 (s, 2H), 7.22 (td, 

1H, J = 7.6 and 1.6 Hz), 7.33 (td, 1H, J  = 8.0  and 1.2 Hz), 7.38-7.52 (m, 5H), 7.69 (dd, 1H, 

J = 8.0 and 1.6 Hz), 8.95 (t, 1H, J = 6.0 Hz) and 9.70 (s, 1H); 13C NMR (DMSO-d ) δ 40.79, 

62.72, 126.24, 126.76, 127.07, 127.49, 129.02, 129.54, 129.73, 129.99, 131.09, 134.06, 

135.97, 165.69, 166.85 and 169.05; HRMS (m/z): [M]+ calcd. for C17H14Cl2N2O4, 380.0331; 

found, 380.0331. 

 

6

6
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D.2 Supplementary Figures 

Supplementary Figure 1 Lineweaver-Burk plots for representative compounds for five 

classes of cruzain competitive inhibitors. (a) 8, cluster 1, apparent Ki =65 nM (b) 26, Ki = 0.8 

μM, (c) 5, Ki = 6 μM, (d) 27, cluster 2, Ki = 2 μ (e) 29, cluster 31, Ki = 2 μM. M, 
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Supplementary Figure 2 Enrichment curves. (a) Improvement of enrichment at each stage 

of mechanistic follow up. Curves for all hits (purple), detergent insensitive compounds 

(putative non aggregators) (cyan), non fluorescent compounds (red), compounds selective 

for cruzain (pink) and competitive inhibitors  

 in magenta, blue, 

 (orange) are shown. (b) Enrichments for each

cluster of competitive inhibitors. Clusters 1, 2, 31 and 44 are shown

orange and green respectively. Enrichment expected by random ranking of compounds 

shown in black. 
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Supplementary Figure 3 Cruzain catalyzed degradation of cluster 1 compounds. UV trace 

ompound 11, 

whe  of 11 cleavage. Time-

dependence of cruzain inhibition by compounds (d) 8 and (e) 11.  

for absorbance at 254 nm for solutions of 11 (a) solution after 1 day in the absence of 

cruzain, (b) fresh solution in presence of 100 nM cruzain, (c) after 40 minutes in the 

presence of 100 nM cruzain. The peak eluted at 4.4 minutes referes to c

reas the one eluted at 3.2 min corresponds to a product
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Supplementary Figure 4 Replacement of ester functionality in 11 yields inactive 

compounds.  

 

 
 

 266



Supplementary Figure 5 Chemical stability and time-dependence cruzain inhibition data for 

compounds 4 and 5. UV trace for absorbance at 254 nm for fresh compound solutions of (a) 

4 and (b) 5 in absence of cruzain; and for solutions incubated with 100 nM cruzain: (c) 4 

after 4 h incubation and , (d) 5 after 1 day incubation. Time-course of cruzain inhibition by 

compounds (e) 4 and (f) 5, indicating no time-dependence over 240 min incubation. 
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Supplementary Figure 6 Comparison between cruzain structure used for docking and 

crystal structure of cruzain/27 complex. Residues within 5 Å of compound 27 are shown in 

ticks. Conformations of active site residues are similar in both structures, except for Gln159 

and double conformation of Cys25. Carbon atoms colored green in crystal structure and 

gray in structure used for docking. Oxygen, nitrogen and sulfur colored red, blue and yellow 

respectively. Figures prepared with Pymol.5 

s
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Supplementary Figure 7 Superposition of conformation of 27 in complex with cruzain and 

closest conformation found by docking (rmsd = 1.4 Å). Carbon atoms colored cyan in 

crystallographic complex and green in docked conformation. Oxygen, nitrogen, sulfur and 

bromine colored red, blue, yellow and orange respectively. Figures prepared with Pymol.5 
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D.3 Supplementary Tables 

Supplementary Table S1 - Follow up of qHTS Hits ranked among top 1% of the database 

by DOCK 

 

rank (μM) inhibitio nt- dependen
Structure DOCK IC50 AmpC 

n? 

Deterge

sensitivit
y? 

Time-

ce? 

N
H

O
N
H

CF3

Cl

O

O

O

1

Cl

 

6 11 No No No 

N
H

O
N
H

CF3

Cl

O

O

O

NO2

2  

20 0.4 No No No 

N
H

O
N
H

O

O

ONO

O

3  

97 38 No No No 

N
O

N
H

O

O
O

O

O

Cl

4  

153 1 No No No 

H
N

N
H

O

N

O

O

O

5  

173 7 No No No 

 270



N

H
N

O

O
N N

 

311 25 Yes No No 
N

Cl 36

O
N
H

O

O

O

O

6  

550 0.7 No No No 

O
N
H

O

O

O

Cl

O

O
7  

555 0.5 No No No 

O

H
N

O

O

O

37  

647 166 Yes No No 

N S

O
O

Br

ON
H

OH

HO

HO

OH

38
 

734 - No Yes  No 

N
H

O
N
H

CF3

Cl

O

O

O

8  

789 0.3 No No No 

O

O

O

O O

O39  

951 - yes Yes yes 

H
N

N
H

O

O

O

O

40  

1151 65 no No No, but 
low 

inhibition 
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O
N
H

O
N

O

O O

9  

1182 18 No No No 

N
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O
N
H

O

O

O
O

N

F

HN
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N
H

O
N
H
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O

O

O
Cl

Cl

11  

1485 0.7 No No No 

O N
H

NH
O

S
O

O

N

N

O

O

41  

1623 - No Yes No 

O
S N

H
O

O

Cl

42  
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N

N
Cl
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NH

O O

43  

1833 - No Yes No 
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Supplementary Table S2 – DOCK ranking and exp ent ow up ompou
analogues (Cluster 44) 
 

Structure DOCK 
rank 

IC50 

(μM) 
AmpC 

inhibition? 
Detergent-
sensitivity? 

Time-
dependence

? 

Ki 

(μM) 

erim al foll  of c nd 4 

153 1 No No 1.6 

N
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N
H

O

O
O
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O

N
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O

O
O
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Supplementary Table S3 Follow up of cl  

Cluster/ 
compounds 
per cluster 

Compound tested 
experimentally 

qHTS 
IC50 
(μM) 

Detergent 
sensitive? 

Time-
dependent

? 

% β-
lactamase 

ition 

usters selective for cruzain

inhib

1/88 
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N H
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S
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F23  
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N

N
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N
H
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O

O
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N

N

N

N
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O

O
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H
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O

O22
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30/5 
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NH

O

O

O
O
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A 

O
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H
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N
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O
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O
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O
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a compound concentration in assay.  
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Supplementary Table S4 – Potential qHTS false negatives prioritized fo ing by d g 
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Supplementary Table 5 In vitro activity of compound 11 and representative analogues  

Co )  

against Cruzain 

mpound IC50 (nM

N
H

O
N
H

CF3

O

O

O
Cl

Cl

11  

260 

 

31

30 

 

 

32

220 

 

 

33 

670 

 

34
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35 
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Supplementary Table 6 Comparison of DOCK scores lographic and

poses of co  27 

Scores 

for crystal  DOCK 

mpound

Cruzain 
structure 

Compound 
27 pose 

electrostatics van der 
Waals 

ligand 
desolvation 

Total 
score 

Best ranked by 
docking 

- 33.0 - 22.2 19.7 - 35.5 Same used for 
virtual 

screening 
Crystallographic 

 

- 17.0 - 8.4 16.9 - 8.5 

Best ranked b
docking 

- 12.06 - 25.9 11.2 - 26.7 From structure 
complex with 

27 
Crystallographic 

 

- 11.7 - 22.5 16.6 - 17.8 

y 
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Appendix E 

Other published papers

 

 In addition to the material described in Chapters 1-4 and Appendix A-D, 
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U S A. 2009 May 5;106(18):7455-60. Epub 2009 Apr 22. 

McKerrow JH, Doyle PS, Engel JC, Podust LM, Robertson SA, Ferreira 

R, Saxton T, Arkin M, Kerr ID, Brinen LS, Craik CS. Two approaches to 

discovering and developing new drugs for Chagas disease. Mem Inst Oswaldo 

Cruz. 2009 Jul;104 Suppl 1:263-9. 

Kolb P, Ferreira RS, Irwin JJ, Shoichet BK. Docking and chemoinformatic 

screens for new ligands and targets. Curr Opin Biotechnol. 2009 Aug;20(4):429-

36. Epub 2009 Sep 3. Review. 

Bryant C, Kerr ID, Debnath M, Ang KK, Ratnam J, Ferreira RS, Jaishankar P, 

Zhao D, Arkin MR, McKerrow JH, Brinen LS, Renslo AR. Novel non-peptidic 

vinylsulfones targeting the S2 and S3 su sites of parasite cysteine proteases. 

Bioorg Med Chem Lett. 2009 Nov 1;19(21):6218-21. Epub 2009 Sep 3.PMID: 
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