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Leveraging the Cruzain S3 Subsite to Increase Affinity for Reversible

Covalent Inhibitors

Cruzain is the major cysteine protease of Trypanosoma cruzi, the etiological agent

of Chagas disease. Reversible covalent cruzain inhibitors can block the steps of cell
differentiation in the parasite and kill the organism. To this end, the description of how
inhibitors modified at the P2/P3 positions lead to analogs with greater cruzain affinity to
the S2/S3 subsites is of fundamental importance. Albeit many efforts are being
employed in the characterization of the interaction processes with S2 subsite, little is
known about the cruzain S3 subsite. In this work, we show a brief but consistent study
to identify favorable substitutions in P3 of dipeptidyl nitriles that increase cruzain
affinity. Using molecular dynamics simulations, we have identified some dipeptidyl
nitrile analogs with modifications at P3 position that had higher cruzain inhibition than
the original unsubstituted compound. A matched molecular pair analysis shows the
importance of including a chlorine atom in the P3-meta position. The modifications
implemented in P3 are confirmed when profiling the thermodynamic parameters via
isothermal titration calorimetry. The classical enthalpy-entropy compensation
phenomenon, in which enthalpy changes are counterbalanced by entropy results in a
small modification of AG. The inclusion of the chlorine atom in the P3-meta position

results in the highest reduction of the detrimental entropic contribution observed in P3.

Keywaords: Cruzain inhibitors; Dipeptidyl nitriles; Molecular Dynamics Simulation;

Matched Molecular Pair Analysis; Isothermal Titration Calorimetry



1. Introduction

Chagas disease, whose etiological agent is the protozoan parasite Trypanosoma cruzi, is
a serious health and social problem for people living in Latin America and areas
previously considered non-endemic such as Japan, East Europe and North America [1].
More than 300,000 new cases are reported every year in 21 countries around the world
with an average of one million people currently infected with T. cruzi [2-4]. At present,
there is no vaccine available to prevent Chagas disease or effective chemotherapies. The
only two existing drugs in the market, Benznidazole and Nifurtimox, show high side
toxic effects and inefficiency in the chronic stage of the disease [5,6]. Beyond doubt,
new drugs that are safe and efficacious are therefore critically needed. One approach
consists in the discovery and development of cruzain (Cz) inhibitors, the major T. cruzi
cysteine protease, responsible for the survival and propagation of the protozoan parasite
[7]. Consequently, its inhibition is.an important strategy for the treatment of this
disease. Three-dimensional (3D) structures of the enzyme with a variety of ligands have
already been resolved [8], thereby prompting us to apply target based molecular
designing with the aim of finding new high-affinity Cz inhibitors. In particular, our
recent studies [9] showed key interactions of P1, P2 and P3 portions of dipeptidyl nitrile
ligands with the respective subsites of the enzyme (S1, S2, S3). Specifically, it is
already known the importance of Cz inhibition via hydrogen bond between the ligand

and residues Aspl16 and Gly66 located at S2; and His162 in S1 subsite [10].

The importance of the S3 region still needs to be better understood due to its
open-flat water accessible surface area. However, relevant data and information are
available for the hydrogen bonding interaction of the Ser61 residue with the

corresponding P3 region of different inhibitors co-crystallized with Cz (for instance, see



PDB code 1ME3). Herein, we report the molecular design and synthesis of a new series
of high Cz affinity dipeptidyl nitrile inhibitors, based on the structure of substance 5
(Scheme 1), to study and evaluate the regioselective interaction with residue Ser61 via

in silico studies, kinetics and thermodynamic data.
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Scheme 1. Synthetic route for dipeptidyl-nitrile derivatives. Conditions for the reaction
steps: (a) HATU, DIPEA, DMF, Argon atmosphere, 16 h, RT; (b) HCOOH, 16 h, RT;

(c, d) HATU, DIPEA, DMF, Argon atmosphere, 16 h, RT.



2. Methods

2.1 Molecular Dynamics Simulation

All ligands in this work were considered covalently bonded to the catalytic Cys25
residue from Cz. Initially, we generated the modified cysteine amino acid cross-linked
with the inhibitor and capped at N and C terminal with ACE (acetyl) and NME
(methylamine) groups, respectively. The formal charge of the compound was predicted
by LigPrep [11] considering a pH of 5.8. Electrostatic potential of each modified
cysteine was calculated at HF/6-31G+ level without geometry optimization in
Gaussian09 to a subsequent RESP [12] partial atomic charge derivation using RED-
vIll.4 [13]. In this step, we attributed the partial charge of main chain N, H, C and O
atoms as -0.4157, 0.2719, 0.5973 and -0.5679, respectively (as per standard AMBER
amino acids) and defined total charge of ACE and NME groups as zero. Then, the
library and topological parameters of each nonstandard cysteine were generated using
Antechamber package implemented in AmberTools14 considering FF14SB [14] and
gaff (general amber force field) [15] to treat the original cysteine residue and ligand
atoms, respectively [16]. The missing parameters at the interface of gaff-FF14SB atoms
were estimated based on comparable connectivity in gaff force field.

Cruzain structure was retrieved from Protein Data Bank (PDB code 1ME3) [17].
All' water molecules were removed, histidine residues were renamed according to their
protonation and tautomeric states, and Asp60 side chain was considered in its
protonated state. Cross-linked adducts prepared in the previous section replaced the
standard Cys25 amino acid. Complexes were parametrized with FF14SB force field to
amino acid atoms and gaff force field for ligand atoms in tleap. Sodium atoms were
added to neutralize the system, and a truncated octahedral box of TIP3P water

molecules [18] was created extending at least 10 A beyond any protein atom.



Molecular dynamics simulations were carried out using pmemd.cuda script from
Amber14 package. All simulation steps were done using SHAKE method®® to constrain
bonds containing hydrogen atoms and Langevin approach to control temperature
(frequency of 2 s™). A cutoff of 10 A was defined for nonbonded interaction
considering a timestep of 2 fs. After, we performed the equilibration protocol consisting
of (i) minimization with positional constraint of 500 kcal.mol™ for solute atoms; (ii)
minimization without constraints; (iii) system heating from 0 to 310 K in NVT
ensemble and constraint of 10 kcal.mol™ for solute atoms during 50 ps; (iv) 5 ns
equilibration at NPT ensemble. Then, the whole system was simulated in the NPT
ensemble using three replicates of 100 ns production simulations that were subdivided
into 5 ns sequential simulations. Each simulation is restarted with a new seed for
Langevin simulation and coordinates were saved every 50 ps.

Data regarding the RMSD of the ligand and the distance between the ligand and
protein were calculated for production simulations using the cpptraj as implemented
within the AmberTools14 package. Graphs were generated using Origin software to

perform the analyses.

2.2 Chemistry
All chemicals were purchased as reagent grade and used without further
purification unless otherwise noted. N,N-Dimethylformamide (DMF) was dried over 3
A activated molecular sieves for 72 hours. All non-aqueous reactions were carried out
under argon atmosphere in oven-dried glassware. Solvents used in high-performance
chromatography (HPLC) were supplied by Tedia and used without further purification
Thin layer chromatography was performed on Fluka Analytical Sigma-Aldrich

silica gel matrix, pre-coated plates with fluorescent indicator 254 nm and/or staining



solutions. Flash column chromatography was performed on silica gel (pore size 60 A,
70-230 mesh).

'H and *C NMR spectra were recorded on HP — 400 and 500 MHz instruments
in CDCl; or DMSO-dg. Chemical shifts are referenced to the residual solvent peak, and
J values are given in Hz. The following multiplicity abbreviations are used: (s) singlet,
(d) doublet, (dd) doublet of doublets, (ddd) doublet of doublet of doublets, (dt) doublet
of triplet, (t) triplet, (q) quartet, (m) multiplet, and (br) broad.

Characterization and separation of substances were carried out with a HPLC
system. The analytical HPLC system consisted of a Shimadzu LC (Kyoto, Japan)
equipped with a LC-20AT pump, a LC-20AD pump, a SIL-20A HT autosampler, a
DGU-20A5 degasser, a CBM-20A, SPD-M20A DAD detector and a FRC-10A fraction
collector. Data acquisition was performed using LCsolution software version 1.26 SP5.
The LC system was coupled to an/AmaZon SL ion trap mass spectrometer (Bruker
Daltonics, Bremen, Germany) equipped with electrospray ionization (ESI) interface.
Data acquisition was performed with Bruker Daltonics Data Analysis software (version
4.2.383.1). Spectra for all compounds and further details can be found in the
supplementary information.

Solvents were filtered through a 0.45 um Merck-Millipore membrane before use
and degassed in an ultrasonic bath. In the established HPLC protocol, chiral analysis
and separation were carried out at 32 °C (column oven) where not otherwise specified,
using analytical and semi-preparative cellulose-2 Phenomenex column (Analytical: 5
um, 250 mm x 4.6 mm 1.D, semi-preparative: 5 um, 250 mm x 10 mm 1.D) or Diacel
column (IC-chiralpak: 5 um, 250 mm x 4.6 mm) via isocratic elution with a flow rate of
0.5 (analytical) and 2.36 mL min™ (semi-preparative). The most common mobile phase

composition was acetonitrile-water (50:50) (v/v). Volumes of 10 uL (analytical) and



1000 pL (semi-preparative) were injected. Quantification was carried out at 200-800
nm and the chromatographic run time varied according to the sample.

Specific rotations ([o] " = 100a/Ic, in deg mL g ' dm™", but reported herein in
degrees) were observed at the wavelength 589 nm, the D line of a sodium lamp. The
temperature was set to be 25 °C. Samples were weighted using a precision balance
(Sartorius, Model CPA26P) and dissolved in methanol (HPLC grade, Panreac).
Rotations were measured using a Digital Polarimeter (P2000, Jasco): o = observed
rotation in degrees; | = cell path length of 0.1 decimeter; ¢ = concentration in g 100 mL"
! Values were calculated using 5 measurements for each substance. Melting points
were determined by a Quimica Micro MQAPF-302 apparatus and are uncorrected.

The synthetic route was developed to optimize the set of substituents to be
placed in P1, P2, and P3 that have been defined after the planning and design studies.
All syntheses were started with enantiopure amino acids. Due to the diversity of
building blocks, it was necessary to evaluate different coupling reagents, aiming at the
best yield and lower racemization [9].

The peptide coupling reaction was performed twice; first to bind the amino acid
(enantiomeric pure, amine-Boc-protected) to the nitrile moiety, and secondly (after

removing Boc group) to the wanted benzoyl acids (Scheme 1).

Synthesis of (S)- tert-butyl (1-((cyanomethyl)amino)-1-oxo-3-phenylpropan-2-
yl)carbamate (3)

N, N-diisopropylethylamine (DIPEA, 2.6 Eq) was added to a solution of Boc-L-
phenylalanine (1) (3.77 mmol, 1 Eq), HATU (1.3 Eq) and 1-Amino-1-
cyclopropanecarbonitrile hydrochloride (2) (1.3 Eq.) in DMF (5 mL), under argon
atmosphere. The resulting solution was stirred at room temperature for 16 hours. The

reaction mixture was diluted with ethyl acetate (10 mL) and washed with a saturated



NaHCOs solution (3 x 20 mL) and brine (3 x 20 mL). The organic phase was dried over
MgSOQO, and evaporated to give a crude residue that was purified by chromatographic
column on Flash Silica using ethyl acetate: n-hexane (7:3) as the mobile phase to give a
white solid with a good yield.

Yield 92%. White solid. Ri= 0.9 (Ethyl Acetate: n-Hexane; 7:3). MP. 146-147 °C. 'H
NMR (500 MHz,CDCls)  7.27- 7.04 (m, 5H), 4.58 (m, 1H), 3.19 (dd, J.=13.8,5.0 Hz,
1H), 2.88 (dd, J = 9.5, 5.0 Hz, 1H), 1.31 (s, 9H), 1.25 (m, 2H), 1.04 (m, 2H).

3C NMR. (125 MHz, CDCl5) & 142.88, 131.04, 127.69, 126.21, 120.81, 107.59, 37.36.

Synthesis of (S)-2-amino-N-(1-cyanocyclopropyl)-3-phenylpropanamide (4)

Substance 3 (500 mg) was treated with formic acid (2 mL) at room temperature and
stirred for 18 h. The reaction mixture was evaporated under vacuum to get yellowish
oil. NaOH 1 M was added dropwise to reach pH 9. The product was extracted with
ethyl acetate (4 times) and then washed twice with brine. Then, the organic phase was
evaporated to obtain the colorless oil. The product formation was confirmed by TLC
(ethyl acetate) with ~ 90% yield, and the product was used for the next step without any

further purification.

General procedure for synthesis of substances: 5 -15

Substance (4) (1.3 Eq) was added to a solution with the respective benzoic acid
derivative (1 mmol, 1 Eq), HATU (1.3 Eqg) and N,N-diisopropylethylamine (DIPEA, 2.6
Eq) in DMF (5 mL), under argon atmosphere. The resulting solution was stirred at room
temperature for 16 h. This reaction mixture was diluted with ethyl acetate (10 mL) and
washed with a saturated solution of NaHCO3 (3 x 20 mL) and brine (3 x 20 mL). The

organic phase was dried over MgSO, and evaporated to give a crude residue that was



purified by chromatographic column on Flash Silica using as mobile phase ethyl

acetate: hexane (7:3) to give a white solid with 65-80% vyield.

(2S)-N-(1-cyanocyclopropyl)-3-phenyl-2-(phenylformamido)propanamide (5)

70% yield. White solid. MP 189-190°C. NMR *H (500 MHz, DMSO-ds) & 9.02 (s,
1H), 8.64 (d, J = 8.1 Hz, 1H), 7.82 (d, J = 7.2 Hz, 2H), 7.52 (t, J = 7.3 Hz, 1H), 7.44

(t, J=7.5Hz, 2H), 7.30 (d, J = 7.2 Hz, 2H), 7.25 (t, J = 7.5 Hz, 2H), 7.17 (t, J = 7.2 Hz,
1H), 4.60 (m, 1H), 3.03 (dd, J = 23.4, 13.6, 7.6 Hz, 2H), 1.46 (d, J=2.7 Hz, 2H), 1.04
(d, J=9.7 Hz, 2H). NMR **C (125 MHz, DMSO-dg) & 173.18, 166.71, 138.29, 134.26,
131.81, 129.61, 128.61, 128.55, 127.93, 126.80, 121.18, 55.05, 37.39, 20.19, 16.15,
16.13. HRMS (ESI (+)) Calcd. [C20H20N30,] 334.1550, Observed: 334.1550 [M+H].

HPLC (50:50 ACN:Water): tr(min)= 12.01. Purity: 97.73 %.

(S)-2-chloro-N-(1-((1-cyanocyclopropyl)amino)-1-oxo-3-phenylpropan-2-yl)benzamide
(6)

80% yield. White solid. MP 175- 176 °C [o]p’= -45.3° + 0.5 (CHsOH, C=0.1). FT-IR
(KBr, cm™)8300,.3284, 3030, 2247, 1663, 1650, 1525, 1502, 1329, 1053, 744, 698. 'H
NMR (500 MHz, DMSO-dg) 5 8.95 (s, 1H), 8.71 (d, J= 10.0 Hz, 1H), 7.42 (m, 2H),
7.35 (td, J= 9.5, 3.0 Hz, 1H), 7.28-7.17 (m, 5H), 4.57 (m, 1H), 3.06 (dd, J= 13.5, 5.0
Hz, 1H), 2.98 (dd, J=19.0, 13.5 Hz, 1H), 1.44 (m, 2H), 1.02 (m, 2H).**C NMR (125
MHz, DMSO-dg) 6 172.21, 166.27, 137.53, 136.38, 131.05, 130.21, 129.75, 129.42,
129.17, 128.28, 127.07, 126.62, 120.81, 54.30, 39.52, 37.22, 19.89, 15.89. ESI-MS (-)
Calc. for [C2oH1sCIN30,] 367.83, found: 366.25 [M-H'] .HPLC (50:50 ACN:Water):

tr(min)= 12.01. Purity: 96.39 %.

10



((S)-3-chloro-N-(1-((1-cyanocyclopropyl)amino)-1-oxo-3-phenylpropan-2-
yl)benzamide (7)

75% yield. White solid. MP 214-215 °C [o]p® = -47.3 ° + 0.2 (CHsOH, C=0.1). FT-IR
(KBr, cm'l) 3302, 2924, 2243, 1672, 1649, 1537, 1525, 1319, 1076, 750, 696, 686. ‘H
NMR (500 MHz, DMSO-dg) 6 9.03 (s, 1H), 8.83 (d, J= 10.0 Hz, 1H), 7.87 (t, J= 2 Hz,
1H), 7.77 (dt, J= 7.5, 1.5 Hz, 1H), 7.59 (ddd, J= 8.0, 2.0, 1.0 Hz, 1H), 7.48 (t; J='8 Hz,
1H), 7.29-7.23 (m, 4H), 7.17 (td, J= 7.5, 1.5 Hz, 1H), 4.59 (m, 1H), 3.06/(dd, J= 13.5,
5.0 Hz, 1H), 2.98 (dd, J=19.0, 13.5 Hz, 1H), 1.24 (m, 2H), 1.03 (M, 2H)."*C NMR
(125MHz, DMSO-dg) 6 172.95, 165.31, 138.21, 136.21, 133.49, 131.66, 130.68,
129.57, 128.56, 127.73, 126.84, 126.71, 121.16, 55.12, 37.32, 20.20, 16.14, 16.12. ESI-
MS (-) Calc. for [CH1sCIN3O,] 367.83, found: 366.25 [M-H']. HPLC (50:50

ACN:Water): tg (min)= 14.7. Purity: 94.57 %.

(S)-4-chloro-N-(1-((1-cyanocyclopropyl)amino)-1-oxo-3-phenylpropan-2-yl)benzamide
(8)

75% yield. White solid. MP 218 -219 °C. [a]o° = -48.0° + 1 (CHsOH, C=0.1). FT-IR
(KBr, cm™) 3300, 3284, 3030, 2247, 1663, 1649, 1525, 1502, 1329, 1053, 744, 698. *H
NMR (500 MHz, DMSO-dg) 5 9.03 (s, 1H), 8.78 (d, J= 10.0 Hz, 1H), 7.83 (dt, J = 10.5,
2.5 Hz, 2H), 7.52 (dt, J= 10.5, 2.5 Hz, 2H), 7.28-7.22 (m, 4H), 7.16 (tt, = 7, 1.5 Hz,
1H), 4.58 (m, 1H), 3.05 (dd, J= 13.5, 5.0 Hz, 1H), 2.96 (dd, J=19.0, 13.5 Hz, 1H), 1.45
(m, 2H), 1.01 (m, 2H). **C NMR (125 MHz, DMSO-dg) § 172.74, 165.38, 137.92,
136.35, 132.69, 129.58, 129.29, 128.43, 128.26, 126.53, 120.87, 54.81, 39.52, 37.06,
19.89, 15.85, 15.82. ESI-MS (-) Calc. for [C2H1sCIN3O,] 367.83, found: 402.22

[M+CI]. HPLC (50:50 ACN:Water): tg (min)= 16.11. Purity: 99.99 %.

11



(S)-N-(2-((1-cyanocyclopropyl)amino)-1-oxo-3-phenylpropan-2-yl)-3-methylbenzamide
9)

73% yield. White solid. MP 140 — 141 °C [o]p® = -51.3° + 0.7 (CH3OH, C=0.1). FT-IR
(KBr, cm™) 3303, 3285, 3030, 2247, 1663, 1650, 1525, 1502, 1329, 1053, 744, 698. 'H
NMR (500 MHz, DMSO-ds) & 8.87 (s, 1H), 8.38 (d, J= 10.0 Hz, 1H), 7.61 (m, 2H),
7.29 —7.12 (m, 7H), 4.62 (m, 1H), 3.06 (dd, J= 13.5, 5.0 Hz, 1H), 2.99 (dd, J=19.0,
13.5 Hz, 1H), 2.33 (s, 3H) 1.37 (m, 2H), 1.04 (m, 2H). *C NMR (125 MHz, DMSO-dg)
6 173.00, 166.93, 137.90, 137.67, 134.24, 133.47, 132.09, 130.08, 129.49, 128.38,
128.31, 126.78, 124.92, 120.71, 79.34, 78.68, 54.77, 37.56, 21.36, 20.13, 16.13. ESI-
MS (-) Calc. for [C21H21N30,] 347.42, found: 346.31 [M-H']". HPLC (50:50

ACN:Water): tr (min)= 13.5. Purity: 95.78 %.

(S)-N-(2-((1-cyanocyclopropyl)amino)-1-oxo-3-phenylpropan-2-yl)-3-
hydroxybenzamide (10)

65% yield. White solid. MP 228 - 229 °C. [a]p° = -46.7° + 0.6 (CH;OH, C=0.1). FT-IR
(KBr, cm™) 3416, 3324, 3305, 2246, 1673, 1649, 1525, 1284, 1027, 706. *H NMR (500
MHz, DMSO-ds) & 9.62 (s, 1H), 8.98 (s, 1H), 8.52 (d, J= 10 Hz, 1H), 8.12 (m, 1H),
7.66 (m, 2H), 7.26-7.13(m, 5H), 6.91 (td, J= 7.5, 1.5 Hz, 1H), 4.57 (m, 1H), 3.02 (dd,
J= 13,5, 5.0 Hz, 1H), 2.69 (dd, J=19.0, 13.5 Hz, 1H),1.46 (m, 2H), 1.03 (m, 2H). *C
NMR (125 MHz, DMSO-dg) 6 175.47, 167.64, 156.77, 137.59, 135.53, 129.87, 129.42,
129.42, 129.07, 129.07, 127.17, 121.62, 121.57, 120.20, 114.53, 56.87, 38.46, 19.009,
19.09. ESI-MS (-) Calc. for [CoH19N303] 349.39. found: 348.23 [M-H"]".The substance
10 was subjected to semi-preparative chromatography using the following conditions to

afford 20 mg: C18 column (250x 10 mm; 10 um; 100 A; LUNA®); isocratic elution

with ACN/water, 30:70; flow rate 2.5 mL/min; injection volume 100 pL; stock solution

12



of substance 10 was 10.0 mg/mL in mobile phase. Analyses were carried out on a mass
spectrometer operating in the scan mode (enhanced resolution; 100 - 1200 m/z) under
positive ionization with detection of [M+H]" 350.16 m/z or [M+Na]* 372.15 m/z. The
ESI parameters were as follows: capillary voltage — 4500 V; end plate voltage — 500 V;
dry gas — 9 L/min; nebulizer — 40 psi; dry temperature — 300 °C. HPLC (Analytic)

(50:50 ACN:Water): tgr (min)= 14.53. Purity: 98.61 %.

(S)-N-(1-((1-cyanocyclopropyl)amino)-1-oxo-3-phenylpropan-2-yl)nicotinamide (11)
65% yield. White solid. MP 180 - 181 °C [o]p® = -63.2 ° + 0.4 (CH;OH). FT-IR (KB,
Cm'l) 3561.30, 3332.46, 2246.20, 1674.28, 1649.50, 1535.40, 1524.40, 1484.95,
1027.14, 705.0. *H NMR (500 MHz, DMSO-dg) 8 9.11 (s, 1H), 8.97- 8.94 (m, 2H),
8.70(dd, J=10.5, 5.5 Hz, 1H), 8.15 (dt, J=10.5, 5.5 Hz , 2H), 7.49 (ddd, J=15.5, 10,5
5.0 Hz, 1H), 7.29 (m, 4H), 7.18 (it, J= 10.0, 3.2 Hz, 1H), 7.48 (m, 1H), 4.62 (m, 1H),
3.11 (dd, J= 13.5, 5.0 Hz, 1H),3.10 (dd, J=19.0, 13.5 Hz, 1H), 1.47 (m, 2H), 1.05 (m,
2H).*C NMR (125 MHz, DMSO-ds) 6 172.91, 165.31, 152.40, 149.04, 138.11, 135.61,
129.80, 129.60, 128.55, 126.83, 123.77, 121.16, 55.07, 39.77, 37.40, 20.19, 16.14,
16.09. ESI-MS (-) Calc. for [C1eH1sN4O,] 334.38, found: 333.21 [M-H']. HPLC (50:50

ACN:Water): tg (min)= 8.27. Purity: 98.03 %.

(S)-N-(2-((1-cyanocyclopropyl)amino)-1-oxo-3-phenylpropan-2-yl)-3-fluorobenzamide
(12)

75% yield. White solid. MP 219 - 220 °C [o]o’ = - 41.4 ° + 0.6 (CH3OH). FT-IR (KB,
cm™) 3271, 3064, 3026, 2297, 2237, 1676, 1664, 1587, 1541, 1523, 1485, 1435, 1377,

1325, 1300, 1288, 1271, 1224, 1215, 1180, 750, 702. *H NMR (500 MHz, DMSO-ds) &

9.02 (s, 1H), 8.76 (d, J = 6.5 Hz, 1H), 7.68 - 7.67 (m, 1H), 7.63 - 7.59 (m, 1H), 7.50 (d,

13



J=10.0, 7.5 Hz, 1H), 7.40 — 7.35 (m, 1H), 7.30 — 7.23 (m, 4H), 7.16 (it, J = 6.0, 1.5 Hz,
1H), 4.62 — 4.56 (m, 1H), 3.08 (dd, , J = 17.0, 16.5 Hz, 1H), 2.98 (dd, , J = 17.0, 12.5
Hz, 1H), 1.47 - 1.44 (m, 2H), 1.04 — 1.01 (m, 2H)."*C NMR (125 MHz, DMSO-ds) &
172.95, 165.38, 165.36, 163.49, 161.06, 138.17, 136.59, 136.53, 130.86, 130.78,
129.57, 128.55, 126.83, 124.12, 124.09, 121.15, 118.82, 118.61, 114.80, 114.57, 55.11,
40.58, 40.38, 40.17, 39.96, 39.75, 39.54, 39.33, 37.34, 20.17, 16.13. ESI-MS (-) Calc.
for [CooH1sFN30,] 351.14, found: 352.03 [M+H]*. HPLC (50:50 ACN:Water): tg

(min)=12.41. Purity: 96.8 %.

(S)-3-bromo-N-(1-((1-cyanocyclopropyl)amino)-1-oxo-3-phenylpropan-2-yl)benzamide
(13)

72% yield. White solid. MP 229 - 230 °C [a]p’ = - 66.9 ° + 0.6 (CHsOH). FT-IR (KB,
cm™) 3302, 3029, 3024, 2243, 1672, 1649, 1539, 1525, 1377, 1319, 1303, 1219, 1064,
896, 848, 746, 700, 684. "HNMR (500 MHz, DMSO-ds) 5 9.05 (s, 1H), 8.86 (d, J = 8.0
Hz, 1H), 8.04 (t, J = 1.5 Hz, 1H), 7.84 - 7.82 (m, 1H), 7.76 — 7.74 (m, 1H), 7.46 (t, J =
8.0 Hz, 1H), 7.32 —7.26 (m, 4H), 7.21 (tt, J = 6.0, 1.5 Hz, 1H), 4.64 — 4.60 (m, 1H),
3.15 (dd, , 3=17.0, 16.5 Hz, 1H), 3.01 (dd, , J = 17.0, 12.5 Hz, 1H), 1.50 - 1.47 (m,
2H), 1.08 —1.03 (m, 2H).3C NMR (125 MHz, DMSO-dg) 5 172.95, 165.23, 138.19,
136.41, 134.54, 130.94, 130.60, 129.57, 128.56, 128.01, 127.09, 126.84, 121.97,
121.16, 55.11, 40.58, 40.49, 40.41, 40.32, 40.24, 40.15, 40.08, 39.99, 39.91, 39.82,
39.65, 39.48, 37.32, 20.18, 16.12. ESI-MS (-) Calc. for [C2H1sBrN;O,] 412.29, found:

413.50 [M+H]". HPLC (50:50 ACN:Water): tg (min)= 18.33. Purity: 99.5 %.

(S)-N-(1-((1-cyanocyclopropyl)amino)-1-oxo-3-phenylpropan-2-yl)-3-iodobenzamide

(14)
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86% yield. White solid. MP 205 - 207 °C [o]p’ = - 44.3 ° + 0.5 (CH3OH). FT-IR (KB,
cm™) 3286, 3029, 3022, 2241, 1672, 1649, 1522, 1317, 1284, 1299, 1219, 1066, 883,
792, 744, 684. *H NMR (500 MHz, DMSO-dg) 5 9.00 (s, 1H), 8.78 (d, J = 8.0 Hz, 1H),
8.17 (t, J= 1.5 Hz, 1H), 7.88 - 7.86 (m, 1H), 7.28 — 7.22 (m, 5H), 7.16 (tt, J = 7.0, 2.0
Hz, 1H), 4.60 — 4.55 (m, 1H), 3.05 (dd, J = 15.0, 5.0 Hz, 1H), 2.96 (dd, , J = 14.0, 10.0
Hz, 1H), 1.47 - 1.42 (m, 2H), 1.04 — 1.00 (m, 2H).*C NMR (125 MHz, DMSO-ds) &
172.97, 165.23, 140.32, 138.19, 136.34, 136.26, 130.85, 129.57, 128.55, 127.41,
126.83, 121.16, 94.96, 55.06, 40.58, 40.49, 40.41, 40.32, 40.24, 40.15, 40.08, 39.99,
39.91, 39.82, 39.65, 39.49, 37.32, 20.18, 16.12.. ESI-MS (-) Calc. for [C2oH15IN30;]
460.39, found: 461.32 [M+H]*. HPLC (50:50 ACN:Water): tg (min)= 22.26 Purity:

99.1 %.

(S)-N-(2-((1-cyanocyclopropyl)amino)-1-oxo-3-phenylpropan-2-yl)-3-
(trifluoromethyl)benzamide (15)

62% yield. White solid. MP 193 - 195 °C [a]p° = - 65.7 ° + 0.2 (CHsOH). FT-IR (KB,
cm) 3273, 3025, 2296, 2243, 1683, 1674, 1645, 1539, 1489, 1440, 1325, 1303, 1282,
1170, 1124, 1097, 1072, 748, 696, 684. *H NMR (500 MHz, DMSO-ds) & 9.04 (s, 1H),
8.98 (d, J ='8.0 Hz, 1H), 8.15 (s, 1H), 8.10 (d, J = 8.0 Hz, 1H), 7.90 (d, J = 7.5 Hz, 1H),
7.70 (t, 3 = 8.0 Hz, 1H), 7.29 - 7.22 (m, 4H), 7.19 (t, J = 7.5, Hz, 1H), 4.64 — 4.60 (m,
1H), 3.09 (dd, J = 13.5, 5.0 Hz, 1H), 2.98 (dd, J = 13.5, 10.0 Hz, 1H), 1.47 - 1.44 (m,
2H), 1.04 — 1.03 (m, 2H).2*C NMR (125 MHz, DMSO-dg) § 172.91, 165.32, 138.13,
135.13, 132.06, 130.01, 129.58, 129.33, 128.56, 128.39, 126.86, 125.51, 124.57,
121.15, 55.12, 40.55, 40.46, 40.39, 40.30, 40.22, 40.13, 40.05, 39.96, 39.89, 39.79,
39.63, 39.46, 37.37, 20.19, 16.14. ESI-MS (-) Calc. for [C21H1sF3N30-] 401.14, found:

402.15 [M+H]". HPLC (50:50 ACN:Water): tg (min)= 14.75 Purity: 97.9 %.
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2.3 Enzymatic inhibition studies

The recombinant cruzain, consisting of the catalytic domain of cruzipain but
excluding the carboxy-terminal extension, was expressed and purified as previously
described. [10] The enzymatic activity was evaluated by fluorometric assays (Biotek
Synergy HT) monitoring the hydrolysis rate of the fluorogenic substrate Z-Phe-Arg-7-
amido-4-methylcoumarin (Z-FR-MCA, Sigma-Aldrich) with fluorescence emission at
460 nm (excitation at 355 nm) at 37 °C. The reaction was followed over 5 minutes.
Enzyme kinetic assays were carried out in a Corning 96-well black flat bottom
microplates containing 200 pL of a solution constituted by 100 mM acetate buffer pH
5.5, 300 mM NaCl, 5 mM DTT (dithiothreitol), 5% v/v DMSO (dimethyl sulfoxide),
0.01 % v/v Triton X-100 and 0.15 nM Cz. The enzyme stock aliquot was rapidly
thawed at 37 °C and kept on ice until activation, in which it was incubated for 20 min in
the assay buffer (100 mM acetate pH 5.5 and 5 mM DTT) followed by additional 2 min
with inhibitors before the addition of the substrate to trigger the reaction.

Visual inspection and a pre-reading of plate wells were performed to check for
possible precipitation and background fluorescence, respectively. None of the
substances displayed a significant fluorescence signal around 460 nm; the emission
wavelength used to monitor reaction kinetics. Thus, potential inner-filter effects did not
have to be taken into account in our experiments. Analysis and manipulation of the data
were performed with Sigma Plot 10.

Each experiment was performed in triplicate for each substance. Initial velocities
of the substrate hydrolysis under the first-order reaction were calculated using Gens™
Biotek software. The apparent inhibition constant Ki  was determined by non-linear
regression using equation Vs = Vo/(1+[11/Ki ), where Vs is the steady-state rate, \/, is the

rate in the absence of inhibitor, and [I] is the inhibitor concentration. The true inhibition
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constant Ki was calculated by the correction of K; according to K; = K; /(1+[S]/Kw),
where [S] is the substrate concentration and Ky, is the Michaelis constant. A control
measurement with the covalent reversible fast-binding inhibitor Neq0570 was done for
each setup plate. All inhibitors were evaluated at seven different concentrations that
were chosen based on a previous screening (percent inhibition) at 2.5 pM substrate
concentration (~Kw) [20]. Further details can be found in the supplementary

information.

2.4 Isothermal Titration Calorimetry (ITC)

An aliquot of the protein was taken, and a new dialysis was performed using the
last buffer employed in this process during the purification of the protein. Dialysis and
concentration were performed over 30 to 60 min period on Amicon ultra 10 kDa
membranes (Merck Millipore). The inhibitor was placed in the syringe and the protein
in the cell. 0.001% Triton-X 100 was added to the solution of the syringe and the cell to
prevent the protein from aggregation. All thermodynamic parameters were calculated
with Microcal PEAQ-ITC Analysis Software, and experiments were performed at least
in duplicate. All graphs and experimental conditions can be found in the supplementary

information.

3. Results and Discussion

To describe the influence of P3 substitution in the phenyl ring of the known dipeptidyl
nitrile inhibitor (5) acting on Cz [9], we performed three replicates of 100 ns molecular
dynamics (MD) simulations for the covalent nitrile-enzyme complexes. We observed a

better interaction pattern between the Ser61 hydroxyl group and the chlorine atom at the
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meta-position (7) in relation to orto (6) or para (8) derivatives (described below). We
considered the unsubstituted phenyl ring in P3 (compound 5) for comparative purpose
(Figure 1). The MD for substance 7 showed two well-defined distributions for the
distance between H3 (bound to carbon at the meta position of the aromatic ring) and the
hydroxyl group of Ser61 (dm-phe sers1), Centered at 3 and 6.8 A (Figure S2). The para-
chlorophenyl compound (8) did not bring any further stability, showing free rotation of
the phenyl ring in P3 and no preference between parallel or perpendicular conformation
in respect to Gly65 and Gly66 main chains. On the other hand, we observed that
contacts between orto-chlorophenyl substance and protein prevent the ring rotation
during MD. This was confirmed by the high stability of the initial conformation
throughout the simulation, with chlorine pointed respectively to Gly65 (5.1 A) and
Leu67 (8.3 A). Regarding the flexibility, the molecule containing meta-chlorophenyl in
P3 lays in the midrange when compared with orto-chlorophenyl derivative (highly
constrained) and para-chlorophenyl (highly flexible), once the ring is free to rotate but
stay during 75 % of simulation time with dp-phe_sers1 less than 5.5 A (Figure 1). From
these frames, we observed that the angle and distance of chlorine atom from the ligand
and Ser61 hydroxyl group fluctuate between 90 and 170 degrees and 3 and 5.5 A,
respectively. This pattern is in agreement with what Ibrahim [11] has proposed for a
halogen bond in MD simulations using the Amber force field without extra-point
correction. Finally, for substance 11, it was not observed any interaction pattern with
residue Ser61 (not shown) as for substance 5.

It is known that the Cz Ser61 residue interacts with pyridine and triazole groups
via hydrogen bond, as shown in structures of PDB code 1IME3 [17] and 4KLB [8]. To
understand the possibility of halogen and hydrogen bond interaction of meta-substituted

phenyl derivatives with Ser61, we also carried out MD simulations for m-methyl and m-
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hydroxyl derivatives (Figure 1). The analysis of the P3 subsite interactions reveals the
ability of meta-hydroxyphenyl moiety (10) to perform weak hydrogen bond with Ser61,
once the interaction amid hydroxyl groups of ligand and Ser61 could be retrieved from
the simulation timeframes leading to a frequency of 14 % (not shown). Also, we
observed that meta-methyl phenyl substituent in (9) has a higher tendency to move out
from the initial position, reaching values as higher as 4 A, while the other two meta-
substituted molecules present a maximum deviation of 3 A. The dm-pre_sers1 0f 3.75 A is
similar to 3.5 A observed to meta-chlorophenyl derivative (7) that could be explained
by similar van der Waals radius. Both values are considerably higher than the dm-phe sers1
of 2.9 A observed for meta-hydroxyphenyl analog (10). Simulations showed the
preference of meta-position substitution on the phenyl ring at the P3 portion of the
substance as well as indicate a possible-hydrogen bond interaction between hydroxyl
and chlorophenyl derivatives with 'Ser61 residue. To better understand this hypothesis
we also evaluated the influence of different halogen atoms in meta-position of P3 ring.
The fluorine derivative molecule (compound 12) showed high rotational flexibility of
ring, similar to that found for the molecule 5. It is an indication of the interaction lost
between S3 subsite and P3 ring and thus, between the fluorine atom and Ser61 side
chain. On the other hand, for bromine-derivative molecule (compound 13), we observed
more sampling for smaller d-phe_sers1 described by 75% of simulation frames with d.
phe_sers1 below 5.5 A and maximum peak at 3.5 A, which are similar with those found for
compound 7. Based on these simulations, probably the molecules 7, 10 and 13 can

perform a hydrogen bond interaction with residue Ser61 of the cruzain S3 cavity.
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Figure 1. Histograms (A-l) with the occurrence of molecular dynamics simulation
frames binned by the distance between HO-Ser61 and the atom in meta position of the
ring in P3 subsite and (H) labeling of the dm-phe sers1 distance using PDB 1D 4QH6.
Derivatives are displayed according to the substituents at the P3 phenyl ring: A) Phenyl
(5), B) o-chlorophenyl-confl (6), C) o-chlorophenyl-conf2 (6), D) p-chlorophenyl (8),

E) m-chlorophenyl (7), F) m-hydroxyphenyl (10), G) m-methyl phenyl (9), H) m-
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fluorophenyl (12), 1) m-iodophenyl (14) groups in complex with cruzain. Confl:

conformation 1. Conf2: conformation 2.

To better evaluate such a preference and to confirm our hypothesis of possible
interaction with Ser61 in S3 subsite, we carried out an in-depth Cz inhibition study for
substances 5-15. Using pK; affinity values [21] from Table 1, we performed a Matched
Molecular Pair Analysis (MMPA) that provides the opportunity to evaluate molecular
modifications for significant structure-activity relationships (SAR). The analysis was
performed in molecular pairs that differ only in positions where there is a promising
chemical transformation. In this approach, transformations occur by identifying the
change from one functional group to another in which its regiochemistry is also taken
into account. MMPA may be useful in interpreting the bimolecular recognition process
and the individual contributions of each transformation in that process. Our major
interest was focused on P3 modifications considering that substitutions at this position
impact the S3 subsite of the cruzain in a manner that is not well elucidated. This
analysis shows that the pK; median of 6.6 spanned in the range 5.9-7.2, and it displays
some significant transformations occurring among the following pairs: p-Cl/m-Cl, m-
H/m-CI, m-Cl/m-OH, m-H/m-OH, m-Me/m-CI, m-Me/m-OH/, m-H/m-Br, m-Cl/m-Br,
m-H/m-1, m-Cl/m-CF3, and p-Cl/o-Cl.” The most substantial difference in the observed
pK; values is found in the m-H/m-I substitution (5 vs. 14) with the value of 0.8 log units
in favor of the iodine atom in meta-position. Moreover, the inclusion of the chlorine
atom in the meta-position resulted in the second major difference observed in the series
with affinity gain about 0.7 log units (5 vs. 7). This result is corroborated by the average
pose obtained after the molecular modeling, where the P3 phenyl ring occupies the S3

subsite of the cruzain in which the meta position is pointing toward the hydroxyl group
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of Ser61 (Figure 2). Instead, the exchange of the hydrogen atom by a chlorine atom in
para position (5 vs. 8) resulted in affinity loss of only 0.07 log units, which is not
significant due to experimental uncertainty. Quite surprisingly but not completely
unexpected, the m-Cl/m-OH substitution (7 vs. 10) resulted in an affinity loss of 0.10
log units, while the inclusion of the hydroxyl group in meta showed a gain of 0.61 log
units (10 vs. 5). The same gain in affinity was observed for the m-Me/m-ClI derivatives
(7 vs. 9) or m-H/m-Br derivatives (5 vs 13). A minor gain of 0.2 log units was observed
for transformation o-Cl/p-Cl (6 vs. 8). As we expected, the replacement of chlorine,
bromine or iodine atom by a trifluoromethyl substituent resulted in a loss of affinity. In
particular, this effect is observed for the pair m-Br/m-CF; with a loss of 0.6 log units;
while we pictured a small loss in affinity (0.1 log units) for the substitution m-H/m-F (5
vs, 12). The most considerable loss in affinity (-1.3 log units) occurred by the
transformation observed between substances 7 and 11, where the inclusion of the
nitrogen heteroatom for the formation of the pyridine moiety did not represent a good

approach.

i

Figure 2. Average pose obtained after the molecular dynamic simulation with substance
7 covalently bond with cruzain (PDB code 1ME3). Colour for substance 7: Carbon

chain is gray; Chlorine is green; Oxygen is red. Protein is represented as a polar surface;
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from white to red there is an increment of polarity. The catalytic residue of Cysteine is
spotted with yellow color. P1, P2 and P3 represent the substituents of the compound

that interact with their respective subsites (S1, S2 and S3) at the enzyme.

In summary, these results point out the direct influence of the CI, Br and |
regiochemistry in the P3 phenyl ring as an adequate strategy to gather the halogen bond
with the hydroxy group from Ser61. Known hydrogen bond donors and acceptors (m-
phenol and 3-pyridine) in comparison with the m-Cl derivative led to less potent cruzain
inhibitors. It corroborates the existence of the halogen bond intermediating the
bimolecular recognition process.

The inclusion of halogen atoms in ligands with the aim of improving interaction
with targets is considered an adequate strategy in molecular design [22]. The attractive
interaction between the electrophilic region of the chlorine, bromine or iodine (the so-
called o-hole) and that nucleophile of another molecular fragment may represent a good
approximation for the inclusion of one of these atoms in the phenyl meta-position of P3.
Furthermore, even if bromine and iodine have a greater ability to form halogen bond
than chlorine, their atomic radius could influence their ability to fit properly in the S3
region next to Ser61 residue. To better evaluate this trend we employed isothermal
titration calorimetry to determine thermodynamic parameters of cruzain—dipeptidyl

nitrile interactions (Table 1).
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Table 1. Affinity (pK;) values for substances 5-15 against cruzain.

ID pK;® Ka ("M) | AG (kcal mol™) | AH (kcal mol™) | -TAS (kcal mol™)
5 | 6.4(0.026) | 252 (24.4) -9.00 -14.6 5.60
6 | 6.6(0.058) ND ND ND ND
7 | 7.2(0.020) | 121 (17.5) -9.43 -10.7 1.32
8 | 6.4(0.018) ND ND ND ND
9 |6.6(0.0099) | 155 (12.6) -9.29 -12.8 3.55
10 | 7.0 (0.019) | 175 (9.51) -9.22 -119 2.64
11 | 5.9(0.017) | 338(91.7) -8.83 -12.1 3.30
12 | 6.3(0.023) | 211 (2.50) -9.11 -13.9 5.96
13 | 6.9(0.032) | 93.1(1.30) -9.58 -11.3 1.77
14 | 7.2(0.02) | 70.2 (4.50) -0.76 -12.0 2.28
15 | 6.6(0.02) | 125 (4.0) -9.45 -12.7 3.29

pK; = -log(Ki/M); Uncertainty = desvpad/(K;*In(10))

ND — Not Determined. Standard deviations are reported in brackets. Deviations for AG are lower than

0.4%; AH < 4.5%; -TAS < 15% (except for compound 13, with 22%).

As already described in our recent study, [23] isothermal titration calorimetry

(ITC)ris a technique used for the thermodynamic characterization of interactions

between biomolecules and small molecules, which is vital for understanding the process

of molecular recognition. Hence, we studied the thermodynamic profiles of substances

5, 7, and 9-15 to better estimate our halogen-bonding hypothesis. The values of K

(Table 1) showed the same trend as depicted by pK;, with substance 14 having the

highest affinity for Cz, followed by substances 13, 7 and 10. This ultimately

corroborates the idea of the meta-halogen derivative (7, 14 and 13) having the required

positioning for a putative interaction with Ser61.
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The thermodynamic signatures gathered from ITC data reveal that binding of
cruzain inhibitors was driven by favorable enthalpy contributions, with detrimental
entropy for all study substances.

Figure 3 shows the thermodynamic signatures of the interactions that have,
mostly, the same free energy (AG) of interaction. The interaction energy is related to the
affinity, which is a combination between enthalpy (AH) and entropy (AS). Classically,
enthalpy reflects the strength of the interactions due to the formation of hydrogen bonds
and van der Waals, while the binding entropy is a combination of the change in the
desolvation and conformational changes after the formation of the bimolecular ligand-
cruzain complex [25].

A plot (not shown) of enthalpy (AH), versus the entropy contribution (-TAS)
unveils a quasi-perfect omnipresent phenomenon of enthalpy-entropy compensation
(AHinginsic = -9.4(+ 0.25), -TAS =0.9( 0.071), R* 0.982, Adjusted R* 0.976, F-
statistic: 167.2, p-value: 0.001). Interestingly, the effect of the m-chlorophenyl moiety
on binding affinity decreases both binding enthalpy and entropy contributions (see
compounds 5 and 7 in Fig. 3). For substance 7, the decrease in entropy is more efficient
for the enthalpy-entropy compensation process than that observed for the decrease in
enthalpy change, which leads to a lower Gibb’s free energy than 5.

As mentioned, AG values are quite steady over the series. This effect could be
due to an enthalpy-entropy compensation effect [24], where solvent reorganization
could play a central role as reported [25]. The substitution of m-H (-TAS = 5.6 kcal mol’
1 by m-CHs (-TAS = 3.5 kcal mol™), m-OH (-TAS = 2.6 kcal mol™) or m-ClI (-TAS =
1.3 kcal mol™) groups results in a decrease of both enthalpy and entropy (-TAS) from
5.6 to 1.3 kcal mol™ (except for substance 12). This yields an entropic difference (-

TAAS) gain of 4.3 kcal mol™ (Table 1, Figure 3). This trend is also followed for m-Br (-
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TAS = 1.8 kcal mol™) and m-1 (-TAS = 2.3 kcal mol™). In particular, there is a small but
consistent gain in enthalpy from m-Cl to m-Br (AAH = -0.6 kcal mol™) as well as from
m-Cl to m-Br (AAH = -1.3 kcal mol™). Furthermore, the enthalpy-entropy compensation
effect is visible also for m-F and m-CF3, where both improve the enthalpy as from the

m-Br, but with a stronger loss in entropy.
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Figure 3. Thermodynamic profiling signatures for the set of inhibitors interacting with

cruzain.

4.Conclusions

Previous studies have shown that dipeptidyl nitriles are potent cruzain inhibitors and
may be as potent as benznidazole [9] in in vitro parasite killing. To better understand
and characterize cruzain inhibition, we synthesized key derivatives that allowed us to
establish critical structure-activity relationships at the P3 ring consistent with an
increase in cruzain affinity. From our studies of molecular dynamics simulation, we
have shown that the m-chlorophenyl, m-bromophenyl, and m-hydroxyphenyl moieties

have the right orientation inside P3 to interact with the oxygen of Ser61 residue. So we
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synthesized 11 new cruzain inhibitors with different substituents in P3 to better evaluate
this trend. The results are in good agreement with the observed MD simulations, once
the best compounds are precisely those with a lower fluctuation of P3 ring. Indeed the
substitution of a hydrogen atom to an iodine atom in meta position in P3 increased the
pK; of 0.8 log unit. Moreover, our ITC studies pictured that the mechanism of binding
of cruzain inhibitors is driven by favorable enthalpy contributions with quasi-perfect
omnipresent phenomenon of enthalpy-entropy compensation. This tendency is well
visible when we screened the 17" group of the periodic table as possible substituents of
the hydrogen atom in meta position.

Overall, our studies provide further details of the SAR regarding the physical-
chemical profiling of cruzain inhibitors that could also be extended to other cysteine
proteases. This may ultimately aid advancing molecular designing efforts directed to

reversible covalent inhibitors.
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e Little is known about the S3 subsite interaction between inhibitors and cruzain
e New cruzain inhibitors were designed to probe the S3 subsite of cruzain

e Halogen bonding was observed with OH-Ser61

e pKi and thermodynamics data were in agreement for the whole set

e The molecular dynamics provided the putative mode of binding
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