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RESUMO
A falcipaina-2 (FP-2) é uma hemoglobinase chave do Plasmodium falciparum, frequentemente
selecionada como alvo para o planejamento de farmacos antimaléaricos. Apesar dos esforcos,
nenhum inibidor da FP-2 tem entrado em fase de ensaios clinicos, pois a inibi¢do cruzada de alvos
humanos constitui um obstaculo. Neste trabalho, abordamos questfes relacionadas a inibicao
seletiva da FP-2 através de diferentes técnicas computacionais, como simulacdes de dinamica
molecular, triagem virtual, ancoramento molecular, analise da comunidades e célculos de volume
de cavidades e energia livre. Ademais, realizamos ensaios de inibi¢do in vitro para validar as
predicdes. Apresentamos 0s compostos HTS07940 e HTS08262, que inibem a FP-2 e culturas de
P. falciparum com boa seletividade respeito a catepsina K humana (hCatK) e a linha celular HeL a.
Os inibidores foram identificados por meio de uma estratégia de triagem virtual que descartou
ligantes com alta afinidade pela hCatK. Outras formas de atingir inibig&o seletiva sdo exploradas,
como a busca por inibidores alostéricos, que ligam tipicamente sitios menos conservados.
Analisamos uma regido da FP-2 equivalente a um sitio alostérico da hCatK previamente
caracterizado, o sitio 6, e predizemos varios ligantes potenciais. Ap6s avaliacdo experimental, dois
compostos, ZINC03225317 e ZINC72290660, sdo confirmados como inibidores ndo competitivos
da FP-2, o que reforca a relevancia deste sitio para o planejamento de farmacos. A busca de
cavidades alostéricas € expandida a outros sitios, baseada em informacGes experimentais prévias
relacionadas a uma E-chalcona identificada acidentalmente como inibidor ndo competitivo da FP-
2. Os resultados revelam a ocorréncia de uma cavidade transiente numa regido denominada sitio 3,
que permanece maioritariamente ocluida pela cadeia lateral do residuo K34. O modo de ligacao
predito da E-chalcona é consistente com os dados experimentais disponiveis e fornece informacao
sobre 0 mecanismo alostérico a nivel molecular. Por fim, estudamos os determinantes moleculares
da alta seletividade pela FP-2 de nitrilos que contém substituintes de 3-piridina em P2, previamente
estudados. Segundo as nossas predi¢des, pontes de dgua envolvendo os residuos 185 e D234 da FP-
2 e 0 nitrogénio da piridina explicam os perfis experimentais de atividade. Portanto, inibidores
seletivos da FP-2 podem ser planejados promovendo a formacao de pontes de agua no fundo do

subsitio S2 e/ou introduzindo grupos quimicos que substituem a molécula de 4gua envolvida.

Palavras-chave: Maléaria. Plasmodium falciparum. Falcipaina-2. Inibidores. Seletividade.
Alosteria. Dinamica molecular. Triagem virtual. Energia livre. Ensaios de inibicdo. Cavidades

transientes. Modo de ligacdo. Comunidade. Rota de sinalizacdo. Ponte de &4gua.



ABSTRACT
Falcipain-2 (FP-2) is a key hemoglobinase of Plasmodium falciparum that has been extensively
targeted in antimalarial drug discovery projects. Despite the efforts, none of the existing FP-2
inhibitors has entered the clinical trials yet, as cross-inhibition of human off-targets remains a major
concern. Here, we tackle issues related to selective FP-2 inhibition by employing different
computational techniques, such as molecular dynamics simulations, virtual screening, docking,
community analysis and pocket volume and free energy calculations. We also perform in vitro
inhibition assays to validate the predictions. We report two compounds, HTS07940 and HTS08262,
displaying inhibition against FP-2 and P. falciparum cultures with good selectivity with respect to
human cathepsin K (hCatK) and HeLa cell line. The inhibitors were identified through a virtual
screening strategy that ruled out ligands with high affinity for hCatK. Moreover, other ways to
achieve selective inhibition are explored, such as the search for allosteric inhibitors, which bind to
typically less conserved sites. We analyze an FP-2 region equivalent to a previously-characterized
allosteric site of hCatK, termed site 6, and predicted various potential ligands. After experimental
evaluation, two compounds, ZINC03225317 and ZINC72290660, are confirmed as non-
competitive inhibitors of FP-2, thus reinforcing the suitability of site 6 as a druggable allosteric
cavity. The search for potential cavities is expanded to other sites on the basis of previous
experimental information related to a serendipitously-identified E-chalcone displaying non-
competitive inhibition against FP-2. Our results reveal the occurrence of a transient pocket in a
region termed site 3, which remains occluded most of the simulation time by the side-chain of
residue K34. The predicted binding mode of the E-chalcone is consistent with the available
experimental data and sheds light upon important features of the allosteric mechanism at molecular
level. Finally, we study the molecular determinants of the high selectivity for FP-2 of previously-
reported nitriles containing 3-pyridine substituents at P2. Our results reveal that water bridges
involving residues 185 and D234 of FP-2, and the pyridine nitrogen, explain the experimental
activity profiles. Therefore, selective FP-2 inhibitors can be designed by promoting the formation
of water bridges at the bottom of the S2 subsite and/or by introducing substituents that replace the

bridging water molecule.

Keywords: Malaria. Plasmodium falciparum. Falcipain-2. Inhibitors. Selectivity. Allostery.
Molecular dynamics simulation. Virtual screening. Free energy. Inhibition assays. Transient

pockets. Binding mode. Community. Signaling Pathway. Water bridge.
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1 INTRODUCTION

Malaria is still a major problem of public health. Nearly half of the world's population lives
in areas where this disease is endemic, mainly in tropical low-income countries.’ 2 According to
the World Health Organization (WHO), approximately 290 million cases and 435 000 related
deaths were reported in 2017.2 The disease is caused in humans by five species of Plasmodia, i.e,
P. falciparum, P. ovale, P. vivax, P. malariae and P. knowlesi, the former being responsible for the
most lethal form of the disease.® # Unfortunately, after a period of success in controlling malaria

worldwide, the progress has stalled over the last years.?

Figure 1.1. Life cycle of P. falciparum. The parasites have a complex life cycle involving female
mosquitoes of the genus Anopheles, where they undergo a sexual development, and human beings, where

the asexual blood stage inside the erythrocytes takes place.
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The life cycle of malaria parasites is complex and involves a number of different asexual
and sexual developmental stages within both the vector and the vertebrate host (Fig. 1.1). In
humans the disease is transmitted when bitten by an infected female Anopheles mosquito. The

sporozoites are then injected into the dermal tissue and actively move into the circulatory system
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and colonize the liver.2 Once in the liver, each sporozoite differentiates and divides into thousands
of merozoite forms, which are released from hepatocytes into the bloodstream and invade the
circulating erythrocytes. Within the new host cell, the parasite undergoes a maturation process from
a ring-stage trophozoite to a pigmented trophozoite before finally undergoing mitotic nuclear
divisions into daughter merozoites at the schizont stage. At this point, the infected erythrocytes
rupture and release daughter merozoites into the bloodstream, which resume another round of
asexual reproduction after having infected new erythrocytes.® Finally, some parasites differentiate
into sexual forms, called gametocytes, which may be ingested by a feeding mosquito and undergo
a sexual life cycle within the vector leading to parasite transmission to other human beings.®

The efforts to control malaria have been focused on two main approaches, i.e., killing the
vector and killing the parasite. The first alternative comprises the extensive use of insecticides and
habitat transformations, i.e., use of bed nets. Although this would be the most desirable method, its
implementation has been largely unsuccessful due to the vast areas involved and the emergence of
insecticide-resistant mosquito strains.®> Alternatively, human beings can be immunized against
malaria parasites. However, none of the developing vaccines is functional yet and there are no
prospects for any of them to become available soon. In fact, the most promising vaccine to date,
termed RTS,S, has shown, upon completion of phase Il clinical trial, that its efficacy is limited
and its effect depends on the geographic region.® Therefore, drug therapy remains an important
approach to treat and prevent this infectious disease.> ’

The discovery of antimalarials has been mostly serendipitous and the mechanism of action
is still largely unknown for many of them.® Most drugs are directed against blood-stage parasites.
Chloroquine and other quinine alkaloids derivatives were extensively used to treat malaria during
the 20" century across the world. Antifolate drugs, such as pyrimethamine, an inhibitor of folate
metabolism, constitute another group of antimalarials. New drugs based on the artemisinin scaffold
have been discovered during the last decades.® Currently, however, the emergence of P. falciparum
strains resistant to the available drugs is becoming a great concern, as it poses a tremendous
challenge for disease control in most parts of the world. Therefore, the development of new
antimalarials is urgently needed, as well as the concomitant search for new drug targets.” Regarding
the latter aspect, a great progress has been made since the unveiling of P. falciparum genome in
2002.3 Potential drug targets have been grouped into three main categories, based on their function

during the parasite’s life cycle: i) targets involved in macromolecular and metabolite synthesis, ii)
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targets associated with membrane transport and signaling and iii) targets involved in hemoglobin
degradation.® Of note, process (iii) occurs within the food vacuoles of intraerythrocytic malaria
parasites, and is carried out by a variety of proteases acting at an optimum pH within the range of
4.5-5.0, i.e., that of the food vacuole.® Amino acids derived from hemoglobin degradation are
incorporated into parasite proteins or utilized as an energy source. It has also been suggested that
removal of hemoglobin during its breakdown provides space in the erythrocyte for parasite growth
and prevents early erythrocyte lysis.®

Figure 1.2. Structural features of FP-2 and FP-3. Both enzymes have the typical folding of C1 cysteine
proteases, which consists of two domains. Mature FP-2 and FP-3 are made up of single polipeptides of 241
and 243 residues, respectively and share a 68% of sequence identity (ID).* & The catalytic residues of FP-
2/3 are shown as sticks and labeled accordingly. The distinctive B-hairpin and nose-like insertions of both

FPs are indicated by arrows. The crystal structures of FP-2 and FP-3 20UL and 3BWK were taken for
representation.
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The abrogation of hemoglobin degradation with a variety of protease inhibitors leads to
parasite death, thereby indicating the importance of hemoglobin-degrading enzymes as antimalarial
drug targets. Among them, the P. falciparum C1 cysteine proteases, termed falcipain-2 (FP-2)° and
falcipain-3 (FP-3)%°, are considered as particularly promising targets for antimalarial drug
discovery.* - &11 Both proteases are synthesized as membrane-bound proforms that are processed
to soluble mature forms probably by auto-proteolysis after exiting the endoplasmic reticulum/Golgi

network. Besides being associated with hemoglobinase activity, FP-2 and FP-3 are involved in the
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conversion of proplasmepsins, another group of hemoglobin-degrading aspartic proteases, into
their mature active forms. FP-2 is also engaged in the degradation of erythrocyte membrane skeletal
proteins at neutral pH, which suggests its involvement in erythrocyte rupture and release of mature
merozoites into the bloodstream.® The disruption of FP-2 gene leads to trophozoites with swollen,
dark-staining food vacuoles, consistent with markedly diminished hemoglobin degradation.
However, more mature knockout parasites display normal phenotypes. In contrast to these results,
repeated attempts to obtain FP-3 knockout parasites have been unsuccessful, although replacement
of the FP-3 gene with a functional copy encoding a tagged protease was readily accomplished.* 8
12 This indicates that FP-3 is essential to intraerythrocytic parasites and, thus, the development of

cysteine protease inhibitors as antimalarial drugs should be directed against both FP-2 and FP-3.2

Figure 1.3. Active sites of FP-2 and FP-3. The active sites of both enzymes are made up of five subsites,
from S3 to S2’, which are colored differently according to the legend. The most important residues are
shown as sticks and labeled accordingly. The representations correspond to the crystal structures 20UL and
3BWK of FP-2 and FP-3, respectively.
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According to the information provided by the available crystal structures, FP-2 and FP-3
adopt the classical papain-like fold, which is divided into L (left) and R (right) domains and the
active site is located in a cleft at the junction between them (Fig 1.2). Four conserved catalytic
residues, i.e., Q36/38, C42/44, H174/176 and N204/206, are present in the active sites of FP-2/FP-
3, respectively (Fig. 1.2).2 In spite of the common features shared by both FPs with the other
papain-like proteases, they possess some unusual structural characteristics, such as an ‘arm-like’
B-hairpin (near the C-terminus), which extends away from the protein surface, and a ‘nose-like’

projection (at the N terminus) (Fig.1.2). The arm-like structure may act as a distal site for
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hemoglobin binding, as suggested by mutagenesis studies carried out with FP-2.14 It also displays
a great flexibility due to solvent exposure as shown by the analysis of different FP-2 crystal
structures.® On the other hand, the nose-like projection is essential to proper folding according to
deletion analysis of its sequence in FP-2.1° Because of the great structural similarity of FP-2 and
FP-3, it is likely for the nose-like projection to play an analogous role in the latter.

The active sites of FPs are formed by five subsites: S3, S2, S1, S1” and S2” (Fig. 1.3). The
substrate-specificity requirements of the different subsites of FP-2 and FP-3 have been already
studied and, despite the sequence similarity of both FPs, some differences in substrate specificity
were observed.'® The S1 subsite of FP-2 preferentially accommodates Arg residues at the P1 site,
while that of FP-3 prefers Leu. The S2 subsites of both FPs have strict preference for Leu at P2.
The S3 subsite of FP2 is rather promiscuous, while Ala at P3 is preferred by the S3 subsite of FP-
3. The S1’ subsite of FP-2 preferentially accommodates hydrophobic residues at P1° and that of
FP-3 shows specificity for Arg residues at this site. The specificity of a fifth subsite, S2°, was also
assessed but it demonstrated no clear preference for any particular residue. These results can
contribute to devise drug design strategies targeting both FPs.®

Over the past two decades, dozens of works have reported the discovery of FP-2 (and FP-
3) inhibitors, some of them active against P. falciparum cultures.” & 17 However, none of the
existing candidates has entered clinical trials yet, and the search for novel inhibitors continues.” In
general, the FP inhibitors can be grouped in three main categories according to their chemical
structures: i) peptide-based, ii) peptidomimetics and iii) non-peptidic inhibitors.* 7 & 11
Remarkably, peptide-based inhibitors may display high affinities for FPs, as well as the capacity
to inhibit the growth of malaria parasite cultures at sub-micromolar and even at nanomolar
concentrations.”® In addition some of them have shown antimalarial effects in vivo using P. vickei-
infected mice.* Despite the previous achievements, the use of peptide-based inhibitors in therapy
is limited due to their susceptibility to protease degradation, low capacity to penetrate biological
membranes and immunogenicity.® ! Therefore, in an attempt to overcome the above drawbacks of
peptide-based inhibitors, the search for other inhibitor classes, e.g., peptidomimetic and
nonpeptidic compounds, has been conducted.” & In this sense, structured-based virtual screening
(SBVS) of compound databases has been successfully employed to identify many FP-2 inhibitors,
especially of non-peptidic nature (Fig. 1.4).” This underscores the potential of computational

approaches to discover new antimalarials.
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Figure 1.4. Some examples of non-peptidic FP-2 inhibitors identified through SBVS directed
toowards the orthosteric site. The half maximal concentration (ICso) values against the enzyme are
provided when available.
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One of the main concerns regarding the identification of drugs against cysteine proteases is
the likely occurrence of off-target effects due to lack of selectivity.® A promising way to tackle

selectivity issues of molecules binding the orthosteric sites, i.e., the primary functional sites, of
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target proteins is the search for allosteric inhibitors, i.e., molecules that reduce the functional
activity by binding to regions different from the orthosteric site.?%23, In fact, allosteric inhibitors
typically bind to protein regions that are less subjected to evolutionary pressure; which, in turn,
increases the sequence divergence in the allosteric sites of proteins of the same family if compared
to that of the orthosteric sites.?® Interestingly, allostery has been already reported for various
papain-like proteases, such as human cathepsins K, B and S (hCatK, hCatB and hCatS,
repectively), cathepsin L-like proteases of Leishmania mexicana, Trypanosoma cruzi and
Trypanosoma brucei, papain and FP-2 itself.?*® Therefore, the search for allosteric inhibitors
against these proteases is supported by abundant experimental findings.

Figure 1.5. Predicted and experimentally-confirmed allosteric sites in hCatK. A) Allosteric sites on the
surface of hCatK predicted through statistical coupling analysis. Sector and well-conserved residues are
depicted in blue and yellow, respectively, the remaining residues are shown in gray. The structure of
chondroitin sulfate, an already-known allosteric modulator of hCatK (PDB: 3C9E) was superimposed on
the protein structure. B) Representation of the crystal structures of the allosteric inhibitors NSC13345 (up)

and NSC94914 (down). Note that both inhibitors are bound to site6 of hCatK (residues depicted in blue).
Allosteric sites have been numbered for convenience.
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Figure 1.6. Allosteric inhibitors of FP-2 reported in literature. The reported inhibitors can be grouped
in four main scaffolds shown in the figure. Suramin and heme trigger an excess-substrate inhibition. The
compounds belonging to the remaining scaffolds act as noncompetitive inhibitors.
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Remarkably, a previous work has proposed potential allosteric cavities in hCatK by
analyzing co-evolving residues in multiple sequence alignment of the C1 cysteine proteases (Fig.
1.5-A).2> The authors then reported several non-competitive inhibitors of hCatK discovered
through SBVS directed against the promising cavities, including two with available co-crystal
structures targeting the so-called site 6 (Fig. 1.5-B).2>?" This information is relevant for the
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identification of other allosteric inhibitors against cysteine proteases by means of structure-based

computational approaches.

Figure 1.7. FP-2 tryptic peptides displaying differences in their hydrolysis rates in the presence of
either a competitive or a noncompetitive inhibitor. The tryptic peptide shown in blue is protected from
trypsin degradation in the presence of an orthosteric ligand, whereas the one depicted in orange becomes
protected when the noncompetitive inhibitor Cpd66 binds the enzyme.®® Trypsin cleavage sites are
highlighted by depicting the residues forming the scissible peptide bond as sticks. In addition, the residues
of the catalytic diad, C42 and H174, are represented as sticks. The primary sequences of the tryptic peptides
are also included in the figure.
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The currently known inhibitors of FP-2 can be classified in four scaffolds: i) suramin and
derivatives, ii) heme and derivatives, iii) E-chalcones and iv) methacycline (Fig. 1.6).343% 3 Heme
and suramin are able to modulate the enzyme through an excess-substrate inhibition, which
involves the interaction of a substrate molecule with a secondary binding site.** % The two E-
chalcone derivatives termed Cpd48 and Cpd66 were reported to trigger a classical and mixed non-
competitive inhibition against FP-2, respectively.®® Cpd66 failed to protect from hydrolysis a
peptide associated to the FP-2 orthosteric site, as determined by comparing the peptide mass
fingerprints generated through trypsin digestion of the free enzyme and when bound to the
inhibitor. However, the compound decreased in a concentration-dependent manner the generation
of a tryptic peptide unrelated to the orthosteric binding site and comprising residues from N204 to
R213 (loopaos-213, Fig. 1.7). These results were interpreted as a supporting evidence of the non-

competitive inhibition mechanism of the compound.3® A valuable clue to locate the FP-2 allosteric
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pocket that binds Cpd66 emerged from the previous experiment, which can be further exploited to
propose a novel site for the modulation of the enzyme’s catalytic activity. On the other hand, Cpd48
was co-crystalized with FP-2 and the solved structure indicates that it binds to a region comprising
the prime subsites of the enzyme, which seems to be consistent with the mixed inhibition
mechanism.*® These findings reinforce the suitability of exploring the allosteric modulation of FP-
2 in order to design novel antimalarials.

Figure 1.8. Chemical structures and experimental 1Cso values of the studied compounds against FPs
and hCats. Compounds marked with asterisks were tested as racemic mixtures in the inhibition assays
instead of pure S enantiomers. Therefore, the actual 1Cso values for these compounds are half of those
reported by Nizi et al., as the R enantiomers are inactive. N.d. stands for non-determined values. For all

compounds, except for NitPhe, the values shown in the table correspond to apparent ICso’s, since they
undergo ionization in water. All experimental values were taken from the work by Nizi et al.*
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Despite the promising results that can be expected from allosteric compounds, their
inhibitory activity is relatively modest if compared to that of orthosteric inhibitors. Instead, recent
literature has drawn the attention to reversible covalent inhibitors of these enzymes, i.e., small
molecules forming reversible covalent bonds with the catalytic Cys, as a good balance between
affinity and selectivity can be reached by fine-tuning non-covalent interactions with the target and
warhead reactivity.’® Some studies have addressed this issue and have reported promising
reversible covalent inhibitors of FP-2.443 In this regard, a work by Nizi et al. is particularly
relevant, as it demonstrates that it is possible to achieve selectivity against human cysteine
cathepsins B, K, L and S (hCatB, hCatK, hCatL and hCatS, respectively) by focusing on the P2
position of peptidomimetic nitriles, i.e., peptide analogs bearing the cyano (-C=N) warhead.*

Interestingly, the authors reported noticeable changes in the activity and selectivity profiles of
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isomeric compounds with pyridine moieties at P2, in which the aromatic N atom (Npyr) lies at
different positions (Fig. 1.8).

Among the compounds with different P2 substituents tested by Nizi et al., it was Nit3Pyr
(Nit stands for the nitrile core structure and 3Pyr, for the P2-pyridine with the Npyr atom at position
3) the one showing the highest affinity for FP-2 (ICs0=23 nM) and selectivity against hCats (9 to
120-fold more active).** On the other hand, isomers Nit2Pyr and Nit4Pyr displayed no inhibitory
activity against FP-2 (Fig. 1.8) up to 5 uM; whereas other Nit3Pyr derivatives, e.g., Nit6CI3Pyr
and Nit6OMe3Pyr, though still active, did not improve the affinity and selectivity of the parent
compound (Fig. 1.8). Moreover, Nit3Pyr inhibits FP-3 (ICs0=117 nM) and outperformed the
inhibition against FP-2 of compounds with structurally-similar yet more hydrophobic P2 moieties,
such as NitPhe (ICs0=667 nM, Fig. 1.8).*C Compound Nit3Pyr was further redesigned at P3
position, which led to better affinity and selectivity for FP-2, micromolar inhibition of P.
falciparum growth in vitro and non-detectable cytotoxicity against human cell lines.*® Despite these
promising findings, currently there is no detailed structural knowledge on the complexes formed
by the nitriles and proteases mentioned above. This lack of information precludes the rational
optimization of P2-pyridine moieties and the structure-based design of novel inhibitors mimicking
the Nit3Pyr properties.

On the basis of all the previous information, it becomes clear that the search for FP-2
inhibitors constitutes an active and relevant field. In spite of the current interest in this enzyme,
there are some aspects requiring further study to foster the discovery of more selective FP-2
inhibitors. Therefore, in this work we intend to achieve the following general objective:

To propose new inhibitors, druggable allosteric sites and molecular determinants for selective
orthosteric inhibition of FP-2.

To accomplish this objective, we will conduct the specific objectives shown below:

To identify novel competitive inhibitors of FP-2 through a combination of SBVSs and rescoring
steps by taking into account the potential interaction with human off-targets, and to assess their
inhibitory activity in vitro against FP-2, P. falciparum cultures, hCatK and HeLa cell-line.

To evaluate the suitability of site 6 of FP-2 as a druggable allosteric site by identifying ligands
targeting this site through a combination of SBVSs and rescoring steps, and the subsequent

determination of their inhibitory activity in vitro against FP-2 and their inhibition mechanism.
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To predict the occurrence of transient allosteric cavities in FP-2 on the basis of experimental
information related to the non-competitive inhibitor Cpd66 and the performance of computational
analyses to determine the compound’s binding mode and the inhibition mechanism at molecular
level.

To identify the molecular determinants for the selective inhibition against FP-2 of nitriles
containing 3-pyridine derivatives at position P2 through MD simulations and free energy
calculations in order to enable the discovery of more selective FP-2 inhibitors.

The methodologies and experimental approaches employed here to carry out the previous
specific objectives will be presented in the next chapter. Objectives 1 and 2 will be developed in
Chapter 3, where four FP-2 inhibitors, two of them discovered through SVBSs against the active
site, and the other two, against site 6, are presented. Chapters 4 and 5 show the results of the
prediction of a novel allosteric site of FP-2 based on the experimental information related to Cpd66
and the role of water molecules in the selectivity for FP-2 of nitriles containing 3-pyridine
derivatives at position P2, respectively. The main conclusions of this work are presented in Chapter

6, and four appendices (from A to D) provide supporting information to the methods and results.
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2 MATERIAL AND METHODS
2.1 Computational section
2.1.1 Preparation of the protein structures

The structure of all proteins subjected to docking and MD simulations were retrieved from
the Protein Data Bank (PDB). In all cases, the FP-2 and FP-3 PDB structures employed for the
aforementioned computational analyses were 20UL and 3BWK, respectively; whereas, for hCats,
the particular structures will be specified in further sections. The protonation states of ionizable
residues were predicted at pH 5.5 using the PDB2PQR webserver.** 4 Missing residues were added

when necessary with Modeller v9.15.46 47

2.1.2 Structure-based virtual screenings and rescoring steps

Given a small molecular weight compound and a target (usually a protein) of interest,
docking is the computational answer to two basic questions: (1) What is the protein-bound
conformation of the ligand? (2) What is the relative orientation of the ligand with respect to the
target? This information is described by the proposed binding mode (pose) of the ligand for this
particular target, illustrated by the Cartesian coordinates of the protein-bound ligand. To answer
both questions, any molecular docking engine consists of two parts: a conformational search
algorithm to sample all degrees of freedom (translational, rotational, and conformational) of the
ligand, and a scoring function to rank putative poses for a compound and/or compounds from a
large library.*

A typical docking flowchart is made up of four invariant steps whose importance is critical
to the outcome of SBVSs, i.e., i) the ligand setup, ii) the protein setup, iii) the docking step and iv)
the post-docking analysis. The first step usually involves the conversion of ligand libraries from
two-dimensional (2D) formats to 3D formats and the usage of filters to enrich the library with
potential drug-like compounds. For protein setup, it is advisable to start from a high-resolution X-
ray structure, although homology models with a strong experimental support may also be used. It
is convenient as well to select an ensemble of structures reflecting the conformational flexibility of
the binding site. Missing hydrogen bonds must be added according to the protonation states of

ionizable residues and tautomeric forms of His residues. Moreover, it is generally recommended
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to focus docking to a protein cavity of interest (catalytic site, inhibitor, or allosteric site) to limit
the 3D space to sample. However, blind docking simulations, which scan the entire protein surface
searching for potential binding sites, are also possible though less accurate. After protein and ligand
setups, a docking algorithm has to be chosen to predict the binding modes and to rank the ligands
according to their affinity for the target protein. Finally, the post-docking step is required to more
accurately retrieve true positives from the virtual screening output. Many strategies are possible.
The simplest consists in rescoring poses with additional scoring functions or more accurate
methods such as Molecular Mechanics Generalized Born (Poisson Boltzmann) Surface Area (MM-
GB(PB)SA) or Linear Interaction Energy (LIE). Topological filters can also be used to filter out
poses exhibiting steric or electrostatic mismatches between the ligand and its target. Poses can also
be minimized by a third-party software, clustered, and analyzed by machine learning methods.*
SBVSs of the Maybridge HitFinder™ database, containing 14 400 drug-like compounds
(http://www.maybridge.com/), were performed in parallel against of FP-2, FP-3 and hCatK using
Autodock Vina 1.1.2.4% %0 The FP-2, FP-3 and hCatK (PDB: 1ATK) crystal structures and the
ligands from the database were prepared for the SBVSs with Autodock tools® and a box enclosing

the active site of each enzyme was created in order to conduct the docking simulations.®

The results of the SBVSs were processed to select compounds fulfilling the following
criteria: i) high affinity for both FPs (Svina<-8.0 kcal/mol) and ii) relative binding free energy (AAG)
for at least one FP with respect to hCatK less than -1.0 kcal/mol (ASvina=Svina(FP)-Svina(hCatK)<-
1.0 kcal/mol). The second condition sought to enhance the selectivity of the putative inhibitors
towards the parasitic targets, thereby potentially reducing cross-inhibition of the human off-target.
The compounds selected after the previous steps were purchased and subjected to experimental
inhibition assays (see Section 2.2 for details).

The binding modes of the experimentally-identified best hits to FP-2, FP-3 and hCatK were
predicted by conducting five independent random docking simulations with Autodock-vina, each
generating 20 poses into the FP-2 active site.>? Several docking poses, chosen by visual inspection,
were then subjected to post-docking refinement steps as detailed below. The rationale behind the
pose selection was to cover most of the conformational diversity generated by the docking
simulations. Besides, we ensured that all the selected poses occluded, to some extent, the major
selectivity pocket (S2 subsite) and the catalytic residues (S1 subsite) of FP-2. The prediction of the

binding modes of the best hits to FP-3 and hCatK was focused only on the most favorable pose of
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each within the FP-2 active site. The initial complex structure was generated by structural
superposition. Subsequent steps consisting of a combination of independent accelerated and
conventional MD simulations were performed for each complex after appropriate equilibration
steps; see Sections 2.1.5 and 2.1.6, and ref.50 for more details.

On the other hand, 209 422 non-reactive compounds from the Leads Now Library of
ZINC12 database were prepared for SBVS with Autodock-vina in order to identify allosteric FP-2
inhibitors targeting site 6 (Fig. 2.1). Various site 6 conformations predicted through clustering
analyses of molecular dynamics (MD) simulations conducted for free FP-2 were employed for
parallel SBVSs. More details on the ZINC12 database and the preparation of the initial compound
structures can be found elsewhere.>® Nine poses per compound into the selected cavities were
generated and the ligands were ranked according to the energy values of their respective top-
scoring poses. Approximately 80 compounds per site 6 conformation were selected after this step.
Then, the selected compounds were rescored based on MM-GBSA effective free energy (AGet)
values, using the GB-neck2 implicit solvation model,** after subjecting each of the nine poses per
the compound to energy minimization (EM) into a solvation box. The charges of the compounds
were calculated with the AM1-BCC protocol available in antechamber program of Amber14 and
the remaining parameters were taken from general amber force-field (gaff).>®. Then, 30 to 50
compounds per site 6 conformation were selected and each of them was subjected to the generation
of 100 poses with Autodock-vina in 10 independent docking simulations. Each of the 100 poses
per compound was rescored based on the AGes Values after EM in water. Subsequently, the 10 to
15 top-scoring compounds were chosen and subjected to 5 ns MD simulations after appropriate
equilibration steps (see section 2.1.5). The charges of the compounds prior to the former MD
simulations were re-calculated with Gaussian 09, by following a protocol explained hereinafter
(Section 2.1.4). The complexes having the most favorable AGes values during their respective 5 ns
MD simulations were subjected to subsequent 300 ns MD simulation per selected compound.
Those showing favorable AGest values and ligand Root Mean Square Deviation (RMSD) stability
during the 300 ns MD simulation, in addition to prevalent hydrogen bonds (H-bonds) with the
protein’s residues, were proposed as potential allosteric inhibitors. Finally, the selected compounds
were purchased form Enamine Ltd. company for further experimental evaluation, as explained in
Sections 2.2.5 t0 2.2.8.
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Figure 2.1. Workflow employed for the identification of allosteric inhibitors against FP-2. The three
initial steps sought to create a library of non-reactive compounds with energy-minimized structures ready
for SBVSs and were carried out with the Molecular Operating Environment (MOE) platform.> The
remaining steps involved the SBVSs and the refinement of docking poses through EM, MM-GBSA free
energy calculations, AM1-BCC and quantum-mechanical parametrizations, and MD simulations (see main
text for more details of each step).
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Source: Prepared by the author.

2.1.3 Prediction of the structures of FP-2 in complex with Cpd66 and the studied nitriles

The prediction of the FP-2:Cpd66 complex structure was conducted as explained
elsewhere.%® Briefly, Cpd66 was docked using Autodock-vina v.1.1.2 into the central structure of
the transient pocket occurring in the FP-2 site 3 region.>® The poses generated in multiple parallel
docking simulations were individually rescored by calculating the AGeft Values after appropriate
EM.% € The pose corresponding to the lowest AGeft Value was then chosen for subsequent MD
simulations. Further analyses required the presence of a peptide in the enzyme’s active site (see
ref. 58 for details).

The starting structures of the studied protease:nitrile complexes were obtained by
transforming the ligand present in the crystal structure of hCatS bound to a similar nitrile (PDB
2FQ9) into each of the inhibitors of interest using Avogadro,®® and by superimposing all other
proteins to hCatS contained in the template co-crystal structure. The structures of FP-2, FP-3,
hCatB, hCatK, hCatL and hCatS were retrieved from the PDB (20UL, 3BWK, 1GMY, 4DMY,
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5MAE and 2FQ9, respectively) and were prepared as mentioned in Section 2.1.1. Short EMs with
the universal force-field (UFF) were carried out in Avogadro after ligand transformations in order

to obtain suitable starting structures of the inhibitors.®*

2.1.4 Compound parametrization for MD simulations

The 3D structures of the compounds of interest were minimized using the UFF of
Avogadro.®! Subsequently, the energy-minimized compounds were subjected to geometry
optimization at B3LYP/6-31G(d,p) level using Gaussian 09 package.>® The electrostatic potential
(ESP) of each optimized structure was then generated by single-point calculations using the HF/6-
31G(d) method and Merz-Kollman scheme. The partial atomic charges were fitted to the ESPs
through the Restricted Electrostatic Potential (RESP) fit implemented in the program antechamber
of Amber package (versions 14, 16 and 18 were used).”> % % The remaining bonded and
nonbonded parameters for the compounds identified from SBVSs and selected to conduct MD
simulations, plus the allosteric inhibitor of FP-2, Cpd66, were assigned using gaff.5

The parametrization of nitriles covalently bonded to FP-2 followed a similar
parametrization workflow. However, as the study comprising these inhibitors was completed
recently, Amber18 was employed to conduct RESP charge derivations and parameters from gaff2
were assigned.®® In addition, the charges obtained through RESP fits underwent certain
modifications, so that all equivalent atoms across the studied compounds outside the
thermodynamic integration (TI) regions had the same charge and those involved in alchemical
transformations borne a 0 or +1 net charge (see Appendix A, Text Al and figures cited therein for
details).

2.1.5 Conventional MD Simulations

MD simulations constitute a powerful tool to study in silico the properties and structure-
function relationships of macromolecules and, especially, of proteins. The prediction of protein 3D
structures, the study of the interactions at the interfaces of protein-ligand complexes, the
determination of macromolecule stabilities in different solvents, the prediction of protein folding
pathways and the assessment of receptor-ligand affinities, etc., are just some applications of MD

simulations.5®
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Essentially, an MD simulation is a computational experiment that allows to predict the time
evolution of a system made up of a relatively-small number of particles by assessing the interacting
forces among the particles of the system. This method requires solving the Newton’s equation of
motion for every particle in the system based on force-field equations, which evaluate the potential
energy of the system.®®

In general, the calculation of the total potential energy (Eiwt) of a system depends on the
energy associated with the interaction between covalently-bonded atoms (Enonded) and the energy
arisen from non-bonded interactions (Enbond). In turn, Ebonded IS further decomposed into three
summands assessing the energy contributions of covalently-bonded atom pairs (Etension), 0f bond
angles (Epba) and of proper and improper dihedral angles (Edinedral). Finally, the Enpond term
comprises the potential electrostatic (Eer) and van der Waals (Ew) energies.5®
Etot = Epbondea + Envona = (Etension + Eva + Edinearar) + (Eer + Evw) (2.1)

This equation generally takes on the following form, once all summands are substituted by

the respective formulae used in their calculation:

1 1
Etor (™) =_Zkib(b' lO) +sz19(9 i0)2+§2kif(fi—fi,o)2
C? CG q:4;
+Z kip(1+ cos(ng; — ¢ip)) + z z <l + 4n80n}> (2.2)

i j=i+1

where Ewi(rV) stands for the total potential energy, which is a function of the positions of the N
particles in the system. The first three terms in eq. 2.2 represent the harmonic potentials employed
in the calculation of Etension, Eba and the contribution of improper dihedrals to Edinedral, respectively.
The fourth term evaluates the energy associated with proper dihedrals, which is modeled as a
periodic function. In all cases, kix (x=b, 6 ,&, ¢) represents the force constant of each type of
interaction and Xio, the equilibrium angles or positions. The fifth and sixth terms in eq. 2.2 stand
for the van der Waals and electrostatic interaction energies, respectively. Eww is modeled as the sum
of an attractive term arisen from London’s dispersion forces and a repulsive term caused mainly
by repulsive Pauli-exclusive interactions. Various force fields, e.g., AMBER, GROMOS,
CHARMM, OPLS-AA etc., use a Lennard-Jones (LJ) function to represent the van der Waals

potential. In this function, C12 and C6 are the LJ interaction constants associated with the repulsion

and attraction forces between atoms i and j, respectively, lying at a distance rij. Finally, the sixth
term describes the electrostatic interaction energy between non-bonded atom pairs i,j lying at a
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distance rij through the well-known Coulomb’s law equation, being gi and g; the partial charges of
atoms i and j, respectively, and &o, the dielectric constant in vacuum. The different parameters
contained in eq. 2.1 are estimated from experimental data or quantum mechanical calculations and
their values may vary from one force field to another.®

For Ew calculation, cutoff radii are established in order to reduce the computational time.
This is possible since van der Waals interactions display fast sixth-power decay with respect to
distance, thus, the energy contribution due to interactions at distances typically larger than 1.0 nm
can be neglected. On the other hand, the electrostatic interactions are considered as long-range
interactions due to their slow second-power decay and, therefore, they cannot be neglected at long
distances. This explains the high computational cost associated with the evaluation of electrostatic
interactions. The Particle Mesh Ewald (PME) method is nowadays one of the most popular and
efficient algorithms to optimize the calculation of electrostatic energies during MD simulations.
During the setup of a typical MD simulation, the macromolecule of interest is embedded in a unit
cell filled with water molecules. In addition, periodic boundary conditions (PBCs) are settled in
the limits of the unit cell to reduce surface artifacts.5" 8

In order to obtain the positions of atoms as a function of time, the Newton’s equation of
motion can be solved iteratively for every particle of the system:

d’r;  0E.. (1))
F; = ma; = m; dt2l= - (';r- : (2.3)
i

where F; is the force acting on particle i, m; is the particle mass, a; is its acceleration and r;, the
position at time t. Eq. 2.3 can be solved by numerical integration employing different approaches,
such as Verlet and leap-frog algorithms. Besides the initial positions, eq.2. 3 requires knowing the
initial velocities of all atoms, which are generally assign at random and obeying a Maxwell-
Boltzmann distribution.5": 8

The integration of Newton’s equation of motion produces the microcanonical ensemble
(NVE), in which the number of particles (N), the volume (V) and the total energy (E) of the system
are conserved. On the other hand, in real life most experiments are typically conducted at constant
temperature and/or pressure. Therefore, it is necessary to perform MD simulations in ensembles
other than the NVE one, such as the canonical (NVT) and the isobaric-isothermal (NPT) ensembles.
This is achieved by coupling thermostats and barostats to the system during the MD simulation.®’
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Thermostats can be broadly divided into global and local. The global ones act
instantaneously with the same strength on all particles. Examples of such thermostats are the Nose—
Hoover and the Berendsen weak-coupling method. Local thermostats include the Langevin,
Andersen and Dissipative Particle Dynamics methods. On the other hand, for pressure control,
some of the most widely-used methods are the Andersen, Parrinello-Rahman and Berendsen
barostats.®’

In this work, all the systems subjected to MD simulations were prepared in a similar fashion
using tleap of Amber (versions 14, 16 and 18 were used).> % %3 For the protein:nitrile complexes,
the imine C atom of each ligand was covalently bonded to the catalytic Cys S atom using bond
command of tleap.®® In all cases, protein parameters were drawn from ff14SB force-field,®® with
the ligands being parametrized as described previously (Section 2.1.4). Subsequently, the
complexes were embedded in octahedral boxes with edges spanning, at least, 10 A from the solute
surface, and containing TIP3P water molecules and appropriate number of counterions (Na* or CI
, depending on the solute net charge) using tleap. Crystallographic waters close to the proteases
were kept during the setup of nitrile complexes. Each system was subjected to two consecutive
EMs, followed by heating in the NVT ensemble using a linear temperature gradient from 10 to 298
K and subsequent NPT equilibration at T=298 K and p=1 bar. Each equilibration was performed
for 500 ps and all heavy atoms were restrained by means of a 10 kcal-mol™-A-2 harmonic constant.
Finally, production runs in the NVT ensemble of different lengths were carried out for each system.
Replicate MD simulations were also performed when indicated in the result sections by assigning
random initial velocities to the system atoms during the heating steps. More details concerning the
EM protocols, treatment of nonbonded interactions, temperature and pressure control, timestep,
etc., can be found elsewhere.>? All productive MD simulations were carried out with pmemd.cuda
(versions available in Amber14, 16 and 18 were employed).>> 6263

On the other hand, two replicate production runs of 200 ns for free FP-2 were performed
with the Gromos 54a8 force-field in Gromcas v.5.1.4.7% ™ These simulations were carried out in
order to assess the impact of a different force-field on the dynamics of the potential allosteric site
6 of FP-2. A slightly different setup was employed in this case, in accordance with the particular
features of Gromacs suite. The protein was embedded in a dodecahedral box filled with TIP3P
waters and sufficient counter-ions after parametrization with the indicated force-field. The edges

of the box were placed, at least, at 1.4 nm from the protein surface. A distance cut-off of 1.4 nm
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was set for electrostatic and van der Waals non-bonded interactions. PME was used to handle long-
range electrostatics. PBCs were employed in all cases. The equation of motion was solved using
the leap-frog algorithm with a At of 2 fs,”* while constraining the bond lengths with the Linear
Constraint Solver (LINCS).”2 The system was subjected to 5000 steps of steepest descents EM
followed by 200 ps NVT heating, during which the temperature was linearly increased from 10 K
to 298 K, while keeping the protein’s heavy atoms restrained by a harmonic potential (spring
constant of 1000 kJ-mol™*-A2). Subsequently, a 200 ps NPT equilibration was performed at 298 K
and 1 bar. Temperature, in the NVT and NPT equilibrations, and pressure, in the NPT
equilibrations, were controlled using the Berendsen thermostat and barostat.”® During the
production runs, the velocity rescaling and Parrinello-Rahman algorithms were used to control

temperature and pressure, respectively.” 7475

2.1.6 Accelerated MD simulations

For most biomolecules, the energy landscape has multiple minima or potential energy wells
separated by high free energy barriers. During typical MD simulations in the nanosecond time
scale, the system is usually trapped in one or another local minimum for long periods of simulation
time. Consequently, the conformational space of the system is under-sampled and rare events are
not simulated. Accelerated molecular dynamics (aMD) is one of the currently-available methods
aiming to enhance the conformational sampling in order to overcome the aforementioned problem
of normal unbiased MD simulations.’

The basic idea behind the aMD simulation is to lower the height of potential energy well
barriers to reduce the amount of computational time a given system remains trapped in a local
minimum and to speed up the transitions to other local minima. To achieve this, a continuous non-
negative bias boost potential function AV(r) is defined, such that when the true potential V(r) is
below a certain chosen value E, i.e., the boost energy, the simulation is performed on the modified
potential V*(r)=V(r)+AV(r), represented using dashed lines (Fig. 2.2), and when V(r) is greater
than E, the simulation is performed on the true potential V*(r)=V(r).”® This leads to an enhanced
escape rate for V*(r). The following step-wise function is employed in aMD simulations:’®

V(r),if V(r) = E

AV*(r) = {AV*(T) =V(r)+AV(r), if V(r)<E

(2.4)
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The bias potential increases the escape rate of the system from potential wells and the
evolution of the system on the modified potential occurs at an accelerated speed with a non-linear
time scale of At", where:

At* = AtePAVIrE)] (2.5)

In the previous equation, At is the time interval of the normal MD simulation and p=1/(ksT),
where kg is the Boltzmann constant and T, the temperature.’.

The shape of the bias boost potential has been defined through the following equation:®®

(E» = V() (Ep = Vp(1)
ap+(Ep—V() ap+ (Ey —Vp(1)
where V(r) and Vp(r) are the normal potential and the normal dihedral potential, respectively. Ep

AV (r) =

(2.6)

and Ep are threshold boost potential and dihedral energies, respectively, while ap and ap are tuning
parameters determining how deep we want the potential energy well to be. The boosting potential
preserves the underlying shape of the unbiased potential but the energy barriers are lowered, thus
leading to enhanced conformational sampling (Fig. 2.2).>> An outstanding property of the aMD
method derived from the mathematical form of the modified potential is that it can yield, in
principle, the unbiased canonical averages of a given observable, upon reweighting procedures,
thereby allowing the determination of thermodynamic properties.”® However, when the
reweighting is applied to entire biomolecular systems, the calculation of accurate thermodynamic
properties is difficult or practically impossible. Therefore, aMD simulations are more useful to
explore the available conformational phase space than to estimate observable values.”’

In addition, appropriate values for Ep, Ep, ap and ap can be obtained by applying empirical
formulae, which, in turn, depend on previous knowledge of the system, e.g., the number of residues
of the protein and the number of atoms of the whole system, and on other magnitudes easily
acquirable by short normal MD simulations, e.g., average potential and dihedral energies.>

aMD simulations were employed here to enhance the phase space sampling of best hits
from Maybridge HitFinder™ in complex with the target enzymes.®® The dihedral boosting
parameter values were calculated through empirical formulae published elsewhere.>> ’” No total
potential energy boost was applied here. Eleven independent 100 ns aMD simulations were
performed for each studied complex using the same sets of boosting parameters. The generated
trajectories were then independently clustered as explained in Section 2.1.14, and the central
structure of each cluster was subjected to single-structure MM-GBSA free energy calculations after
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EM®® %% in order to identify the lowest-energy ligand pose generated through aMD simulations.
Finally, after the appropriate equilibration, 100 ns MD simulations were carried out for the
identified lowest-energy complexes and mean MM-GBSA AGes values were computed.*

Figure 2.2: Schematic representation of a hypothetical potential energy function and several bias
potentials. A threshold boost energy (E) of 1000 and increasing values of a have been chosen. Note that at
a=0 the energy landscape becomes flat and the system undergoes a random walk leading to a low

convergence. When progressively increasing the value of «, the basic shape of the bias potential becomes
much more alike to that of the unmodified potential, being a=E-Vmin=1000 the optimum value.
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Source: Taken from ref. 76.

2.1.7 Constant pH MD simulations

Constant pH MD (CpHMD) simulations constitute an approach that takes advantage of the
ability of MD simulations to sample the conformational phase space while sampling at the same
time the different protonation states according to a semigrand canonical ensemble.”® The CpHMD
simulations employed in this work were carried out through a process consisting of three repeating
steps. Firstly, the MD simulation is performed at constant protonation states, which are set at the
beginning of the simulation. The simulation is then halted periodically at fixed z intervals, the
solvent is stripped, the potential is switched to a Generalized Born (GB) model, and N protonation
state changes, N being the user-defined whole set of titratable residues, are attempted through
Metropolis Monte Carlo (MC) algorithms. If any of the protonation state change attempts were
accepted, an equilibration process is conducted while freezing the solute in order to relax the

explicit solvent around the new protonation states.’® Upon completion of the solvent relaxation, the
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MD simulation resumes using the velocities of the atoms prior to the relaxation step. From CpHMD
simulations, fractions of deprotonation (f¢) can be determined for every titrated residue, and pKa
values can be calculated by conducting these simulations at different pHs. The following equation
expressing the relationship between fgand the pH is employed for the calculation of pKa’s:™

1
fa = 1 + 10"(PKa—pH)

(2.7)

where n is the Hill cooperativity index.

CpHMD simulations in explicit TIP3P water molecules were conducted here to titrate all
the ASP, GLU, HIS and reduced CYS residues of FP-2 both in the free state and complexed with
either Cpd66 or a peptide using pmemd.cuda of Amber16.%? The respective central structures of
the systems calculated from previous MD trajectories were used as starting frames for the CoHMD
simulations. The systems were then subjected to EM, heating and NPT equilibration, using the
same protocol explained in Section 2.1.5 for conventional MD simulations and without allowing
titration. Subsequently, 5 ns CoHMD simulations were carried out at pH 5.5 in the NV T ensemble.
More details on the CpHMD simulation setup can be found elsewhere.>®

In order to calculate titration curves for the selected residues in all systems, we followed
the protocol reported by Socher et al.,” but adapted to CpHMD simulations in explicit solvent.*®
The pH was gradually varied in a step-wise fashion using a ApH of 0.1 and covering a 1.0 to 12.0
pH range. Subsequently, 5 ns production runs were carried out for every pH value. To enhance the
sampling, the CpHMD simulations were extended to 25 ns within the pH interval from 4.6 to 9.0,
which led to better convergence of titration curves, especially of GLU and HIS residues. The
fraction of deprotonation of every titrated residue at each pH was then calculated for all systems.
Finally, pKa’s and cooperativity indices were calculated by fitting the titration curves. Mathematica
v.7.0 was used to perform the non-linear fits, and standard errors were estimated by

bootstrapping.

2.1.8 MM-GBSA free energy calculations

MM-GB(PB)SA is an end-point method that allows the calculation of the binding free
energy (AGpind) Or absolute free energies of molecules in solution.®! Briefly, the AGping for the
formation of the complex (RL) from its separate partners, i.e, ligand (L) and receptor (R), can be
expressed as follows &:

AGping = G(RL) — G(R) — G(L) (2.8)



41

The MM-GB(PB)SA method calculates each G(X) term through this equation:

G(X) = Eym(X) + Gsorp(X) — TScons(X) (2.9)

The molecular mechanics energy term (Emm) of eq. 2.9 lumps together all force-field
derived energy components calculated in vacuum, i.e., internal energy (Eint), van der Waals energy
(Ew) and electrostatic energy (Ee), see eq. 2.10.8
Evn(X) = Eine(X) + Epy (X) + Ee(X) (2.10)

It is worth noting that when using the single trajectory approach, i.e., the trajectories for the
free ligand and the free receptor are extracted from that of the complex, the Eint terms for RL, R
and L cancel in eq. 2.8.8!

Gsolv (€Q. 2.9) stands for the solvation free energy of the solute molecules and is calculated
through implicit-solvation models, e.g., GB and PB models, which typically decompose this term
into the sum of the polar solvation (Gge/rg) and the non-polar solvation (Gsasa) contributions (eq.
2.11).81

Gsorw(X) = Ggp/pp(X) + Gsasa(X) (2.11)
Gas is calculated, in turn, through the following equation first proposed by Still et al.:8%
1
1 1 X i \] 2
Geg(X) = —5(1 — 5) .ZE:X q:q; | + RiRjexp | — IR, (2.12)
ij

where &y is the dielectric constant of the solvent, e.g., water, rjj is the distance between the solute
atoms i and j, giand g; are their partial charges, and R;and R;, their effective Born radii. Note that
a pair-wise summation is carried out over all the atoms of solute X. Eqg. 2.12 has been further
modified to incorporate the effects of solvent ions and the solute dielectric constant (&in) value on
Ges. It is also worth saying that the exact evaluation of effective Born radii is the central issue of
the GB model and defines its different variants.>> 8 On the other hand, for PB models, the
calculation of Gpg requires solving the well-known Poisson-Boltzmann differential equation
describing the interaction of solute molecules embedded in a continuum solvent.>® &

Gsasa is obtained by eq. 2.13, in which SASA represents the solvent accessible surface area
of the solute molecules, while y and $ are empiric constants whose typical values for GB models
are 0.0072 kcal-mol™ and 0, respectively.*®
Gs,(X) = ySASA(X) + B (2.13)
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Finally, the third term of eq. 2.9 stands for the configurational entropy contribution, which
is usually calculated either by normal modes analysis (NMA) or by quasi-harmonic analysis
(QHA). When this term is neglected for each species, AGet, instead of AGying, IS Obtained from eq.
2.8. Of note, AGes frequently suffices for the calculation of relative affinities of similar systems,
e.g., a series of ligands binding a given protein. This avoids the calculation of entropy, the most
computationally-demanding and less accurate term of the MM-GB(PB)SA method.>> 8

Here, AGeff values were calculated using the GB-neck (GBn) and/or GBn2 models available
in MMPBSA.py program.®® These models were selected as they yielded good correlations with
experiment results in a previous work studying the interaction of FP-2 with peptide-based
inhibitor.? The methods were applied to either trajectories or energy-minimized single structures
during rescoring steps, as mentioned earlier. The bondi and mbondi3 sets of atomic radii were
selected to conduct the MM-GBSA calculations with the GBn and GBn2 models, respectively, and
the single trajectory approach was used in all cases.?® Default values were taken for all other
parameters, except for the salt concentration, which was set to 0.1 M to mimic the effect of ionic
strength in the free energy calculations.>?

In addition, the configurational entropy (AScont) Was calculated for the interaction of the
best hits identified from the SBVSs of Maybridge HitFinder™ database with the target proteases.
The normal mode analysis implemented in MMPBSA.py® was employed to carried out the
previous calculations.®® More details on the configurational entropy calculations can be found
elsewhere.*

MM-GBSA free energy calculations were also employed to predict the energy contribution
of water bridges in the Nit3Pyr complexes. Firstly, the standard protocol, in which all water
molecules are stripped from the trajectory, was applied and a AGefnw) Value was calculated.
Secondly, the Nwat-MMGBSA approach was conducted with in-house scripts.® 8 In this case, the
water molecule closest to the Npyr atom in each frame was kept as part of the receptor and the
remaining waters were stripped. The closest command of cpptraj.cuda was employed to perform
the previous step.® 8 8 Complex and receptor topologies were then created with ante-
MMPBSA.py program® by keeping a single water molecule as part of the protein. From this
procedure, a AGefrw) Value was obtained for every system and the contribution of water bridges

(AAGeftwb)) Was estimated by subtracting the corresponding AGefrw) and AGetf(w) Values.
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2.1.9 Thermodynamic integration free energy calculations

The free energy variation (AG4—3) during the transformation of a given system from state
A into B can be calculated by connecting the end states through a series intermediate (hybrid) states

scaled by a coupling parameter 4, which leads to the following equation:®3

1 1
0 0

where Va and Vg are the potential energies of the final states A and B, respectively, and (... ), is the
average of the enclosed magnitude, carried out for every A intermediate. In turn, the potential
energy for a / state, V(1), can be obtained as follows:%3
V) =V + (1 =DV, (2.15)

Note that the derivative with respect to 4 in eq. 2.15 leads to the rightmost expression in eq.
2.14,as dV /oA = Vg — V4. EQs. 2.14 and 2.15 constitute the basis of the so-called thermodynamic
integration (T1) method. The MD simulation codes enabling TI calculations compute and store the
potential energy difference between the end states for all frames sampled at every 1 value. This
allows the prediction of free energies through numerical integration of the (Vz; — V), values, e.g.,
by using the well-known trapezoid rule.®

TI free energy calculations were performed here through a three-step approach, which
involves: i) an uncharging process, ii) a van der Waals transformation of atoms bearing zero partial
charges and iii) a final recharging step of atoms with zero charges.®® The atoms of the studied
ligands included in the TI regions and the type of alchemical transformation that they underwent,
i.e., either appearing/disappearing processes or linear transformations, are shown in Appendix A,
Fig. A3. The uncharging and recharging steps were carried out through single-topology approach,
while the van der Waals transformations were conducted using the dual-topology approach and
soft-core potentials were applied to the atoms subjected to mutation to avoid singularities. Soft-
core potentials were defined by the default parameters.%3

The system setup for alchemical free energy calculations was similar to that presented
earlier for conventional MD simulations. Representative structures of the complexes calculated
from MD simulations and containing water molecules close (<4 A) to the ligands were embedded
in octahedral boxes with edges placed, at least, 8 A away from the solute surface and filled with
TIP3P waters and sufficient counter-ions. The cut-off of nonbonded interactions was reduced to 8

A to speed up of the MD simulations. The thermodynamic cycle employed to calculate the AAG
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Figure 2.3. Thermodynamic cycles used to calculate AAG values for the studied covalent complexes.
A) Thermodynamic cycle involving the nitriles in solution and covalently-bonded to the enzyme. The AAG
value corresponding to this cycle is equivalent to the experimental one when conditions leading to eg. A6,
Appendix A, are fulfilled. B) Same as A) but involving imines instead of the nitriles in solution. For
simplicity, we kept in B) the same notation of the free energy terms related to equivalent processes in A),
except for the addition of an apostrophe (). The latter is missing from the term AG,{’,?gﬁg‘iNith of cycle B),
as it corresponds to an alchemical transformation with identical end states to those of the process on the
right vertical leg of cycle A). It can be fairly assumed that AAG=AAG’; therefore, the AAG values reported
in this work are calculated using the thermodynamic cycle shown in B). X;and X, represent different P2
substituents. P stands for the protein. The free energies of the vertical legs are calculated through alchemical
transformations in both, the bound and the free states of the ligands.
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values involved the performance of alchemical transformations of the ligands covalently bonded
to proteins and free in solution (Fig. 2.3 and Appendix A, Text A2, and ref. 87) The solvated free
ligands were prepared in a similar fashion to that of the complexes. The uncharging and recharging

steps were conducted by changing the coupling parameter (A) from 0O to 1 using a 0.05 stride (0,
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0.5, ...,0.95, 1.00). The van der Waals transformations were carried out in a similar way, except
for two more A values (0.02 and 0.98) that were added close to the end states. In total, each AAG
value comprised 130 A MD simulations, each of them subjected to a short EM, a 1 ns NVT heating
process followed by a 12 ns production run in the NPT ensemble, from which the first 2 ns were
discarded during free energy calculations. The heating process was performed as explained in
Section 2.1.5. On the other hand, the pressure in the NPT MD simulations was controlled by means
of the Monte Carlo barostat.%® Moreover, complete force evaluation, i.e., including H atoms, was
performed (ntf = 1) during the TI MD simulations.®® All simulations were conducted with
pmemd.cuda of Amber18.5

Remarkably, charge-related alchemical transformations involving charged ligands were
performed following a single box/dual system approach in order to keep the simulation box neutral
at all A values.®® The protein-ligand complex and the free ligand were placed in an 86x86x118 A
cuboid box with a minimal distance of 16 A between them in the z axis. The interaction between
the free ligand and the complex was prevented by applying 20 kcal-mol A2 to the M177 Co. atom
of FP-2 and the P2 Ca atom of the ligand. Two NaCl concentrations, 0 and 0.150 M, were tested
in order to assess the impact of ionic strength on AAG calculations involving charged ligands.®

MD simulations at every A value were performed in triplicate both in the forward and
backward directions.®® Convergence was assessed through the calculation of hysteresis.®* dV/dJ vs
J curves were integrated to calculate AG values using the trapezoid rule.®® Mean and standard errors
of the mean (SEMs) were obtained by bootstrapping. Errors were propagated to calculate the total
SEMs of the final AAG values.®® The predicted AAG (AAGcarc) values were compared to the
experimental ones (AAGexp), Which were derived from the reported 1Cso’s* after conducting pH
corrections due to the occurrence of ionization equilibria in the pyridine-containing nitriles (see
Appendix A, Text A3).

2.1.10 Umbrella sampling free energy calculations

Umbrella sampling (US) is an equilibrium method that allows the obtaining of the potential
of mean force (PMF) along a certain reaction coordinate (), e.g., a Cartesian axis, an interatomic
distance, an angle, and others. US involves the use of bias harmonic potentials restraining the
system to specific & values that will ensure the correct sampling along &. The restrained & values

define different windows, which must be properly weighted and combined in order to obtain the
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PMF. The Weighted Histogram Analysis (WHAM) constitutes one of the more widely-used
approaches to accomplish the aforementioned task.% %3

Doudou et al. developed an US variant that allows the calculation of standard binding free
energies (AGp;,4) from the PMF, when the reaction coordinate is a Cartesian axis, say, the z axis,
and restraints are applied on the orthogonal x and y axes.®* Firstly, the authors noted that the binding

free energy along the PMF (AGpwi) is given by the following expression:%*

AGpyr = —RTIn (g“) (2.16)
Uu,R

where Qur and Qur are the partition functions for the bound and unbound regions of the PMF,
respectively, and the subscript R indicates the use of orthogonal restraints. The ratio between both

partition functions can be calculated as shown below:%*

Qur _ I [exp <_M£RT(Z)) dz]bound _b (M) 2.17)
Qur [exp (_ R?(Z))dz]unbound . “ |

where Wr(z) is the PMF as a function of z, which becomes zero at its lowest point, i.e., when the

ligand is bound. The boundary between the bound and unbound regions can be placed at the
minimal value of z in which the PMF reaches saturation. The PMF depth AWR(2) is defined as the
difference between its lowest value, zero, and the exponential average of the PMF over the whole

/[ @ sona] (2.18)

The bound and unbound lengths in eq. 2.16 are configurational integrals of the PMF defined

unbound region:*

AWpg = RTIn {U exp <_VZI;(Z)) dz]

unbound

as follows:%
—Whg
b= ] [exP( RT(Z)) dz]b . (2.19)
I, = f [exp <—(WR(2T+ AWR)) dzl - f (A2) ynbound (2.20)
unbound

As the lowest values of Wr(z) contribute more to the configurational integral in eq. 2.19, in
practice, the Ip value becomes mostly insensitive to the chosen z cut-off. To determine the AGp;,.4

value from that of AGpmr, One must add the contributions to the free energy of releasing the
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orthogonal restraints and of changing from standard state volume (V°=16661 A®) to that sampled

in the unbound region (VuRr), which are termed AGr and AGy, respectively:%*

AGPing = AGpyr + AGy + AGy (2.21)
AGy can be calculated by the equation below, which is obtained after integrating out the

area sampled by the ligand in the entire unbound state region upon the action of orthogonal

restraints (Aur), defined, in turn, by the harmonic constant kyy:%

VuR luAuR luZTL'RT

AGy = —RT ( '>=—RT ( ')=—RT 2.22

Gy In Vo In 7o In kg VO ( )

The rightmost equality in eq. 2.21 derives from the following expressions: %
+oo —k oo —k 2nRT

A= xy j ) gy = 2.2

wR J_w exp<2RT>dx . ex”(zm Y= (223)
Vu,R = lu X Au,R (224’)

On the other hand, AGr can be calculated through a single free energy perturbation (FEP)

step as follows:%

(2.25)

—kyy (Ax? + Ay?
AGg = RTIn (exp< i Y )>)kxy=0

2RT
where Ax and Ay are the displacements with respect to the restraint minimum in the reference
bound state, when no orthogonal restraints are applied. By substituting egs. 2.16, 2.17, and 2.22

into eq. 2.21, one finally obtains:*

2mlpRT
kxyVO

AGPiny = AWR — RTln( ) + AGyg (2.26)

The previous equation constitutes the basis for the calculation of AGp;,, values from
unidimensional PMFs obtained through US.%

The above-explained US protocol was adapted to run the MD simulations in Gromacs
v5.1.4. AG®ping values for the interaction of Cpd66 with FP-2 and with FP-2 complexed with a
peptide substrate were calculated through this procedure. We used the previously-derived
parameters of the ligand and the Amber ff99SB-ILDN force-field for the protein.®® A slow pulling
MD simulation of Cpd66 after carefully orienting the complex along the z axis, the Cartesian
coordinate chosen as reaction coordinate, was performed to minimize clashes as the ligand leaves
the deeply-buried cavity. Subsequently, 38 frames were extracted from the pulling simulation, each
corresponding to a different distance between the protein and the ligand reference atoms and
covering a 0 to 50 A range along the reaction coordinate. The equilibrium z distances between the



48

reference atoms were restrained by means of harmonic potentials. In addition, orthogonal restraints
were applied during pulling and US simulations and the six external degrees of freedom of the
protein were restrained. More details on the US protocol are provided in Appendix A, Text A4 and
ref. 58) The data collected during the US productive simulations were processed with gmx wham
program, and the PMF for each studied system was finally obtained.®®

AGr was calculated by performing five 25 ns replicas of unrestrained MD simulations for
each system. The deviations from the equilibrium position along the x and y components of the
distance vector were obtained from the previous simulations, after discarding the first 5 ns of each.

AGr values were calculated through eq. 2.24 and the mean over five replicas was computed.®

2.1.11 Pocket volume measurements

The volume of the transient pocket in the site 3 region was measured for every frame
collected from the MD simulations using POVME 3.0.%¢ It was established from visual inspection
that the cavity occurring in the site 3 region of FP-2 and FP-3 was open when the transient pocket
volume and the distance between the side-chains of key residues lying at the pocket entrance were
both greater than certain respective thresholds.®® The frames fulfilling these conditions were
extracted and clustered.>® The central structure of the largest cluster was employed for further

analyses.

2.1.12 Community analysis and calculation of optimal and suboptimal paths

Our comprehension on allostery has recently undergone a change of paradigm, from a
simplistic model involving the transition between two states (=conformations) to a more elaborate
one comprising a shift in the equilibrium populations of multiple conformations, triggered by the
modulator binding.?® In this context, the idea of allosteric influence involving little structural
change or even without well-defined structures has emerged.®” The new vision on allostery makes
the computational methods capable of exploring the phase space of molecules, such as MD and
MC simulations, particularly suitable to study this phenomenon.?®> Among the various methods that
rely on exploring the phase space to study allostery, community analysis (CA) constitutes a widely-
used approach to dissect the underlying mechanisms triggered by allosteric modulators at

molecular level .23 %
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CA is essentially a network-based representation of the protein, in which each residue is
represented by a node located, for example, at its Ca. ®7. Each pair of residues (i,j) in the network
is connected by an edge whose length (dij) is calculated through the following expression:®’
dij = —Log|Cyj] (2.27)
where Cij is the pairwise correlation between them. Cjj values can be computed from the ensemble
of structures generated through MD simulations via the Pearson equation for linear correlations or
a more sophisticated approach based on generalized correlations. The latter, though more
computationally-demanding, can identify physically relevant allosteric connections that escape to
the former approach.®’

CA provides a coarse-grain representation of the network graph by clustering groups of
residues into communities. Each community contains highly correlated residues; intercommunity
connections being represented by edges that are weighted to account for the strength of their
interactions.®” Therefore, each community represents a module of correlated motions in the protein.
The Girvan-Newman iterative algorithm can be employed to cluster the network graph.*® Often,
the network is filtered by ignoring low pairwise correlations and/or correlations between residues
that are not in physical contact during most of MD simulations time, in order to reduce noise and
increase robustness in the calculation of communities.?® 97 100

The importance of an individual residue to the optimal dynamic networks in a system can
be identified by means of its betweenness centrality (ci):*’

1
G=v Z 0:(s, ) (2.28)
i#t,i#s
where N is the total number of pathways and s,t is every residue pair not including i. o; is defined
as follows: it takes on the value 1 whenever the shortest pathway between residues t,s passes
through residue i, and is zero otherwise.

The communication between the allosteric and the orthosteric sites occurs along paths
involving specific residues, some of them, i.e., the hotspots, being critical to the process, as
revealed by mutagenesis analyses.®” To determine the most likely communication paths, a method
called Weighted Implementation of Suboptimal Paths (WISP) has been devised, which uses the
residue-residue distances dij defined in eq. 2.26 as the metric to determine the path length.1% The
latter is calculated as the sum of all dij between the interconnected pairs of residues along a certain

path. WISP employs the Dijkstra’s algorithm to search for the optimal (= minimal length) and
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suboptimal (= near optimal length) pathways between two nodes (= Ca’s). Communication
hotspots can be predicted on the basis of degeneracies, i.e., the number of times each residue occurs
in the whole set of generated suboptimal paths.1%

CA was performed for four systems: free FP-2, FP-2:peptide, FP-2:Cpd66 and FP-
2:Cpd66:peptide.® The generalized Co-Co cross-correlation coefficients (GC) were calculated
across the five replicate MD simulations conducted for each studied system, using g_correlation
program of GROMACS v.3.3.4.192 The GC matrices were then filtered using heavy atom contact
maps calculated during the same set of MD trajectories,’® in order to rule out the correlations
between non-contacting residues. The Bio3d package implemented in R was employed for the
previous calculations.'% In addition to contact maps, we defined correlation cut-offs to eliminate
noise, i.e., low and/or artificially-high correlations, and GC matrices were processed in a way that
significant correlations were preserved, even when involving non-contacting residues. All relevant
details concerning the processing of GC matrices is explained in details in ref. 58. The Guirvan-
Newman algorithm was employed to conduct CA.*° The final number of communities for every
system was chosen as the minimum one yielding a near-optimal modularity based on the average
filtered GC matrix of every system.'® Betweenness centralities were also calculated in order to
determine the overall relevance of each residue in signal propagation across the protein.®” All the
previous steps were carried out with Bio3d package of R.

Finally, optimal and suboptimal signalling paths between source and sink residues linking
the allosteric pocket and the active site were calculated using WISP.2% In total, 500 suboptimal
paths were calculated between the source and sink. Residue degeneracies, as well as path length

distributions, were obtained for all the studied systems.*®

2.1.13 Principal Component Analysis

To extract the motions relevant for the function of a given protein from an MD simulation
is a non-trivial task. Principal component analysis (PCA) or essential dynamics (ED) is a statistical
method allowing the determination of uncorrelated collective coordinates, which describe the
structural fluctuation of a protein during an MD simulation. Moreover, the determination of the
system collective coordinates allows the identification of a small subset of dimensions or degrees

of freedom accounting for the most important structural changes in a protein (the so-called essential
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subspace). PCA is based on the diagonalization of the covariance matrix built from atomic
fluctuations in a trajectory from which the overall translation and rotations have been removed:1%
Cij = (X — Xi0) (X — X;0)) (2.29)
in which X are the separate X, y, and z coordinates of the atoms fluctuating around their average
positions Xo. (... ) represents the average values calculated from the entire trajectory. Frequently,
to construct the protein covariance matrix, the Co. atom trajectory is used. Indeed, it has been shown
that the Ca atom contains all the information for a reasonable description of the protein’s large
concerted motions. Upon the covariance matrix diagonalization, a set of eigenvalues and
eigenvectors, also called principal components (PCs), is obtained. The motions along a single
eigenvector correspond to concerted fluctuations of atoms. On the other hand, the eigenvalues
represent the total mean square fluctuation of the system along the corresponding eigenvectors.%

PCA was conducted for all the studied systems, i.e., free FP-2, FP-2:Cpd66, FP-2:peptide
and FP-2:Cpd66:peptide complexes as explained elsewhere.>® Briefly, the covariance matrix for
the Ca atoms of free FP-2 concatenated MD simulation was obtained and PCs were subsequently
calculated. Per-residue contribution to the main PCs, extreme structures and 2D representations of
the protein motions along pairs of PCs were also carried out.>® The gmx covar and gmx anaeig
programs of Gromacs v5.1.4 were used to conduct all the above-mentioned tasks.’*

2.1.14 Miscellaneous trajectory analyses

Root mean squared deviations (RMSDs), interatomic distances and root mean square
fluctuations (RMSFs) values along the MD trajectories were calculated with cpptraj module of
Amber (versions 14, 16 and 18).6% 5 The central structures for the MD simulations of all the studied
complexes generated with pmemd.cuda, except for those involving nitriles, were calculated using
the average linkage algorithm implemented in the cpptraj, taking into account the RMSD values
for the ligands and the residues lying within a 4 A cut-off. As a rule of thumb, and unless otherwise
stated, five predefined clusters were set, and the central structure corresponding to the most
populated one was chosen for subsequent analyses. All figures displaying structural data were
created with Pymol 2.1.0,1% except for those showing the suboptimal paths connecting the active
and allosteric sites in the studied complex, which were created with VMD 1.9.1.1% Electrostatic
representations of protein surfaces were obtained with the Adaptive Poisson-Boltzmann Solver
(APBS) plugin of Pymol 2.1.0.1% Direct H-bonds and water bridges during the MD simulations
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were calculated using hbond command.®® A donor-hydrogen-acceptor angle > 120° and a donor-
acceptor distance < 3.5 A were set as geometric criteria to define the occurrence of an H-bond.*%’

Central structures of the protein:nitrile complexes were obtained through two clustering
steps in order to account for different orientations of the pyridine ring within the S2 subsite. Firstly,
trajectories were clustered based on distance profiles between the Npyr atom of the ligand and a key
residue of the protein (see Sections 5.1.1 and 5.1.2). The number of clusters for each system was
taken equal to the number of peaks in the corresponding distance distribution and trajectories were
split accordingly. Secondly, a single central structure per newly-generated trajectory was calculated
by clustering the latter with respect to the RMSD of the interface heavy atoms as explained before.
The central structure obtained from RMSD clustering of the most populated distance-based cluster
was taken for TI free energy calculations. SASAs were calculated with molsurf command using
the default probe radius (1.4 A) and atomic radii (mbondi set).5

Conformational clusters corresponding to the FP-2 simulations run with Gromos 54a8
force-field were carried out with the gmx cluster program of Gromacs v.5.1.4. As a metric for this
clustering analysis, we selected the RMSD of the heavy atoms of residues within site 6. Various
RMSD cut-offs were tested and, finally, 0.12 nm was deemed suitable, as it yielded a handful

number of clusters (less than 10) covering more than 80% of the analyzed MD trajectories.

2.2 Experimental section

The experimental procedures involving enzymatic assays and determination of the
inhibition mechanisms were conducted by Dr. Emir Salas Sarduy (Universidad Nacional de San
Martin, Argentina). Antiplasmodial and cytotoxicity in vitro assays were performed by Dr. Luisa
F Hernandez and Dr. Adriana Pabon (Universidad de Antioquia, Colombia), and Dr. Maria J

Pascual and Dr. Diego E Alvarez (Universidad Nacional de San Martin, Argentina), respectively.

2.2.1 Expression and purification of recombinant enzymes

FP-2 was expressed as inclusion bodies in BL21(DE3) Escherichia coli strain, purified
under denaturing conditions (final purity: 91%) and refolded to active enzyme %. A Pichia
pastoris strain expressing a Ser149Ala (glycosylation) hCatK mutant was donated by Dr. Dietter
Bromme (University of British Columbia, Vancouver, Canada). The enzyme was expressed,

activated and purified (final purity: >85%) as previously described.'%°
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2.2.2 In vitro enzymatic assays of compounds selected from SBVSs targeting the active site

The nine top-scoring compounds selected from the Maybridge HitFinder™ SBVSs were
purchased for experimental assessment. Inhibition assays against FP-2 and hCatK were conducted
as described by Bertoldo et al.® Briefly, stock solutions of the compounds were prepared at 10-20
mM in dimethyl sulfoxide (DMSO). The enzymatic activity of both enzymes was measured by
fluorimetric assays in a buffer (100 mM NaOAc, 10 mM dithiothreitol (DTT), pH=5.5) employing
Z-FR-AMC (15 puM) as enzymatic substrate, and fixed concentrations of FP-2 (0.7 nM) and hCatK
(1 nM). The enzymes and compounds were incubated 15 minutes prior to the addition of substrate
and the release of 7-amino-4-methyl coumarin (AMC) was monitored for 600 s at 30 °C with a
Thermo Spectronic Aminco Bowman Series 2 spectrofluorometer (excitation at A=355 nm;
emission at A=460 nm). All scans were corrected from the corresponding blanks, and controls (FP-
2/hCatK+DMSO 2%, Z-FR-AMC+DMSO 2% and FP-2/hCatK+Z-FR-AMC+DMSO 2%). ICso
values were determined from dose-response curves varying the inhibitor concentration, while
keeping fixed the concentrations of the enzyme and the substrate. The curves were fitted using

GraphPad Prism version 5.03.11° All measurements were conducted in triplicate.*

2.2.3 In vitro antiplasmodial activity assay

The antimalarial activities of the compounds selected from Maybridge HitFinder™ SBVSs
were tested in vitro against cultures of erythrocytes infected with a multi-resistant strain of P.
falciparum (FCR3).>® The parasite cultures were incubated at 37 °C in a pure gas mixture of 5%
02, 5% COg, and balanced N2 environment, in RPMI 1640 medium supplemented with 25 mM
HEPES, 5% (w/v) NaHCO3, 0.1 mg/mL gentamicin, and 10% A+ heat-inactivated human serum,
as previously described.,

Several concentrations of each compound (from 200 uM to 1.5 pM) were evaluated.
Diphosphate salt of chloroquine (CQ), > 98%, SIGMA C6628, evaluated in a range of 0.0023 to
2.0 uM, and trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane (E64), 0.3125 to 20.0 pM,
were used as a treatment control in each assay. Culture medium in the absence of the compounds
was used as a growth control. A suspension of parasitized erythrocytes with a hematocrit of 2%, a
total parasitemia of 1%, and with a predominance of young forms, was prepared. The cultures with
the treatments were incubated at 37 °C for 48 h in the presence of 5% CO;, 5% O and 90% N. 1*2
After the incubation period, 50uL of 0.4% SYBR Green was added to each well and incubated for
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10 min, so that the fluorochrome was intercalated into the DNA of the parasite. After a 10 min
incubation, fluorescence emission detection was performed using the BD AccuriTM C6 flow
cytometer (excitation at A=485 nm excitation, emission at A=530 nm).!'2 Each concentration was
evaluated in duplicate, and two or more independent assays were performed. The percentages of
parasitemia were analyzed using a non-linear slope-dependent regression with GraphPad Prism™

version 5.03 to estimate the 1Cso values.!°

2.2.4 Cytotoxicity assays

In addition to antiplasmodial activity, cytotoxicity assays were performed as described
previously.''* Briefly, HeLa cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 10% FBS for 24 h at 37 °C under a 5% CO_ atmosphere. Serial dilutions of each
compound were prepared in DMEM containing 2% Phosphate-Buffered Saline (PBS) and 1%
DMSO. Cells were incubated with compound dilutions for 72 h at 37 °C under a 5% CO:
atmosphere. After the incubation period, viable cells were stained with crystal violet and absorption

was measured at A=590 nm. The percentage of viability was calculated as follows:

%Vialbility = [(A59Onm)sample/(A590nm)control] x 100% (2'30)
where Asgonm Stands for the absorbance at the indicated wavelength. The half-maximal cytotoxic
concentration (CCso) for each compound was estimated by nonlinear regression from dose-

response curves using GraphPad Prism version 5.03.5% 110

2.2.5 Compounds from ZINC12 database

Compounds identified from the SVBSs against the site 6 conformations of FP-2 were
purchased from Eanime Ltd. Stock solutions (25 mM) of investigational compounds were prepared
in DMSO. Due to its lower solubility, stock solutions for some compounds were prepared at 10
mM.

FP-2 activity was assayed fluorometrically with Z-LR|AMC (Bachem) as substrate,
according to a previously-described procedure,® to which only minor changes were made. Assays
(final reaction volume ~80 pL in Corning solid black 384 well plates) were performed at 30°C in
100 mM acetate buffer pH 5.5 containing 5 mM DTT and 0.01 % Triton X-100. Unless otherwise
stated, the fluorogenic substrate was added at final concentration of SuM (~1 x Kwm) to match

balanced assay conditions.!*®> The AMC release was monitored continuously for 60 min with a



55

FilterMax F5 Multimode Microplate Reader (Molecular Devices) using standard 360 nm excitation
and 465 nm emission filter set. Enzyme activity was estimated as the linear region slope of the
resultant progress curves. Under the described conditions, the Selwyn test!'® indicated that enzyme

remained stable during the whole assay.

2.2.6 Activity assays of potential allosteric inhibitors against FP-2

For preliminary assessment of FP-2 inhibition, four 10-fold serial dilutions (25 mM, 2.5

mM, 0.25 mM and 0.025 mM) were prepared in DMSO from stock solutions of each compound.
One microliter of each compound dilution, E-64 (Sigma Aldrich) (10 uM in DMSO) or DMSO
were dispensed into each well, followed by 20 pL of activity buffer. Then, 40 uL of activity buffer
containing FP-2 (6.6 nM) were added to each well, plates were homogenized (30 seg, orbital,
medium intensity) and each well subjected to a single autofluorescence read (exc/ems =
360/465nm). Plates were incubated in darkness for 30 min at 30 °C and then 20 pL of Z-LR-AMC
(20 uM in assay buffer) were added to each well to start the reaction. After homogenization (30
seg, orbital, medium intensity), the fluorescence of AMC (exc/ems = 360/465nm) was acquired
kinetically for each well (12 read cycles, one cycle every 300 s). Fluorescence measurements were
used to determine the slope (dF/dt) of progress curves by linear regression and inhibition
percentage (%Inh) was calculated for each compound according to:
%Inh = 100% X [1 — ((dF/dt) ey — uC-)/(uCy — uC-)] (2.31)
where (dF /dt),,.;; represents the slope of each compound well and pC+ and pC., the average of
FP-2+DMSO (no-inhibition) and substrate (no-enzyme) controls, respectively. The compounds
showing %Inh > 20% at the higher concentration and dose-response inhibition were selected for a
secondary screening.

The selected compounds were re-tested in a dose-response manner (final concentration
ranging from 47 pM to 1562.5 puM) using similar assay conditions. 10 pL. of compound stock
solutions (25 mM in DMSO), E-64 (10 uM in DMSO), and DMSO were added to the first wells
(column 1), followed by addition of 30 pL of activity buffer. After addition of 20 puL of buffer to
subsequent wells, 16 serial 2-fold dilutions were made horizontally. Then, 40 pL of activity buffer
containing FP-2 (6.6nM) were added to each well, except for those corresponding to C-; completed

with 40 pL of activity buffer. After homogenization, incubation, and autofluorescence
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measurement, 20 pL of Z-LR-AMC substrate (20 uM in activity buffer) were added. Data
collection and processing were performed exactly as described above.

The percentage of FP-2 residual activity (%Res.Act) was calculated for each condition
according to:

dF /dt) e — HC-
%sRes. Act = 1000 x A/ @Dweu = HC-) (2.32)

puCy —ucC_
ICs0’s and Hill slope parameters were estimated by fitting experimental data from dose-response

curves to the four-parameter Hill equation using GraphPad Prism v5.03:110

_ Ymax—Ymin
Y= Ymin t (1+10(LogICso -0 HillSolpey (2.33)

where ymax and ymin are the maximum and minimal percentage of residual activities, x stands for the

different concentrations of the compound and HillSlope is a coefficient controlling the shape of the

curve.

2.2.7 Centrifuge counter-screening

To identify which of the potentially allosteric compounds form aggregates under the
assayed conditions (potential nonspecific effects on FP-2 activity), a centrifuge counter-screen was
performed as described elsewhere,''’ with minor changes. In brief, 2-fold serial dilutions of
compounds were initially prepared in DMSO (final volume 25 pL). Then, 225 uL of activity buffer
were added to each tube, vortexed and incubated for 5 minutes at room temperature. Then, samples
were divided: one half was incubated 30 minutes at 4°C (non-centrifuged) and the other half
centrifuged at 13000 rpm, 30 minutes, 4°C (centrifuged). Finally, both samples were assayed for

dose-dependent inhibition of FP-2 as indicated in Section 2.2.6.

2.2.8 Determining mode of inhibition and K; value of active compounds

FP-2 assay was performed as described earlier, with the following modifications: activity
buffer was supplemented with 16% DMSO to achieve maximal solubility of investigational
compounds. In addition, the final enzyme concentration was increased to 10.56 nM and the assay
volume was reduced to 50 pL. Under these conditions, FP-2 showed an apparent K value of 25
MM for Z-LR-AMC.

The identification of the mode of inhibition was performed as described elsewhere. **° In

brief, FP-2 activity was determined for eight different substrate concentrations (ranging from 1.56
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to 200 uM) in the presence of six fixed doses of the active inhibitors (ZINC03225317: 0, 25, 50,
100, 200 and 400 uM; ZINC72290660: 0, 400, 800, 1200, 2600 and 4000 uM). To visually infer
the mode of inhibition, classical Lineweaver-Burk plots were constructed for each compound.
Finally, kinetic data were arranged in the form of Michaelis curves (dF/dt vs. [Z-LR-AMC]o) and
globally fitted to the corresponding (mixed inhibition) equation present in GraphPad Prism v5.031

for the simultaneous estimation of a and K;.
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3IDENTIFICATION OF FALCIPAIN-2 INHIBITORS THROUGH AN INTEGRATED IN
SILICO AND EXPERIMENTAL APPROACH

3.1 Identification of FP-2 inhibitors targeting the enzyme active site

The results presented in this section have been already published in the scientific journal

Biochimica et Biophysica Acta -General Subjects.*

3.1.1 Inssilico identification of selective FP-2 inhibitors from Maybridge HitFinder™ Database

The Maybridge Hitfinder™ database was screened to identify putative selective inhibitors
of FPs. In order to potentially enhance the selectivity of the compounds, we took into account the
interaction with human off-targets. Among the human cathepsins analyzed in this work, hCatK was
found as the one sharing the largest ID with FP-2 in the active site region (see Appendix B, Fig.
Bl and Table B1). In fact, the ID percentages (%IDs) of this protease with respect to FP-2 and FP-
3 are 53.85% and 61.54%, respectively (see Appendix B, Fig. B1 and Table B1). Other proteases,
such as hCatL and hCatB, were ranked in second and third places, respectively, with %IDs ranging
from 46.15% to 48.72% with respect to both FPs (see Appendix B, Fig. B1 and Table B1).
Furthermore, FP-2, FP-3 and hCatK share the same specificity for Leu at P2; whereas hCatB and
hCatL prefer Phe in that position.'® 118123 On the basis of the previous analyses, we selected hCatK
to evaluate the potential off-target inhibition caused by the compounds selected from the SBVS

results.

Table 3.1. Autodock-Vina scores for the selected compounds?
Compound  Siina(FP3)  ASuina(FP3-hCatK)  ASiina(FP2)  ASiina(FP2-hCatK)

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
HTS01959 -8.9 -1.2 -8.0 -0.3
SEW01979 -8.4 -14 -9.1 -2.1
HTS10627 -8.7 -1.5 -8.8 -1.6
BTB08650 -9.0 -1.1 -8.0 -0.1
HTS07377 -8.6 -1.3 -8.2 -0.9
HTS08262 -9.4 -1.1 -9.6 -1.3
HTS12139 -8.5 -14 -8.4 -1.3
HTS12945 -8.9 -1.3 -8.4 -2.1
HTS07940 -8.8 -0.9 -9.2 -1.3

aCompounds were selected according to the conditions stated in Section 2.1.2.
Source: Prepared by the author.
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Figure 3.1. Chemical structures, and identifier of the compounds selected from SBVSs. The identifier
of each compound is shown on top of its structure.
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Source: Prepared by the author.

Nine compounds were chosen from the results of the SBVSs that were carried out in parallel
for both FPs and hCatK (Table 3.1 and Fig. 3.1), and were subsequently filtered using the PAINS-
Remover webserver (http://cbligand.org/PAINS) to exclude potential false positive compounds
with non-specific reactivity.*?* All the compounds shown in the table fulfill the conditions of

affinity and selectivity stated in Section 2.1.2.

3.1.2 Experimental evaluation of the selected compounds

The compounds shown in Table 3.1 were purchased and subjected to experimental
evaluation in order to determine their ability to inhibit the FP-2 enzymatic activity in vitro. In
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parallel, their inhibitory activity against hCatK was assessed in cross-inhibition assays. Seven
compounds inhibited FP-2 in a dose-dependent manner (Fig. 3.2), with ICso values ranging within
10 to 10° M (Table 3.2). On the other hand, none of these compounds was active against hCatK
(Table 3.2). In fact, at the highest concentration of each compound tested in the cross-inhibition
assays, only 8-25% of hCatK maximum inhibition was attained, thus clearly indicating that the
compounds are more active against FP-2.

Figure 3.2. Dose-response curves for seven FP-2 inhibitors identified by SBVS. The percentages of FP-

2 residual activity were measured using at least eight increasing concentrations of the inhibitors. 1Cso values
were determined by fitting experimental data to the four-parameter model of GraphPad Prism (eg. 2.33).
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Source: Prepared by the author.

Subsequently, the antiplasmodial activities of the seven compounds displaying FP-2
inhibition were assessed, using E64 and CQ as positive controls. Four compounds (HTS07377,
BTB08650, HTS08262 and HTS07940) inhibited the P. falciparum growth in vitro, with 1Cso
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values within the 10 to 10 M range (Table 3.2). The cytotoxicity of the four active compounds
against HelLa cells was also measured and it was found that two of them, HTS07940 and
HTS08262, possessed promising selectivity indexes (46 and 10, respectively, Table 3.2).
Remarkably, the 1Cso value of HTS07940 against P. falciparum cultures is similar to that of E64,

118 and only one order-of-magnitude lower than

the prototypic inhibitor of C1 cysteine proteases,
that of CQ (Table 3.2). In general, the antiplasmodial activities of HTS07940 and HTS08262
against P. falciparum cultures are in the typical range displayed by many non-peptidic FP-2
inhibitors reported so far in literature.®. However, the most promising feature of the identified hits

is their suitable selectivity indices (Table 3.2).

Table 3.2. 1Cs values and selectivity indices for the selected compounds
Compound  1Cs (FP-2)  ICso (hCatK)  Selectivity 1Cso (Pf)°  CCso(HeLa)  Selectivity

(nM) (nM) Index? (M) (M) Index°©

HTS01959 326(56)¢ >261 >1 Inactive - -
SEW01979 77(25) >142 >1 Inactive - -
HTS10627 n.d.c n.d. n.d. Inactive - -
BTB08650 7.4(0.5) >314 >42 29(5) 34(5) 1.17(0.03)
HTS07377 71(8) >469 >6 163(6) <33.5 <0.2
HTS08262 14.7(0.8) >521 >35 34(7) 350(14) 10(2)
HTS12139 15(2) >294 >20 Inactive -
HTS12945 n.d. n.d. - Inactive - -
HTS07940 64(5) >565 >8 2.91(0.04) 133(10) 46(3)

E64 f 1.3(0.1) - -

CQ 0.14(0.01) - -

aSelectivity index for FP-2 calculated as follows: Selectivity index=ICso(hCatK)/ICso(FP-2).

bPf stands for a culture of P. falciparum-infected erythrocytes.

¢Selectivity index for parasite cells calculated as follows: Selectivity index=CCso(HeLa)/ICso(Pf).
dStandard deviations calculated from three independent measurements are shown between parentheses.
¢1Cso values were not measured due to low water solubility of the compounds.

"Measurement not performed.

Source: Prepared by the author.

Of note, HTS07940 and HTS08262 have a similar scaffold consisting of (4-(9H-fluoren-9-
yl) piperazin-1-yl) R-yl methanone, where R stands for derivatives of a core structure that contains
a five-membered aromatic ring attached by a single covalent bond to a six-membered aromatic ring
(Fig. 3.1). Incidentally, Genz10850, an analog compound in which R is an indole group, has been
already described in previous works as an inhibitor of reduced nicotinamide adenine dinucleotide
(NADH)-dependent enoyl (acyl carrier protein) reductases (ENR) of Mycobacterium tuberculosis

(InhA, 1Cso = 0.16 pM) and P. falciparum (PfENR, 1Cso = 18 uM).*?® This compound also shows
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inhibitory activity in vitro against several P. falciparum strains, with 1Cso values ranging from 14
to 31 uM.'?® The crystal structure of InhA in complex with Genz10850 (PDB: 1P44) has been also
reported. Therefore, we used the bound conformation of the compound to build a model of a
putative PFENR:HTS07940:NAD" ternary complex (see Appendix B, Text B1 and Fig. B2). Our
results suggest that HTS07940 (and, presumably, HTS08262) interact with PFENR. Hence, the
observed inhibition of P. falciparum growth exerted by these two compounds (Table 3.2) could
stem from a combined action on PfENR and FP-2. This prediction requires further experimental

validation and remains beyond the scope of this work.

3.1.3 Prediction of the binding modes of HTS08262 and HTS07940 to FP-2

The binding modes to FP-2 of the two most promising compounds, HTS08262 and
HTS07940, were predicted after subjecting docking poses to MD simulations. As both compounds
share a common structure, similar binding modes to FP-2 are expected for them. Therefore, we
conducted a thorough refinement of HTS07940 docking poses into the FP-2 active site to determine
its more likely bound conformation, while the inferred lowest-energy pose of HTS08262 was
subjected to similar analyses. 100 ns MD simulations were performed for a set of fourteen
HTS07940 docking poses, clustered into six groups (from A to F) on the basis of ligand RMSD
values (Appendix B, Figs. B3 and B4). Two stable binding modes, i.e., A3 and F1, were identified
by analyzing the final frames of the generated trajectories (Appendix B, Fig. B4). Subsequent MM-
GBSA free energy calculations corresponding to the last 3 ns of each trajectory confirmed that pose
A3 is the most stable one (Appendix B, Table B2).

The phase space sampling of HTS07940 pose A3 was enhanced by eleven frames obtained
from the previous 100 ns MD simulation of the complex. MM-GBSA ranking of the central
structures calculated for each independent aMD simulation led to the conclusion that pose A3b is
the most stable binding mode of HTS07940 to FP-2 (Appendix B, Fig. B5). Fig. 3.3-A depicts the
predicted interface of the FP-2:HTS07940 complex, obtained after clustering a 100 ns MD
simulation of the most stable bound conformation (A3b). In addition, the binding mode of
HTS08262 to FP-2, which was inferred from that of HTS07940, is shown in Fig. 3.3-B. The bound
conformations of both compounds into the FP-2 active site fulfill previously-described
determinants for the interaction with this enzyme. The condensed aromatic rings are close to the

indole group of the conserved residue W206, thus allowing the formation of n-m stacking
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interactions characteristic of C1 cysteine protease complexes.'?® Furthermore, the 2,3-
dihydrobenzofuran-5-yl and p-methoxyphenyl moieties of HTS08262 and HTS07940,
respectively, lie within the S2 subsite, the major specificity determinant of FP-2 and most C1
cysteine proteases,® 126 127 in agreement with preference of FP-2 for hydrophobic (aliphatic and
aromatic) amino acid side chains at P2 position.% ° ¢ Finally, it can be observed that the carbonyl
groups of both inhibitors occupy the S1 subsite, consistently with the well-known proneness of
electrophilic groups to interact with the catalytic residue (C42).1%

Figure 3.3. Structures of FP-2 in complex with compounds HTS07940 and HTS8262. A) Three-
dimensional (3D) representation of the FP2:HTS07940 complex interface. B) 3D representation of the
FP2:HTS8262 complex interface. FP-2 subsites are colored according to the legend. The depicted interfaces

correspond to the central structures generated by clustering each 100 ns MD trajectory into a single cluster,
and considering only the RMSD values for the heavy atoms of the protein interface residues and the ligand.

mS3 mS2 msi1 mS1 s mS3 mS2 mS1 mS1  S2
Source: Prepared by the author.

Remarkably, the proposed binding mode of HTS07940 (Fig. 3.3-A) was not found among
the docking poses; nor was it obtained after the subsequent 100 ns MD simulation (Appendix B,
Figs. B3 and B4). In fact, we resorted to aMD simulations to generate more stable poses (Appendix
B, Fig. B5). Further structural and PCA results®® suggest that HTS07940 can bind to pre-existing
free FP-2 conformations, thus following a conformational selection mechanism.*?° The previous
conclusion is also extensible to compound HTS08262.°

3.1.4 Prediction of the binding modes of HTS07940 to FP-3 and to hCatK

We also studied the interaction of HTS07940 with FP-3 by subjecting pose A3’, which was,
in turn, derived from the superposition of pose A3 in complex with FP-2 onto the FP-3 structure,

to multiple aMD simulations (Appendix B, Fig. B6). Interestingly, the binding mode to FP-3
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predicted from these simulations (pose A3’b) is similar to that obtained for the FP-2:HTS07940
complex. The refinement of pose A3’b through a 100 ns MD simulation led to the central structure
represented in Fig. 3.4-A, which was obtained from clustering analysis. A similar approach was
followed to predict the structure of the hCatkK:HTS07940 complex (Fig. 3.4-B), although some
further steps detailed elsewhere were needed in this case (Appendix B, Text B2 and figures cited
therein).

Figure 3.4. Structural representation of the interfaces of compound HTS07940 bound to FP-3, hCatK
and hCatK mutants. A) FP-3 in complex with HTS07940. B) hCaK in complex with HTS07940. D)
hCatK/L209D in complex with HTS07940. E) hCatL in complex with HTS07940. Central structures were

generated by clustering each 100 ns MD trajectory into a single cluster. Enzyme subsites are colored
according to the legend.

mS3 WS WS WS S2
Source: Prepared by the author.

The bottom of hCatK S2 subsite is delimited by the side-chains of residues Y67 and L209,
which form a steric wall that is likely to prevent the accommodation of large P2 moieties. Our
predictions suggest that the aforementioned ‘wall’ displays a certain degree of flexibility, and that
the Y67 and L209 side-chains can act as a gate leading to a distal region of hCatK S2 subsite
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(Appendix B, Text B2 and figures cited therein). Similar ‘gating’ processes involving equivalent
residues of the papain-like proteases Fasciola hepatica cathepsin L3 and cruzain have also been
proposed.3% 131 Nevertheless, the eventual opening of Y67-L209 gate in hCatK has an associated
energetic penalty of roughly 2.6 kcal/mol, which decreases the binding affinity for the ligand
(Appendix B, Table B3). On the other hand, residues Y86 and E236 of FP-3 adopt a more open
conformation in the crystal structure of the enzyme in complex with an organic inhibitor (PDB:
3BWK) (Appendix B, Fig. B9). In fact, E236 side-chain is not oriented towards the S2 subsite as
L209 of hCatK does, but bends away to form an H-bond with Y238(OH) in the crystal structure
and during 72% of the MD simulation time of the FP-3:HTS07940 complex (Appendix B, Fig.
B9).

A close inspection of the predicted hCatK:HTS0940 structure (Fig. 3.4-B) reveals that, even
in the open state of the ‘gate’, L209 is likely to sterically hinder a deeper accommodation of the p-
metoxyphenyl moiety of the compound into the S2 bottom. In agreement with this observation,
some authors have attributed a key role to this residue in preventing the accommodation of bulky
groups within the S2 subsite of hCatK.**? We further investigated this hypothesis by mutating L209
to Ala and Asp, respectively, and by subsequently performing structural and energetic analyses on
the mutant variants of hCatK in complex with HTS07940. The rationale behind the L209A
mutation was to reduce significantly the steric hindrance by replacing an isobutyl side-chain of Lue
by the smaller methyl group of Ala. As for the L209D mutation, we sought to assess the impact of
the similarly-shaped but smaller Asp residue. The central structures of hCatK/L209A and
hCatK/L209D in complex with HTS07940 are shown in Figs. 3.4-D and E, respectively. Both
mutations seem to increase the space available to accommodate the P2 moiety at the S2 bottom of
hCatK, as suggested by visual inspection of the predicted structures (Figs. 3.4-D and E). The
previous effect is particularly more evident for the hCatK/L209A:HTS07940 complex. According
to the results presented so far and the information available in literature,*3>* small residues in
position 205 (papain numbering scheme, position 358 in Appendix B, Fig. B1) may allow the
accommaodation of bulky moieties at the S2 bottom of the cysteine proteases. Overall, the presence
of a Leu residue at the bottom of the S2 subsite of hCatK could be one of the main factors
determining the lower affinity of this enzyme for HTS07940 and HTS08262 with respect to that of
FP-2 (Table 3.2).
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3.1.5 Calculation of the MM-GBSA free energies for the studied complexes

MM-GBSA free energy calculations for the studied complexes were subsequently
conducted using two GB models (Table 3.3). Of note, the method correctly predicted the higher
affinity of HTS08262 for FP-2 with respect to that of HTS07940 (Tables 3.2 and 3.3), and the
calculated AAGes value was close to the experimental measurement (-0.67 kcal/mol and AAGexp=-
0.87 kcal/mol, respectively). The inclusion of the configurational entropy energy contribution (-
T-ASconf) does not lead to a qualitative change of the predictions. However, the calculated relative
affinity is now overestimated and reaches an unrealistic value of 3.1 or 3.4 kcal/mol, depending on
the GB model (Table 3.3). This result is not surprising in light of previous reports showing that the
inclusion of entropy in MM-GBSA calculation may undermine the correlation between
experimental and calculated free energies,8% 135 136

The free energy calculations were also carried out for FP-3 and hCatK complexed with
HTS07940 (Table 3.3). According to the results obtained with both GB models, the compound
displays a lower affinity for FP-3 than for FP-2. The previous conclusion holds even when the -
T-AScont term is included in the calculations. Therefore, FP-2 is predicted to be a more important
target of HTS07940 in P. falciparum than its close homolog FP-3. Moreover, the MM-GBSA
results reveal that FP-2 binds to HTS07940 more tightly than its off-target hCatK, with relative
affinities ranging from 0.9 to 2.7 kcal/mol (Table 3.3). Remarkably, the previous results are
consistent with the experimental relative affinities of HTS07940 for hCatK and FP-2. (>1.2
kcal/mol favorable to the latter enzyme, see selectivity index in Table 3.2).

Finally, we calculated the affinities of HTS07940 for two hCatK mutants employing the
same MM-GBSA approach (Table 3.3). Higher affinities of the compound for the mutated variants
when compared to the native enzyme were predicted. Therefore, the substitution of L209 by smaller
residues (Ala or Asp) improved the ligand binding, as suggested by the structural analysis presented
before. These results are also in agreement with other authors that have pointed out the important
role of this residue in hampering the accommodation of bulky moieties into the S2 subsite.**? It is
worth noting that previous works have also demonstrated that the double mutant
hCatK/Y67L/L209A was able to accommodate Phe at the S2 subsite.®** 134 However, the single-
point mutants hCatK/L209A and hCatK/Y67L were not studied those works, thereby leaving the

role of the above-mentioned residues in an individual fashion as an open question. In this regard,
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Energy Complex
components? ] _ _ _ hCatK/L209A: hCatK/L209D:
(kcal/mol) FP-2:HTS08262 FP-2:HTS07940 FP-3:HTS07940 hCatK:HTS07940 HTS07940 HTS07940
AGnpol” -55.21 -54.94 -54.98 -54.12 -55.66 -57.01
AGpol (GBN)© 17.76 18.16 20.10 20.06 18.75 20.20
AGpo (GBN2)° 18.45 19.20 21.09 20.34 19.86 20.75
-T-ASconf” 21.3(0.4)' 23.6(0.4) 24.2(0.4) 22.6(0.3) -23.6(0.4) -23.5(0.4)
AGerr (GBN)® -37.45(0.05) -36.78(0.08) -34.88(0.05) -34.06(0.04) -36.91(0.06) -36.81(0.05)
AGeit (GBN2)® -36.76(0.04) -35.74(0.08) -33.89(0.05) -33.78(0.04) -35.80(0.06) -36.26(0.05)
AGping (GBN)f -16.2(0.4) -13.1(0.4) -10.7(0.4) -11.5(0.3) -13.3(0.4) -13.3(0.4)
AGind (GBn2)f -15.5(0.4) -12.1(0.4) -9.7(0.4) -11.2(0.3) -12.2(0.4) -12.8(0.4)
AAGet (GBn)Y -0.67(0.09) - 1.90(0.09) 2.72(0.09) -2.85(0.07) -2.75(0.06)
AAGet (GBN2)9 -1.02(0.09) - 1.85(0.09) 1.96(0.09) -2.02(0.07) -2.48(0.06)
AAGping (GBN)" -3.1(0.6) - 2.4(0.6) 1.6(0.5) -1.8(0.5) -2.1(0.5)
AAGping (GBNn2)" -3.4(0.6) - 2.4(0.6) 0.9(0.5) -1.0(0.5) -1.6(0.5)

aAll energy components were calculated based on 100 ns MD simulations of the complexes.
bNon-polar free energy calculated as follows: AGnpo=AEw+AGsasa, where AEw and AGsasa are the variations of the van der Waals energy and of the
surface tension, respectively, associated to the ligand binding.
Polar free energy calculated as follows: AGno=AEe+AGes, where AEe and AGgg are the variations of the electrostatic energy in vacuum and of the

polar solvation energy calculated with the indicated GB models, respectively.
dContribution of configurational entropy at T=298 K to the binding free energy calculated from Normal Mode Analysis.

¢Effective free energy calculated by the following equation: AGe#=AGpoi+AGnpol. The AGpo term was calculated using the GBn and GBn2 models.
Binding free energy calculated as follows: AGping=AGefr+(-T-ASconf)
%Relative effective free energy calculated as follows: AAGer=AGer(X)-AGer(FP-2:HTS07940), where X stands for the FP-2:HTS08262,
hCatK:HTS07940 and hCatL:HTS07940 complexes. The AAGes values for the complexes involving hCatK mutants were calculated with respect to
that of native hCatK, i.e., AAGe=AGe(Y)-AGerr(NCatK:HTS07940), where Y stands for hCatK/L2049:HTS07940 and hCatK/L209D:HTS07940,

respectively.

f‘Same as before (9), but using the AGuping Values instead of the AGes Ones.
'SEMs written between parentheses.
Source: Prepared by the author.
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the predicted affinities of HTS07940 for both hCatK mutants were higher than that for FP-2 (Table
3.3). Consequently, residue Y67 of hCatK does not seem to impair the accommodation of the P2
moiety (keep into account that FP-2 bears a Leu residue at the equivalent position; see Appendix
B, Fig. B1, aligned position 107).

3.2 ldentification of non-competitive FP-2 inhibitors
3.2.1 Insilico identification of potential allosteric inhibitors of FP-2 targeting site 6

Previous experimental results involving hCatK has revealed that site 6 is an attractive site to target
when seeking for allosteric inhibitors of the enzyme.? 2" We observed the occurrence of a cavity
in the FP-2 crystal structure (PDB: 20UL) lying in an equivalent position to that of hCatK site 6
(Fig. 3.5). Subsequent MD simulations with Gromos 54A8 force-field showed that the site 6 region
in free FP-2 adopts distinct conformations, as can be noticed from the cavity shapes depicted in
Fig. 3.6. An in-depth analysis revealed that the different conformations of site 6 arise from
fluctuations of the flanking loops (Appendix B, Fig. B11). On the contrary, the MD simulations
carried out with ff14SB force-field predict basically a single conformation for the site 6 region of
FP-2 (Fig. 3.7), as the flanking loops remain stable during the whole trajectories (Appendix B, Fig.
B12).

Figure 3.5. Mapping of hCatK site 6 onto the crystal structure of FP-2. The hCatK:NSC13345 complex

(PDB: 5J94, left) was structurally aligned with the FP-2 crystal structure (PDB: 20UL,right). The equivalent
regions corresponding to site 6 are colored in cyan (hCatK) and green (FP-2).
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Source: Prepared by the author.

The central structures depicted in Figs. 3.6 and 3.7 were used to conduct SBVSs aiming to
find compounds with the ability to bind site 6. By following a strategy that included various
refinement steps after the SBVSs, we selected 18 compounds on the basis of their stability during

their respective 300 ns MD simulations and the calculated AGesr values (Table 3.4). Finally, 12
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compounds were purchased to conduct experimental validation (Table 3.4). These compounds
were selected by taking into account their cost, availability, structural diversity and predicted
affinities.

Figure 3.6: Conformational variation of putative allosteric site 6 of FP-2 during GROMOS 54a8 MD

simulations. Two replicate 200 ns MD simulations were conducted for the free enzyme. Four main
structural clusters were found for site 6.
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3.2.2 Experimental characterization of the potential allosteric inhibitors of FP-2.

Six compounds showed inhibition of FP-2 activity in a concentration-dependent fashion
during the secondary screening (Fig. 3.8). The relative potency of the compounds was rather low
and their insolubility at high concentrations precluded, in most cases, the obtaining of complete
ICso curves. In addition, we observed the formation of aggregates in the wells when conducting the

activity assays of several compounds, which can create interference in the fluorescence
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measurement and, consequently, lead to spurious results. Therefore, a centrifuge counter-screen
was carried out to assess the impact of aggregation on the fluorescence measurements. As shown
in Fig. 3.9, only two compounds, ZINC03225317 and ZINC72290660, preserve their inhibitory
activity after the centrifugation step. For the remaining compounds, the artifacts created by
aggregates during the fluorescence measurements precluded further kinetic characterization of
their inhibitory activity and mechanism. Due to these issues, it was not possible to determine
whether the discarded compounds could exert inhibitory effects on FP-2, apart from inducing

aggregation.

Figure 3.7. Conformational variation of putative allosteric site 6 of FP-2 during Amber ff14SB MD
simulations. Two replicate 200 ns MD simulations were conducted for the free enzyme. Only one major
cluster was found for site 6 during these simulations.
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Compounds ZINC03225317 and ZINC72290660 were subjected to further Kinetic
characterization to determine their inhibition mechanisms. Figs. 3.10 and 3.11 show the graphs
obtained after conducting inhibition assays at various concentrations of the inhibitors. Lineweaver-
Burk plots and direct fit of the Michaelis-Menten hyperboles to different inhibition models
demonstrate that both compounds behave as mixed inhibitors. This term is used for non-
competitive inhibitors with a finite alpha (o), and o # 1, with a being equal to the ratio of the

dissociation constant between the enzyme:inhibitor complex and the substrate (K’s) to that of the
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Table 3.4. Compounds selected after refinement of SBVSs against different conformations of FP-2

site 6
Identifier Structure AG 4 Identifier Structure AG
(kcal/mol) (keal/mol)
b T o
ZINC89858266 -26.47 ZINC89858270 -25.78
HN
5 AY
o] Br
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H//.:“NH " © N
o [e]
N 7 o
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aThe free energy values were calculated for the respective 300 ns trajectories of the complexes using the
GBn2 implicit solvation model.
bUnderlined compounds were purchased for subsequent experimental validation.
Source: Prepared by the author.

free enzyme and the substrate (Ks), i.e., a = K’s/ Ks.23" Poor quality fits were obtained when using

competitive and uncompetitive models (Figs. 3.10 and 3.11).

The calculated K values for the two active non-competitive inhibitors are in the millimolar-

submillimolar range, which indicates that they are weak binders of FP-2 (Table 3.5). However,

these hits are a relevant proof of concept that non-competitive inhibition of FP-2 can be achieved
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Figure 3.8. Dose-response curves for the compounds displaying inhibitory activity against FP-2.
Experimental data were fitted to eq. 2.33. For each compound, the estimated values of Hill Slope, 1Cs and
R?, which measures the goodness of fit, are provided.
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Figure 3.9. Dose-response curves of the selected compounds obtained from the centrifuge counter-
screen against FP-2. Error bars correspond to standard deviations of two independent measurements.
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Figure 3.10. Determination of the inhibition mechanism of ZINC03225317 against FP-2. Curves
corresponding to the compound concentrations indicated beside each graph are colored accordingly. Four
different concentrations of the inhibitor were assayed in addition to the non-inhibited system. Error bars
obtained from triplicate measurements are added to each point.
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by targeting site 6. Further structural optimization would be required in order to improve the
affinity of the ligands. In addition, the o value of ZINC03225317 indicates that its binding to the
enzyme reduces the affinity of the latter for the substrate. Therefore, this compound is expected to
induce some changes in the active site leading to the previous effect. An opposite impact on the
affinity for the substrate arises from the binding of ZINC72290660. However, the o value in this

case is close to 1 (o =0.7); hence, the compound act nearly as a classical noncompetitive inhibitor.
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In fact, through visual inspection one can see that the non-competitive model with a= 1 fits well
the experimental data corresponding to ZINC72290660 (Fig. 3.11).

Figure 3.11. Determination of the inhibition mechanism of ZINC72290660 against FP-2. Curves
corresponding to the compound concentrations indicated beside each graph are colored accordingly. Four
different concentrations of the inhibitor were assayed in addition to the non-inhibited system. Error bars
obtained from triplicate measurements are added to each point.
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3.2.3 Structures of FP-2 in complex with the active non-competitive inhibitors

The structures of FP-2 in complex with ZINC03225317 and ZINC72290660 were predicted

as described in section 2.1.2. The central structures of each complex calculated from the respective



Table 3.5. K; and alpha values for the noncompetitive inhibitors of FP-2

Compounds Ki (mM) A R2a
ZINC72290660 2.6 (0.8)° 0.7 (0.2) 0.98
ZINC03225317 0.16 (0.02) 4(1) 0.97

aNon-linear regression coefficient used to quantify the goodness of fit.
bStandard deviations are shown in parentheses.
Source: Prepared by the author.
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Figure 3.12. Predicted structures of FP-2 in complex with two non-competitive inhibitors. A) FP-2 in
complex with ZINC72290660. B) FP-2 in complex with ZINC03225317. FP-2 is shown in surface
representation on the left. The allosteric site region is enclosed in a rectangle and the active site is indicated
with an arrow. A more detailed representation of the allosteric site interface and the H-bonds (yellow dashed
lines) formed between the inhibitor (salmon sticks) and the protein interacting residues (green sticks) are
provided on the right. The (S) ZINC72290660 and (R) ZINC03225317 enantiomers of the compounds are

depicted.

Active site

A) |

Active site

Source: Prepared by the author.
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300 ns MD simulations are shown in Fig. 3.12. As can be seen in the figure, both compounds bind
different conformations of the broad region that was initially termed site 6. In particular,
ZINC72290660 was identified in the SBVS against the central structure of site 6 determined from
the MD simulations carried out with ff14SB force-field (Fig. 3.7); whereas ZINC03225317 was
identified from the SBVS against the largest cluster (cluster 1) of the Gromos 54a8 MD simulations
(Fig. 3.6). Both compounds establish various H-bonds with FP-2 residues that contribute to the
complex stability (Fig. 3.12). Remarkably, some water bridges were also detected at the interface
of the FP-2:ZINC72290660 complex (Fig. 3.12-A).

As can be noted from Table 3.4, each of the active compounds, ZINC72290660 and
ZINC03225317, has a chiral center and was purchased as racemic mixture, according to the
information provided by the vendor. However, each enantiomer is not expected to bind FP-2 with
the same affinity, given the asymmetric shape of the binding sites. It is worth noting that these
compounds were analyzed in the enantiomeric forms that occur in ZINC12 database, which are (S)
ZINC72290660 and (R) ZINC03225317. Additionally, the former compound could have two
different conformations with respect to the amide bond (-CO-NH-), which must be analyzed
independently, as Autodock-Vina freezes rotations around amide (=peptide) bonds by default. We
applied the workflow devised for pose refinement outlined in Section 2.1.2 to all other possible
conformations around the amide bond and enantiomeric forms of the previous compounds (data
not shown). Our results indicate that the enantiomers shown in Fig. 3.12 are by far the most stable
in terms of AGesr values of the energy-minimized poses. This, in turn, suggests that a two-fold
decrease in the true Ki values of ZINC72290660 and ZINC03225317 can be expected, as half of
their molecules are inactive in the racemic mixture. For ZINC72290660, the occurrence of two
conformations around the amide bond with likely different relative abundances further reduces the
amount of the active forms of the compound in solution, thus leading to a weaker apparent affinity.

3.3 Discussion

We have successfully identified two promising FP-2 inhibitors, HTS07940 and HTS08262,
capable of arresting the growth of P. falciparum trophozoites in vitro and displaying low toxicity
for HelLa cells. These compounds were selected from the results of SBVSs against the active sites
of FP-2 and FP-3. The in silico strategy employed here sought to improve the selectivity of the hits
by excluding the ligands with potentially high affinities for hCatK. HTS07940 and HTS08262
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possess a common scaffold comprising a (4-(9H-fluoren-9-yl) piperazin-1-yl) methanone moiety
attached to a variable substituent whose core structure is made up of two aromatic rings with five
and six members each and linked together by a single covalent bond. Interestingly, the common
(4-(9H-fluoren-9-yl) piperazin-1-yl) methanone moiety is present in Genz10850, a compound
previously characterized as an inhibitor of PfENR and of P. falciparum growth in vitro.'?®
However, the remaining structural features of the compounds identified here and Genz10850 are
different, as the latter bears an indole group instead of the core structure described for the former
two.

Due to the structural similarities shared by Genz10850 and the FP-2 inhibitors, the
possibility that HTS07940 might also inhibit PFENR was raised. On the basis of MD simulations,
we proposed that the a putative PFENR:HTS07940 is likely to be stable, a conclusion also valid, in
principle, for HTS08262. Hence, these two compounds could halt the P. falciparum growth in vitro
by inhibiting two enzymes involved in orthogonal metabolic pathways, i.e., the hemoglobin
hydrolysis (FP-2) and the biosynthesis of fatty acids (PfENR).% 1*® Remarkably, PFENR has been
described as a promising drug target for the discovery of selective antimalarials, as it is involved
in a metabolic pathway not found in humans.*?® Further experimental assays will be required to
assess the ability of the compounds identified here to inhibit PFENR.

Interestingly, the 9H-fluoren-9-yl moiety present in HTS07940 and HTS08262 can be
found in previously-identified FP-2 inhibitors, such as compound 19 (1Cs0=44.94 uM) reported by
Shah et al.1?® Compound 19 also bears a piperazinyl ring, which occurs in various FP-2 inhibitors.®
Note, however, that this substituent is not directly bonded to the 9H-fluoren-9-yl moiety as in the
compounds reported here. Apart from the abovementioned similarities, compound 19 differs
appreciably from HTS07940 and HTS08262. Overall, it can be concluded that the 9H-fluoren-9-yl
moiety is a promising structural feature for the interaction with FP-2, especially with residue W206,
something first highlighted by us elsewhere.>

Our results showed that the 1Cso values of HTS07940 and HTS08262 against P. falciparum
cultures are similar to those measured against FP-2. This seems counterintuitive, as the compound
bioavailability is likely to be reduced inside the parasite food vacuoles, due to the diffusion to other
parts of the cell and the presence of membranes, which act as barriers. However, the high efficiency
displayed by the compounds can stem from different factors. For example, the interaction with

multiple parasitic targets, such as FP-3 and/or other cysteine proteases, and PFENR. Furthermore,
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HTS07940 and HTS08262 have amine groups that become protonated at the acid pH of the food
vacuole. Interestingly, it has been reported that positively-charged compounds can accumulate in
acidic cell bodies, such as lysosomes and reservosomes.®*® This phenomenon can increase the
potency of the identified FP-2 inhibitors in the live parasites.

The structural and energetic analyses carried out here suggest that the presence of bulky
residues at the bottom of the S2 subsite of cysteine proteases can be detrimental to the affinity for
HTS07940. This prediction is in agreement with previous experimental evidence.l32-134
Remarkably, we observed that L209D and L209A mutations in hCatK led in both cases to increased
affinities for the compound. These predictions provide valuable insight for the design of more
selective inhibitors against FP-2 by exploiting the structural differences displayed by this enzyme
and human cysteine cathepsins at positions 67 and/or 205 (papain numbering scheme).

On the other hand, we reported the identification of two non-competitive inhibitors,
ZINC03225317 and ZINC72290660, by conducting SBVSs against site 6 of FP-2. The low K;
values of the hits (millimolar and submillimolar range) indicate that they are not suitable as drug
candidates and, thus, further characterization in P. falciparum cultures was deemed unnecessary.
However, our discovery reinforces the possibility of inhibiting FP-2 in an allosteric fashion, in
agreement with previous works.34-3 Additionally, on the basis of our results, site 6 is proposed as
an attractive cavity to target when designing allosteric inhibitors against FP-2. The fact that hCatK
can also be inhibited by compounds that bind site 6, which initially inspired our search in the
equivalent site of FP-2, indicates that allosteric modulation follows similar patterns in members of
the same protein family. Indeed, this property constitutes the basis of the computational analysis
employed by Novinec et al. to propose potential allosteric cavities in hCatK.?

Interestingly, both active non-competitive inhibitors were predicted to bind different
conformations of site 6. According to the predicted binding mode of ZINC03225317, this
compound lies closer to the enzyme active site than ZINC72290660. This can explain why the
former was found to exert a more appreciable effect on the active site conformation, measured in
terms of the parameter a, than the latter. Therefore, the conformational variability of site 6 can lead
to appreciable structural differences in the ligands targeting this site and, in turn, to dissimilar non-
competitive inhibition mechanisms.

Our work constitutes the first attempt to identify allosteric inhibitors of FP-2 by using an

SBVS approach. The small number of hits obtained through this strategy (2 out of 12 purchased
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compounds) underlines the intrinsic difficulties of identifying compounds targeting allosteric sites
with conventional computational techniques usually employed to predict orthosteric ligands. Of
note, when dealing with allosteric compounds, one cannot establish a direct correlation between
the binding affinity and the inhibition potency, as the binding of these compounds does not
necessarily block the enzymatic activity. Indeed, partial inhibition is, in principle possible, as the
bound compound might not effectively lead to a sharp decrease in catalytic activity.?> 40 Even
worse, the compounds can still bind the protein without causing any effect on the protein function,
thus acting as inactive ligands. All these issues, together with those associated with the
characterization of relevant cavity conformations to be targeted, can complicate the discovery of

allosteric inhibitors.
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4 PROBING A NOVEL ALLOSTERIC SITE OF FALCIPAIN-2 THROUGH THE
PREDICTION OF A NON-COMPETITIVE INHIBITOR BINDING MODE

The results presented in this chapter have been published in the Journal of Physical
Chemistry B.®

4.1 Structural analyses
4.1.1 Formation of a transient pocket at the site 3 region of FP-2

Previous experiments have shown that Cpd66 protects loop2os-213 from tryptic hydrolysis
upon binding to FP-2 (Fig. 1.3). However, it can be observed that there is no cavity in the region
enclosing the aforementioned loop in the available FP-2 crystal structures (PDBs: 20UL, 3BPF,
2GHU, 1YVB and 3PNR). Remarkably, during the MD simulations of free FP-2, a tunnel-like
cavity was transiently formed in a region equivalent to site 3 of hCatK,? whose inner surface is
made up of resides F45, C26, C27, G49, E67, A175, V176, M177, K203, N204 and S205, the latter
two being present in loop2os-213 (Fig. 4.1). As the formation of the tryptic peptide that is affected
by Cpd66 binding requires the cleavage of K203-N204 peptide bond, the presence of the compound
in the detected transient pocket could explain the experimental observations.

According to our predictions, the rearrangement of certain residues at the surface of site 3
region unveils the cryptic pocket that remains occluded in the FP-2 crystal structures by opening a
gate that leads to the inner space (Figs 4.1-A, B and C). Specifically, we observed that only when
the H-bonds and salt bridge between residues E52 and K34 are disrupted, the entrance of the cryptic
pocket opens (Figs. 4.1 and C1, Appendix C). Of note, the distance between E52(CD) and K34(NZ)
fluctuates within a wide range of values, 3-13 A (Fig. 4.1-D), which allows the occurrence of
multiple opening and occlusion events at the pocket entrance. Residue K34 is likely to act, thus, as
a lid that controls the access to site 3 cavity. Apart from the large E52(CD)-K34(NZ) distance
fluctuations, we also observed that the pocket inner volume varies appreciably during the MD
simulations, from 10 A% to 160 A3 (Fig. 4.1-D). The discrimination of the pocket state, i.e., closed
or open, was found to depend on the E52(CD)-K34(NZ) distances and the corresponding internal
volumes. As a rule of thumb, we established that the pocket is open when the E52(CD)-K34(NZ)

distance and the volume are simultaneously larger than 7 A and 75 A3, respectively; or 8 A and 60
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A3, respectively (Fig. 4.1-D). Approximately (1.5+0.4)% of the frames collected during the MD
simulations possess an open pocket, according the abovementioned geometric criteria. Most of the
time, the site 3 entrance remains closed, as observed in the FP-2 crystal structures.

Figure 4.1. Formation of a transient pocket in the site 3 region of FP-2. A) Surface representation of the
crystal structure of FP-2 (PDB: 20UL). B) Surface representation of the central structure of FP-2 having an
open pocket conformation. In both, A) and B), the surface region corresponding to the transient pocket
entrance is depicted in orange. A protein slice after 90° rotation shows in both cases the inner space of the
pocket. The pocket internal volume density is represented in blue. C) Detailed structural representation of
the open pocket conformation. Residues lying at the pocket entrance are depicted as cyan sticks surrounded
by a translucid orange surface. Residues forming the pocket internal wall are shown as green sticks. The
internal surface of the pocket is colored in gray. H-bonds occurring at the pocket entrance are indicated with
yellow dashed lines. D) From left to right, graphs showing the E52(CD)-K34(NZ) distance and site 3
internal volume time profiles during the concatenated MD simulations of FP-2, and the volume versus
E52(CD)-K34(NZ) distance plot. Dots depicted in orange in the third graph correspond to frames bearing
an open pocket.
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In parallel, we performed similar analyses for FP-3, and the results showed that a cavity in
the site 3 region of this enzyme also occurs transiently (Appendix C, Figs. C2-A and C2-B).
However, in this case, both, the average pocket volume and the opening probability, are smaller
than those of FP-2 (compare Figs. 4.1-D and C2-C and D, Appendix C). Indeed, only (0.5+0.2)%
of the FP-3 frames possess an open pocket. Among the various factors underlying the different
pocket opening probabilities in both FPs, one can mention the residue composition at the pocket
entrance and the motions of neighboring loops. We noted that the FP-3 pocket entrance is made up
of bulkier residues, e.g., L66 (T64 in FP-2) and Q103 (D101 in FP-2). Furthermore, other
conserved residues, e.g., D37 (D35 in FP-2) and Y108 (Y106 in FP-2), adopt different average
conformations in these enzymes, being present in the pocket entrance of FP-3 but not in that of FP-
2 (Figs. 4.1-C and C2-B, Appendix C). Remarkably, due to the strong propensity of residues K34
and D101 of FP-2 to form a strong salt bridge and H-bond, the side-chains of these residues lie in
a strikingly different position when compared to that of the equivalent FP-3 residues, K36 and
Q103 (Figs. 4.1-C and C2-B, Appendix C). This can influence the shape of the pocket entrance in
both FPs and may also determine the opening probabilities.

4.1.2 Prediction of Cpd66 binding mode

Cpd66 was initially docked into the site 3 open pocket of FP-2 and energy-minimized poses
were rescored using MM-GBSA free energy calculations. The pose yielding the lowest AGeft value
(Appendix C, Fig. C3) was subjected to subsequent replicate MD simulations (Appendix C, Fig.
C4). The most stable binding mode was finally identified by analyzing the AGes values and ligand
RMSD values along the MD simulations (Appendix C, Fig. C4-A). Of note, the proposed structure
of the FP-2:Cpd66 complex differs appreciably from that predicted through docking, as the
compound’s main axis became aligned to that of the FP-2 central a-helix during the MD simulation,
with the concomitant disruption of T31 and E52 H-bond (Appendix C, Fig. C5).

The central structure of the FP-2:Cpd66 complex is shown in details in Fig. 4.2. As can be
observed, the trifluoromethyl group is deeply buried into the positively-charged bottom of site 3
cavity (Fig. 4.2-A). Hence, favorable electrostatic interactions can occur in this region, due to the
high electronegativity of the fluorine atoms. In addition, the hydrophobic phenyl ring favors the
insertion of the compound into the pocket, mainly formed by aliphatic and aromatic groups (side-
chains of residues F46, M177 and the hydrocarbon side-chains of K34 and K203, Fig. 4.2-B). The
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Figure 4.2. Predicted binding mode of Cpd66 into the site 3 pocket of FP-2. A) Structural representation
of FP-2 bound to Cpd66. The protein surface is colored according to the electrostatic potential, expressed
in kyT/e units, where ky, T and e stand for the Boltzmann’s constant, the temperature (298.15 K) and the
electron charge, respectively. The lower view corresponds to a protein slice revealing the internal space of
the cavity in the presence of the ligand. B) Structural representation of the FP-2:Cpd66 complex interface.
Residues contacting the compound at a distance <4.0 A are shown as green sticks. In all cases, the ligand is
depicted as yellow sticks. A water molecule mediating a water-bridge interaction between G29(0O) and the
carbonyl oxygen atom of Cpd66 is shown as spheres and sticks.

Source: Prepared by the author.

propensity of the 2-chloro-4-trifluoromethylphenyl moiety to accommodate into the site 3 cavity
may explain why Cpd66 is the only one among the various active E-chalcones reported by Bertoldo
et al., with the ability to interact with l00p204-213.2¢ The remaining compounds are smaller in size,
as they have only one aromatic ring or a naphthyl group at the B-ring position; whereas Cpd66
bears two aromatic rings, i.e., the furanyl and the 2-chloro-4-trifluoromethylphenyl moieties,
connected through a single covalent bond (Fig. 1.2).3¢ As can be straightforwardly deduced, the

shorter E-chalcones are unable to reach the bottom of site 3 cavity, on the assumption that their
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common carbonyl groups lie at the pocket entrance as in Cpd66. This, in turn, is likely to be
detrimental to the affinity for this pocket.

Incidentally, Cpd48, reported as a mixed inhibitor by Bertoldo et al.,*® was subsequently
found to bind the prime region of FP-2 active site through X-ray crystallography.®® The observed
binding mode leaves the catalytic residues exposed in agreement with the proposed inhibition
mechanism, while explaining the ability of Cpd48 to protect from hydrolysis a tryptic peptide
related to the active site.® *° Moreover, the E-chalcones bearing the bulkier naphthyl groups at B-
ring position lack halogen substituents that favor the interaction with the positively-charged
environment within the site 3 cavity inner space (Fig. 4.2-A). Remarkably, the 2-chloro-4-
trifluoromethylphenyl group of Cpd66 remains close to K203 during the MD simulations of the
FP-2:Cpd66 complex (Appendix C, Fig. C6), which can be related to the ability of the compound
to hinder the formation of the tryptic peptide 204-NSWGQQWGER-213. On the other hand, note
that the trimethoxyphenyl substituent of Cpd66 contacts residue W24, thus modifying the native
chemical environment of the latter residue. This is likely to lead to the variation in the Trp intrinsic
fluorescence emission of FP-2 observed in the experiments.®® Interestingly, the link between
microenvironment disruption and the modification of Trp intrinsic fluorescence emission has been
established elsewhere. 14!

Finally, it was found that the carbonyl oxygen atoms of Cpd66 and residue G29 are involved
in the formation of a prevalent water bridge (occurring roughly 70% of the MD simulation time),
which contributes to the stability of the ligand within the pocket (Fig. 4.2-B). Remarkably, the
water molecule mediating the aforementioned interaction readily exchanges with the bulk solvent
instead of remaining trapped within the interface cavity. Fig. C7 in Appendix C shows how the
exchange events occur, which require the transient opening of a hole involving the R25, T31 and
F215 side-chains, thus allowing the water molecules to diffuse in both directions (Appendix C, Fig.
C7-B).

4.2 Energetic analyses
4.2.1 Impact of Cpd66 binding on the affinity of FP-2 for the substrate
Previous experimental measurements confirm that the Cpd66 binding to FP-2 does not alter

the affinity of the latter for the substrate, as the measured value of a was 1.%¢ The influence of

Cpd66 binding on the interaction between FP-2 and a peptidic substrate was assessed by building
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Figure 4.3. Predicted structure of FP-2 in complex with a peptide and Cpd66. A) Interface of the FP-2
active site in the presence of the peptide ACE-KLRFS-NME. The peptide residues are labeled using the
three-letter code and their positions in the active site are indicated between parentheses. B) A different view
of the ternary complex showing the binding modes of the substrate and the inhibitor, and the protein surface.
In all cases, the intermolecular H-bonds are shown as yellow dashed lines. Residues forming H-bonds with
the peptide and the inhibitor, or involved in the catalytic mechanism, are shown as green sticks. The peptide
and Cpd66 are represented as salmon and yellow sticks, respectively. For brevity’s sake, the interface of the
FP-2:peptide complex is not shown, as it is identical to that of the ternary complex.
ACE-KLRFS-NME

A ACE-KLRFS:NME

Source: Prepared by the author.

two systems containing a peptide in the enzyme’s active site, i.e., FP-2:peptide and FP-
2:Cpd66:peptide complexes. Note that, instead of modelling the fluorogenic substrate employed in
the activity assays,>® we decided to build a true peptide, whose parameters are already contained in
the ff14SB force-field, thus avoiding additional parametrization steps. The sequence of the peptide
was chosen on the basis of the work by Cotrin et al., that reported the amino acid preference of FP-
2 at different subsites (S3 to S2°).16 We built an optimal capped pentapeptide with the sequence
ACE-KLRFS-NME, where ACE and NME stand for the acetyl and N-methyl caps, respectively,
to conduct the structural and energetic analyses. Of note, residues at P4 and P3” were excluded
from the peptide, as the enzyme displays no preference at these positions, according to the results
by Cotrin et al,*® thus indicating that those positions are largely irrelevant for the binding process.
The most likely binding mode of the peptide into the FP-2 active site was predicted by performing
docking and refinement steps consisting of MD simulations and MM-GBSA free calculations, as

explained elsewhere.> As can be seen in Fig. 4.3-A, the peptide establishes well-known
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interactions with FP-2 interface residues, e.g., the H-bonds involving residues Q36, G83, N173,
and W206.%? Additionally, the Phe side-chain at P1” adopts a conformation that has been previously
predicted for various peptide-based inhibitors of FP-2 bearing this substituent.>? Finally, note that
the Lys side-chain at P3 is exposed to the solvent, in resemblance to the Arg moiety of E64 in the
FP-2:E64 crystal structure (PDB: 3BPF).

We conducted four replicate 300 ns MD simulations for each analyzed complex, i.e., FP-
2:peptide, FP-2:Cpd66 and FP-2:peptide:Cpd66. The RMSD profiles for the heavy atoms of the
peptide and Cpd66 indicate that both remained in stable binding modes during all the MD
simulations (Appendix C, Fig. C8). Subsequent MM-GBSA free energy calculations based on the
collected frames show that the non-polar interactions are responsible for the favorable AGett values
in all the analyzed systems, in accordance with the fact that the allosteric pocket and the active site
are mainly made up of hydrophobic residues (Table 4.1). Remarkably, the predicted AGeft values
confirm that the Cpd66 binding to FP-2 does not change the affinity of the enzyme for the peptide,
as indicated by the experimental measurements.3® Furthermore, this result implies that the shape of
the active site is not modified upon the Cpd66 binding, as variations in the relative positions of the
interface residues would have led to AGeft differences. On the other hand, our predictions show a
slight decrease in the affinity of the FP-2:peptide complex for the inhibitor. However, on theoretical
grounds,*¥” the change in the affinities of FP-2 for the peptide and for Cpd66 must be equal. Hence,
the abovementioned discrepancies are likely to stem from inaccuracies associated to the MM-
GBSA calculations.

Table 4.1: MM-GBSA free energy values for the studied complexes ?
Energy

FP-2:Cpd66:peptide®

FP-2:Cpd66 FP-2:peptid -
(kcal/mol) P peptide Cpd66 Peptide
AGnpol® -69.5+0.3 -74.6£0.2 -70.0£0.2 -74.8+0.2
AGpo 25.440.5 16.8+0.6 26.7+0.2 16.9+0.5
AGest -44.1+0.3 -57.8+£0.5 -43.3£0.2 -57.9+0.6

2Mean values = SEMs in kcal/mol for each energy component are shown in the table.

The free energy components for the binding of Cpd66 or the peptide in the ternary complex were calculated
in the presence of the other ligand.

°Non-polar free energy component calculated as the sum of the van der Waals interaction energy and the
variation of surface tension upon ligand binding.

dPolar interaction energy component calculated as the sum of the electrostatic and the Generalized-Born
polar solvation energies.

Source: Prepared by the author.
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4.2.2 Calculation of standard binding free energies for FP-2 and Cpd66 in the presence and absence

of the peptide

The US method was also employed to obtain the AG°ping values for the interaction of Cpd66
with free FP-2 and with the FP-2:peptide complex (Table 4.2). These calculations allowed the
assessment of the impact of the peptide on the affinity of FP-2 for Cpd66, thus shedding light onto
the inhibition mechanism. For reasons fully explained elsewhere, an older version of the protein
force-field (ff99SB-ILDN) was employed in the US protocol.*®

The PMFs for the dissociation of Cpd66 from FP-2 and from the FP-2:peptide complex
reach their respective plateaus at distances larger than 25 A, where the inhibitor is distant enough
to interact with the protein, and at similar free energy values (Fig. 4.4). The AG°bind Values predicted
from the PMFs and the subsequent correction of the ligand orthogonal restraints, -7.5 kcal/mol and
-7.7 kcal/mol for FP-2:Cpd66 and FP-2:Cpd66:peptide complexes, respectively, are close to the
experimental affinity, -7.0 kcal/mol (Table 4.2). Therefore, these results show that the affinity of
the enzyme for Cpd66 is not significantly changed when the peptide is bound, in agreement with
the classical noncompetitive inhibition mechanism reported for this inhibitor. Finally, it is worth
saying that no calculations of the AG°ping Values for the interaction of the peptide with FP-2 in the
presence or absence of Cpd66 were conducted, due to the poor quality results expected for very

flexible ligands.

Figure 4.4. PMFs for the dissociation of Cpd66 from FP-2 in the absence and presence of the substrate.
A) FP-2:Cpd66 complex. B) FP-2:peptide:Cpd66 complex. In both cases, Cpd66 was pulled away from the
protein. The reaction coordinate & stands for the z Cartesian component of the distance vector between the
carbonyl carbon of 1146 and the alkenyl carbon of Cpd66 bonded to the furanyl ring (Fig. 1.3). The gray
lines represent each of the 1000 PMFs obtained through bootstrapping. The thick black line corresponds to
the average PMF in each graph.
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4.3 Community, pathway and pKa analyses
4.3.1 Analysis of community rearrangements in the studied systems

According to the results shown in AppendixC, Text C1, Cpd66 induces small perturbations
on the FP-2 conformational ensemble, e.g., shifts in RMSD distribution means and widths
(Appendix C, Figs. C9-A and B), changes in local flexibility of certain loops (Appendix C, Figs.
C9-C and D), and variations in the amplitude of collective motions along the main PCs (Appendix
C, Fig. C10). Subsequently, we performed CA to get in-depth knowledge on the allosteric
mechanism triggered by Cpd66 binding to FP-2 from a network-based perspective.

Table 4.2: Results of the AG®hing calculations through US for the interaction of Cpd66 with free FP-2
and the FP-2:peptide complex?

FP-2:Cpd66 FP-2:pept:Cpd66

Kxy (keal:A2mol™t)P 9.56 9.56
b (A)° 1.15 1.16
AWk (kcal/mol)¢ -11.2+0.6 -11.6+0.8
AGr (kcal/mol)® -1.240.1 -1.04£0.2
AG®bind.caic (Kcal/mol)f -7.5+£0.6 -7.7£0.8
AG bing, exp (kcal/mol)? -7.0£0.2 -7.0+0.2"

aMean values £ SEMs are shown for the free energy terms.

Orthogonal distance restraint constant applied on the x and y axes.

¢Configurational integral of the PMF in the bound region, calculated through eq. 2.19.

4PMF depth defined by eq. 2.18.

Free energy associated to orthogonal xy restraint removal when the ligand is bound, calculated through eq.
2.25.

fCalculated standard free energy for the binding of Cpd66 to free FP-2 and to FP-2 in complex with the
substrate.

9Experimental absolute free energy for the binding of Cpd66 to free FP-2 and to FP-2 in complex with the
substrate taken from ref. 36.

"It is assumed that the peptide modeled here does not alter the affinity of FP-2 for Cpd66, just as the
fluorogenic peptide used in the experiments does.®

Source: Prepared by the author.

The raw matrices of GC coefficients (Appendix C, Fig. C11) for the studied systems were
filtered to reduce noise by using contact maps and GC cut-offs, as suggested elsewhere.'® Initially,
two GC cut-offs were tested, i.e.,0.5 and 0.6, but the first value was deemed more suitable to

conduct the CA, as it preserves meaningful moderate to strong long-ranged GCs, i.e., correlations
between residues that are not contacting each other during the MD simulations (Appendix C, Fig.
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Figure 4.5. Community analysis for the studied systems. A) FP-2, B) FP-2:Cpd66, C) FP-2:peptide and
D) FP-2:peptide:Cpd66. 2D diagrams showing the organization of communities for each system are depicted
on the left. Communities are represented by circles whose diameters are proportional to the number of
residues contained within each. The lines account for intercommunity correlations, which are proportional
to the line width. On the right, two views of the community organization represented on the 3D structure of
FP-2 are provided for each system, the rightmost one highlighting the active site region. The spheres and
red lines stand for the network nodes (Ca atoms) and their pairwise GCs, respectively. Dashed lines, when
necessary, and labels Q36, C42, H174 and N204 indicate the communities containing catalytic residues
(leftmost panel) or the respective nodes of these residues (large spheres on rightmost panel). The same
coloring scheme was employed throughout the different community representations of each system.

H174,N204

Source: Prepared by the author.
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C12). On the contrary, we observed that most pairs of residues having a GC > 0.6 are in contact,
thus indicating that this cut-off is too high for the systems analyzed here and, consequently, leads
to the loss of relevant information (Appendix C, Fig. C12). Finally, CA was performed using the
contact map-filtered GC matrices of each system (Fig. 4.5 and Appendix C, Table C1), with the
optimal number of communities being determined from the graphs shown in Appendix C, Fig. C13.

The CA results show that the residues of free FP-2 are grouped into seven communities
(Fig. 4.5-A), which increase up to nine upon the inhibitor binding (Fig. 4.5-B). Communities 1, 3
and 7 are considerably reshaped in the presence of Cpd66, as their residues are redistributed among
pre-existing and newly-generated communities (Table C1 and Figs. 4.5-A and B). It is worth noting
that community 3 of free FP-2 comprises two key residues that participate in the catalytic process,
i.e., H174 and N204.2 However, these residues split into two different communities in the FP-
2:Cpd66 complex. We also observed appreciable changes in the overall pattern of couplings
involving communities that contain catalytically-relevant residues (Q36, C42, H174 and N204).
Therefore, Cpd66 is able to significantly rearrange the basal community organization in FP-2,
especially active site related communities, a phenomenon that could be associated with its ability
to inhibit the enzymatic activity.

We noticed that the CA results for the FP-2:peptide and FP-2:peptide:Cpd66 complexes
were similar, except for some minor differences, to those presented above. Remarkably, in the FP-
2:peptide complex, the key catalytic residues occur only in two communities, 3 and 6 (Fig. 4.5-C).
Therefore, upon the peptide binding, Q36 and C42, that belong to different communities in free
FP-2, are grouped into the same community; whereas H174 and N204 are not affected by the
presence of the peptide (Figs. 4.5-A and C). On the other hand, the Cpd66 binding significantly
modifies communities 2, 3, 5 and 6 of the FP-2:peptide complex, and increases the total number of
communities from seven to nine (Figs. 4.5C and D, and Appendix C, Table C1). Moreover, residues
H174 and N204 split again into two communities in the presence of Cpd66, while the Q36 and C42
remain in the same community (Figs. 4.5-C and D). Overall, our results suggest that the segregation
of residues H174 and N204 into separate communities is a key feature of the allosteric mechanism
triggered by Cpd66, regardless of the substrate binding. This conclusion relies on the assumption
that the native community organization is essential for the proper catalytic activity of FP-2.

Finally, we would like to stress that the main results derived from the CA remain

qualitatively the same even if the distance cut-off used to define the residue-residue contacts is
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lowered from 5 to 4.5 A (Appendix C, Fig. C14 and Table C2). Furthermore, note that the former
value was deemed more appropriate to conduct the CA, as it leads to a smaller number of

communities in each analyzed system when compared to the latter value.®’

4.3.2 Perturbations of signal propagation patterns across the FP-2 structure caused by Cpd66

The betweenness centrality (hereinafter simply referred to as centrality) is a network
property that measures, for a given node, the number of shortest paths connecting every pair of
nodes in the network through the former node, provided that the latter is not included in any of
those pairs (eq. 2.27).°” Hence, residues (=nodes) having high centralities can be considered as hot-
spots for the signal propagation across the protein (=network). When conducting the analysis of
centralities in the studied systems, we detected that Cpd66 is able to modify the distribution of
moderate and high centrality nodes in both, free FP-2 and the FP-2:peptide complex (Appendix C,
Text C2 and Fig. C15). Remarkably, the centrality profiles of the inhibited systems, i.e., FP-
2:Cpd66 and FP-2:peptide:Cpd66, share more similarities between each other that with respect to
the active states, i.e., FP-2 and FP-2:peptide; the opposite being also true. Consequently, the
centrality perturbations caused by the Cpd66 binding are largely insensitive to the presence of the
peptide in the FP-2 active site.

The signal propagation involving the allosteric pocket and the active site was also
studied.®* This analysis requires the selection of an allosteric pocket residue as a source, which
was taken from the central a-helix, given the extensive interactions that it establishes with Cpd66
(Fig. 4.2-B) and the presence of the catalytic residue C42 at one of its ends. We finally selected
157 at the opposite end of the central a-helix as source, because it lies far from the active site, which
facilitates the detection of signaling pathway differences between the active and inhibited FP-2
systems through visual inspection. It is worth noting, however, that any other residue contained
within the allosteric pocket would be, in principle, suitable to perform the pathway analysis. On
the other hand, we selected H174 as the sink residue for three main reasons: i) it is involved in the
catalytic mechanism, ii) the community containing this residue and N204 undergoes a significant
rearrangement upon Cpd66 binding (Fig. 4.5) and iii) H174 and 157 belong to different domains.
The latter structural feature allows the detection of differences between inter-domain

communication patterns in the studied systems.
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Figure 4.6. Communication pathways linking the allosteric and the active sites in four FP-2 systems.
A) Structural representation of optimal and suboptimal signaling pathways emerging form the source
residue 157 and reaching the active site sink residue H174 in the indicated systems. Nodes (Co atoms) and
paths are represented by spheres and splines, respectively. Shorter paths are depicted in blue. B) Path length
statistical distributions in the four systems. C) Residue degeneracies within the set of pathways of each
system. Path length is defined as the sum of d;j values along the given path (Section 2.1.12)
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Our results show that the optimal (=shortest) paths connecting the source and the sink
residues in free FP-2 and in the FP-2:peptide complex are 157 — E52 — 148 — S47 — W43 —
A175 — H174 (length=3.08) and 157 — S53 — G49 — 148 — A44 — W43 — Al175 — H174
(length=3.42), respectively. Of note, in both systems, residues W43 and A175 are involved in the
inter-domain communications along the optimal paths. In addition, the communication between
the allosteric pocket and the active site in free FP-2 and the FP-2:peptide complex can occur via
suboptimal paths that emerge from 157 and propagate up to the top of central a-helix, where they
finally reach H174 after traversing the inter-domain space (Fig. 4.6-A). Remarkably, the inter-
domain communication through most of the suboptimal paths also involves residues W43 and
A175, but a small fraction of them can alternately involve C42 and A175 in both systems (Fig. 4.6-
A).

In addition to the similar features between the calculated pathways in free FP-2 and the FP-
2:peptide complex, there are certain noteworthy differences. Firstly, it can be observed that some
suboptimal paths connect S46 and S147 of the adjacent domain in free FP-2, and continue towards
H174 by traversing various alternate residues, i.e., S149, V176 and A175 (Fig. 4.6-A). On the other
hand, a group of suboptimal pathways in the FP-2:peptide complex propagates from the central a-
helix to neighboring B-strands that contains residues P238, 1237, F236, A235, S147, 1148 and S149,
and finally reaches H174. Most of the previously-mentioned residues possess higher centrality
values in the FP-2:peptide complex than in free FP-2, which indicates their overall relevance in the
signal transduction upon the peptide binding (Appendix C, Fig. C15-A).

The Cpd66 binding to FP-2 and to the FP-2:peptide complex modifies appreciably the basal
topology of signaling paths between the allosteric pocket and the active site (Fig. 4.6-A). The
optimal paths in the FP-2:Cpd66 and FP-2:peptide:Cpd66 complexes are: 157 — S53 — G49 —
S46 — Al175 — HI174 (length=2.49) and 157 — E52 — 148 — S46 — Al175 — H174
(length=2.56), respectively. As can be noted, these two paths are shorter than those of the active
states in terms of both, their lengths and the number of residues participating in the signal
propagation. Furthermore, the inter-domain communication along the optimal paths of the inhibited
states is mediated by residues S46 and A175. Hence, instead of traveling up to the top of the central
a-helix, as in the active states, the optimal paths take a shortcut and traverse the inter-domain space
at the height of residue S46 (Fig. 4.6-A), thus strengthening the coupling between the allosteric

pocket and the active site. Most of the suboptimal paths of both inhibited states also propagate to
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the adjacent domain through S46, but, subsequently, they bifurcate and continue through either
V176 or A175. Interestingly, the hydroxyl group of S46 side-chain is able to form stable H-bonds
with the carbonyl oxygen of V176 (occupancies of ~85% in all systems). Therefore, S46 constitutes
a key interacting residue at the interface between the central a-helix and the adjacent domain,
whose role in inter-domain communication is greatly enhanced by the inhibitor binding, as
previously detected through centrality analyses (Appendix C, Text C2 and Fig. C15). Also note
that, in closer resemblance to the active states, some paths of the ternary complex propagate
through the central a-helix up to residues C42 and W43 and then traverse to the adjacent domain
through A175 and H174 (Fig. 4.6-A).

Form the results shown in Fig. 4.6-A, it becomes clear that the inter-domain communication
between active site residues is more favorable in the active states than in the inhibited ones, i.e.,
more suboptimal paths in the former states traverse the inter-domain space via active site residues.
The disruption of this basal inter-communication caused by Cpd66 binding might be related to the
loss of enzymatic activity. Conversely, the active site and the allosteric pocket are more tightly
correlated in the presence of the inhibitor (Fig. 4.6-B). Therefore, the signal propagation between
these two regions of the protein become more coherent upon Cpd66 binding, which reflects an
entropy loss along the signaling paths.1%

Finally, the degeneracies of residues in the suboptimal paths were calculated for all the
studied systems (Fig. 4.6-C). As expected from the results presented so far, residue S46 and, to a
lesser extent, V176 have larger degeneracies in the inhibited complexes than in the active states.
Conversely, the active site residues C42 and W43 occur more frequently in the suboptimal paths
of the latter systems. Of note, A175 was found to be a dominant residue of the calculated
suboptimal paths in all cases (Fig. 4.6-C). Therefore, it is expected for this residue to play a relevant
role in the signal transduction between the allosteric pocket and the active site, and also within the

whole protein, as revealed by its high centralities (Fig. C15-A).

4.3.3 pKa shifts in various FP-2 ionizable residues upon Cpd66 binding

An ionizable residue can undergo a pKa shift when its local environment is modified.
Therefore, the calculation of pKa values can reveal the occurrence of conformational changes in
proteins related to the binding of allosteric modulators.}*? Here, we performed the titration of all

ionizable residues in free FP-2 and the FP-2:Cpd66 complex by employing CpHMD simulations
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in explicit solvent.’® ’® However, some deeply-buried residues, e.g., D23, D91, D109, D221, E52,
E67 and C42, did not sample sufficient protonation state transitions during the CpHMD
simulations, which precluded the reliable calculation of their pKa values and, thus, were ruled out
from the analyses.”® Furthermore, we also found residues whose titration curves were well-behaved
only in one of the studied systems (Appendix C, Fig. C16), thus probably reflecting the strong
impact of Cpd66 binding on the chemical environments of such residues. The reliably-titrated
residues that underwent the largest pKa shifts due to the inhibitor binding are shown in Appendix
C, Fig. C17.

The structural representation of all FP-2 residues displaying large pKa shifts or noticeable
changes in their titration curves in the presence of Cpd66 reveals that the latter can perturb the
protein’s dynamics in regions that are distal to the allosteric pocket (Appendix C, Fig. C18). The
affected ionizable residues lie mainly in loops that were shown to change their motions upon Cpd66
binding through RMSF calculations and PCA (Appendix C, Figs. C9-C, C10 and C18). Hence, the
results of the CpHMD simulations confirm the perturbation of FP-2 conformational ensemble
previously predicted by means of other computational techniques.

Interestingly, the pKa of the catalytic residue H174 increases from 6.0 to 6.67 upon Cpd66
binding (Appendix C, Fig. C17). The stronger basicity of this key residue in the presence of the
inhibitor might be related with the loss of enzymatic activity. In terms of the relative abundance of
its protonation states, the previous pKa difference predicts a two-fold increase in the population of
deprotonated H174 in free FP-2 with respect to that of the FP-2:Cpd66 complex. On the other hand,
we could not titrate C42, as mentioned earlier, because it remains protonated during nearly the
whole CpHMD simulations at every pH. The protonation state of this residue is likely to affect that
of H174 due to the proximity of both. Therefore, the inability to fully sample the
protonation/deprotonation equilibrium of C42 is likely to lead to inaccuracies in the predicted pKa
of H174. However, the H174 pKa shift caused by Cpd66 binding is more reliable than the absolute
pKa values of the residue due to the cancellation of systematic errors.

Finally, we attempted to conduct the titration of ionizable residues of the FP-2:peptide and
FP-2:peptide:Cpd66 complexes. Unfortunately, the peptide dissociated during the CpHMD
simulations conducted for the former complex at pH < 4.8 (Appendix C, Fig. C19), thus precluding
the obtaining of complete titration curves in its presence. Interestingly, the experimental enzymatic

activities of natural and recombinant FP-2 against the synthetic substrate Z-FR-AMC at different
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pHs, sharply decrease at pH<5.0 and pH>6.0.° Therefore, our results suggest that the FP-2 activity
decrease at pHs below 5.0 can stem from the lower affinity of the enzyme for the peptidic
substrates. Furthermore, it was predicted that the peptide remains bound to the active site at basic
pHs. Hence, the activity decrease observed in the experiments is likely to be caused by the inability

of the enzyme to cleave the P1-P1’ peptide bond of the substrate.

4.4 Discussion

We have studied here the interaction between FP-2 and the allosteric inhibitor Cpd66. The
predicted structure of the complex is consistent with several experimental findings, e.g., the
protection of the peptide 204-NSWGQQWGER-213 from tryptic hydrolysis, the micromolar Kij,
the negligible impact of the Cpd66 on the affinity of FP-2 for the substrate and the disruption of
Trp microenvironment due to the compound binding.®® According to our predictions, Cpd66 binds
a cryptic pocket in the site 3 region,?® whose entrance remains occluded in the available FP-2
crystal structures and in most frames collected during the MD simulations of the free enzyme. Of
note, several lines of evidence support the binding of allosteric inhibitors to cryptic or transient
pockets, thus reinforcing the importance of MD simulations to explore the occurrence of such
hidden cavities.?> 143

Interestingly, the entrance of the site 3 pocket occurs in the open state in the crystal
structures of hCatK (e.g., 1ATK, 5TUN), the enzyme for which this pocket was first proposed as
a druggable allosteric site.? Differences in the composition of residues lying at the pocket entrance
are likely to determine variable opening probabilities. In fact, hCatK bears residues P50 and E84
in equivalent positions to E67 and D101 of FP-2, respectively. This favors the accommodation of
the K17 side-chain (K34 in FP-2) closer to E35 of hCatK (E52 in FP-2), thus creating an open
entrance between the former residue and P50 that leads to site 3 internal cavity. On the contrary,
residues E52, E67 and D101 of FP-2 stabilize the K34 side-chain in a position that occludes the
pocket entrance. The opening events in this case require the disruption of stable electrostatic
interactions, which explains why the open pocket is rarely observed during MD simulations.

We also studied the potential formation of an open cavity at the site 3 region of FP-3. Our
results showed we that the pocket entrance opens transiently as well in this enzyme, although its
opening probability and the average cavity volume are both lower than those of FP-2. The

importance of site 3 as a druggable cavity for the design of specific inhibitors is supported by these
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findings, as variations in the cavity shape and stability occur in close homologs such as FP-2 and
FP-3. On the basis of previous considerations, it is likely for the differences between the FP site 3
cavities and those of human cysteine cathepsins to become even more appreciable. Therefore, low
selectivity issues might be addressed by focusing on the identification of novel compounds
targeting site 3.

As a non-competitive inhibitor with a=1,%® Cpd66 does not alter the affinity of FP-2 for its
substrate and, hence, no variations of the active site shape are expected to occur. This experimental
finding was reproduced by the free energy calculations based on the predicted binding mode of
Cpd66 to FP-2. However, perturbations in the conformational ensembles of FP-2 were detected
upon Cpd66 binding by means of RMSD, RMSF profiles and PCA. Such subtle changes emerge
only when taking into account the whole conformational populations of active and inhibited states,
but remain mostly elusive from pairwise structural comparisons. In accordance with our
predictions, the allosteric inhibition of FP-2 does not fit into the classic model of allostery requiring
two well-defined states, the tense and relaxed forms, but one involving a dynamic shift of
equilibrium populations induced by the modulator, mainly through an entropy-driven process.?*
144,145 1t is worth noting that the occurrence of allosteric modulation in the absence of appreciable
conformational changes in a second site is a well-established phenomenon.'*>14" Based on the
crystal structures of hCatK in complex with two allosteric inhibitors, NSC13345 and NSC94914
(PDBs: 5JA7 and 5J94, respectively), it can be thought that these compounds exert the inhibition
through a mechanism apparently fitting into the aforementioned model of allostery, as no
significant conformational changes arise upon their binding to the enzyme.?®> 2" However, an in
silico study by Novinec does show the occurrence of some conformational changes in the hCatK
active site due to the binding of NSC13345 and NSC94914 to site 6.2° The apparent contradiction
between the in silico results and the crystal structures can be reconciled by arguing that structural
changes are probably lost during the crystallization process.?8: 147

On the other hand, the CA conducted here provided meaningful insights into the dynamical
changes caused by Cpd66 binding. In this sense, we noted that the inhibitor induces a fragmentation
of the basal organization of communities in free FP-2 and in the FP-2:peptide complex. A similar
phenomenon was observed in modeled complexes of cruzain and potential allosteric ligands
targeting site 3.5 Furthermore, the catalytic residues H174 and N204, which pertain to the same

community in the active forms, split into different communities in the presence of Cpd66.
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Likewise, catalytic residues of thrombin were found to separate into different communities upon
the binding of the allosteric inhibitor hirugen.®” Hence, the rearrangement of active site
communities might be considered a relevant feature of allosteric modulation in some systems.
Remarkably, the similar effects caused by Cpd66 on the community organization of free FP-2 and
the FP-2:peptide complex is consistent with the non-competitive inhibition mechanism, since the
substrate is not able to reverse the changes triggered by the allosteric inhibitor.

Centrality and pathway analyses revealed further changes triggered by Cpd66 in the signal
propagation within the FP-2 structure. We observed that the communication between the allosteric
pocket and the active site becomes stronger in terms of residue-residue correlations in the presence
of the inhibitor. Similar effects have been reported for other systems, including the
thrombin:hirugen and predicted cruzain:compound complexes, and the bacterial amidotransferase
HisH-HisF.>* %" 101 Moreover, the hotspots involved in the signal propagation between the
allosteric pocket and the active site identified during our analyses can guide mutagenesis
experiments seeking to dissect the inhibition mechanism.®* For instance, an S46 mutation might
impair the propagation of signals originated from the allosteric pocket and heading to H174 upon
Cpd66 binding, which could have an impact on the measured activity of FP-2.

Finally, we calculated the titration curves of acidic and His residues of free FP-2 and the
FP-2:Cpd66 complex using CpHMD simulations in explicit solvent at different pHs. According to
our predictions, Cpd66 is able to modify the pKa values of various residues lying in different FP-2
regions. The occurrence of pKa shifts provided further support to the occurrence of conformational
changes triggered by the allosteric inhibitor.2*? Most of the residues undergoing pKa shifts upon
Cpd66 binding are located in loops, some of them flanking the active site, which suggests that loop
motions might be somehow related to the FP-2 catalytic activity. Interestingly, the existence of
motion-function relationships has been already established for other systems,148- 149

A particular residue undergoing a pKa shift upon Cpd66 binding that is worth analyzing in
detail is H174, since this change reveals the ability of the inhibitor to influence directly the
functioning of the enzyme’s active site. Incidentally, the basal protonation state of the catalytic
diad of cysteine proteases has been the subject of debate, and various models involving the
occurrence of an ion-pair (Cys-S/HisH"), fully protonated states (Cys-SH/HisH™) and neutral
species (Cys-SH/His) have been proposed so far.*%%-15% As pointed out earlier, we were not able to

titrate the C42 residue of FP-2 with a step-wise CpHMD protocol, which precluded the prediction
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of the catalytic diad protonation state. In spite of that, some consequences to the catalytic activity
of FP-2 can be derived from the predicted pKa shift of H174 caused by Cpd66 binding. For
example, as the predicted pKa values of H174 are close to the FP-2 functional pH (5.5), the pKa
shift can modify the basal ratio of protonated to deprotonated populations. Moreover, if one
assumes that the catalytic diad of FP-2 operates in a similar fashion to that of cruzain (Cys-SH/His),
in which the His residue abstracts a proton from the neighboring Cys upon substrate binding,*>
then, an enhanced His basicity due to the allosteric ligand binding would increase the fraction of
HisH" at pH 5.5. This, in turn, would change the catalytic diad protonation state from its native
form (Cys-SH/His) to a fully protonated one (Cys-SH/HisH™). The catalytic activity could slow
down because the abstraction of the C42 proton prior to the nucleophilic attack to the substrate
carbonyl group becomes more difficult if H174 is already protonated (HisH™). A more basic His
residue can also disfavor the transfer of its proton attached to the No atom to the peptide leaving
group nitrogen, which is also detrimental for a catalytic mechanism involving an ion-pair state of
the diad. Overall, the predicted pKa shift of H174 could impair the proper functioning of the active

site without necessarily modifying the latter’s native shape.
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5 ROLE OF WATER BRIDGES IN THE AFFINITY AND SELECTIVITY FOR FP-2 OF
NITRILES BEARING PYRIDINE SUBSTITUENTS AT P2

5.1 Structural analyses
5.1.1 Analysis of H-bonds and water bridges between P2-Pyr substituents and FP-2 residues

Due to the weakly basic nature of pyridine (pKa=5.0),">* it is possible for the Pyr-containing
nitriles to interact in the protonated form with FP-2. We addressed this issue by conducting a
thorough energetic analysis of the putative FP-2:Nit3PyrH* complex, complemented with long MD
simulations, which were also carried out for the FP-2:Nit2PyrH* and FP-2:Nit4PyrH" complex
(Appendix D, Text D1 and figures cited therein). Our results show that FP-2 binds the neutral form
of Nit3Pyr much more favorably than Nit3PyrH*, with a remarkable affinity difference of roughly
6 kcal/mol (Appendix D, Table D1). For the other two compounds, it was inferred that the neutral
forms must preferentially bind the enzyme as well (Appendix D, Text D1 and figures cited therein).
Likewise, Nit6CI3Pyr and Nit6OMe3Pyr are expected to interact with FP-2 in the neutral form, not
only on the basis of the results obtained for Nit3Pyr, but also due to the lower basicity of their
substituted pyridine moieties (Appendix D, Text D1).

Once ruled out the occurrence of protonated Pyr-containing nitriles in complex with FP-2,
we studied the interaction of this enzyme with the deprotonated compounds. Through visual
inspection of the MD trajectories and distance-based analyses, we determined that, at least, two
different orientations of the asymmetric P2-Pyr rings at the interface of the studied FP-2:nitrile
complexes were possible, namely, i) a close orientation in which the Npyr atom is deeply buried and
pointing towards 185 and ii) a distant orientation in which the Npyr atom is more exposed to the
solvent and pointing away from the S2-pocket base. Subsequently, frames corresponding to
differently-oriented poses of the 2Pyr- and 3Pyr-containing nitriles bound to FP-2 were selected to
conduct replicate MD simulations of each complex. The time profiles and distributions of the
I85(N)-Npyr distance calculated during these MD simulations are shown in Fig. 5.1. As can be seen,
all the accessible positions of the P2-pyridine ring with respect to 185(N) were sampled during MD
simulations started from either orientation. However, some discrepancies in the distributions

derived from the MD simulations of the distant and close orientations of Nit6CI3Pyr and
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Nit6OMePyr (Fig. 5.1) indicate that longer simulation time and/or replicas are needed to reach full
convergence.

Figure 5.1. Distance time profiles and distributions during MD simulations of FP-2 in complex with
3Pyr- and 2Pyr-containing nitriles. Distances between the indicated atoms were calculated for every
complex during ten replicate MD simulations, half started from a pose in which the Ny, atom is close to the
reference atom 185(N), and the other half started from a distant orientation. Each replicate MD simulation
is colored differently in the distance vs. time graphs. Distance distributions were calculated separately for
the close and distant orientations by concatenating the values collected from the corresponding replicate
MD simulations. An average distribution for each complex was also obtained by combining all results. The
fraction of structures pertaining to each peak is indicated on top of the corresponding maximum. Position
restraints were applied to complex heavy atoms during the first 3 ns of each distance time profile,
corresponding to NVT and NPT equilibrations.
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Figure 5.2. Structural representation of the studied FP-2:nitrile complexes. Central structures
corresponding to each peak of the 185(N)-N,yr distance distribution (Fig. 5.1) were obtained for every nitrile
bearing an asymmetric P2-Pyr moiety, i.e., Nit3Pyr, Nit2Pyr, Nit6CI3Pyr and Nit6CI3Pyr, in complex with
FP-2. The letter in parentheses indicates the peak in Fig. 5.1 to which the structure belongs. A single central
structure was calculated for FP-2:Nit4Pyr and FP-2:NitPhe complexes. H-bonds and water bridges are
represented as yellow dashed lines and residues participating in these interactions at the interfaces, plus the
catalytic residue C42, are depicted as cyan sticks and labelled accordingly. In all cases, the protein (cartoon)
and the ligand (stick) are colored in cyan and salmon, respectively. The inset in the FP-2:Nit3Pyr (A) panel
corresponds to a structural alignment of the complex (cyan) and the crystal structure of FP-2 (magenta,
PDB: 20UL). The nearly-overlapping positions of the water molecule mediating the interaction between
I185(N) and Ny (red sphere) and a crystallographic water (firebrick-colored sphere) is highlighted.

shomEP-2NitgPyr (A) U FP-2:Nit3Pyr
% -~ ~ ‘ ‘ “'

Source: Prepared by the author.
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The Npyr atoms of 3Pyr-containing nitriles remain mostly oriented towards 185(N), with
distance values within the 3.0 to 6.2 A range, thereby suggesting the occurrence of stabilizing polar
interactions within the S2 subsite (Fig. 5.1). Smaller fractions of the respective ensembles contain
the Npyr atom in a distant orientation (peaks located at distances > 6.2 A, Fig. 5.1). For the FP-
2:Nit3Pyr complex, the central structure calculated for the largest distance-distribution peak (peak
A) reveals that Npyr can interact simultaneously with 185(N) and D234(0D1,2) via a water bridge
(Fig. 5.2). A subsequent analysis of the interaction stability showed that the 185(N)-Npyr water
bridge occurs in nearly 50% of the frames collected during the FP-2:Nit3Pyr MD simulations
(Table 5.1). The I85(N)-D234(0D1,2)-Npyr water bridge is observed in 26% of all trajectory
frames, while the D234(0D1,2)-Npyr 0ne, not necessarily involving 185(N), has a slightly higher
occupancy (28%, Table 5.1). Therefore, only in 2% of the structures, the water molecule bridging
D234(0D1,2) and Npyr is not simultaneously interacting with 185(N). Moreover, distance
distributions involving the water molecules closest to the Npyr atom in the FP-2:Nit3Pyr complex
indicate that 185(N) and D234(OD1,2) remain at distances < 3.5 A during 80 and 49% of the
simulation time, respectively (Appendix D, Fig. D3). On the other hand, the 185(N)-Npyr direct H-
bond occurs very rarely (6%, Table 5.1), thus indicating that the water bridge is essential to mediate
a polar interaction between both atoms. Interestingly, we observed a crystallographic water close
to 1I85(N) in the PDB structure 20UL, that nearly overlaps the one interacting with 185(N) and Npyr
in the FP-2:Nit3Pyr complex (Fig. 5.2). This finding reinforces our predictions, as it corroborates,
on the basis of a crystal structure, that a water molecule lies in an optimal position to form the
aforementioned interactions.

The remaining FP-2 complexes involving nitriles with substituted 3Pyr moieties, i.e., FP-
2:Nit6CI3Pyr and FP-2:Nit6OMe3Pyr, display more complex 185(N)-Npyr distance profiles (Fig.
5.1). For these systems, two peaks, A and B, are observed at distances <6.2 A, thus indicating the
occurrence of two distinct groups of conformations within the aforementioned distance range. Peak
A comprises structures in which the Npyr atom of Nit6CI3Pyr and Nit6OMe3Pyr can form a direct
H-bond with 185(N) (Figs. 5.1 and 5.2). Water bridges between 185(N), D234(0D1,2) and Npyr are
observed in frames extracted from peak B of both complexes (Figs. 5.1 and 5.2). Finally, as in FP-
2:Nit3Pyr, small fractions of the substituted 3Pyr rings occur in conformations in which the Npyr
atom is oriented away from 185(N), more exposed to the water bulk (state C, Figs. 5.1 and 5.2).

Remarkably, we noticed that the -Cl group increases the likelihood of forming direct H-bonds with
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I85(N), an interaction that is less prevalent in the FP-2:Nit6OMe3Pyr and FP-2:Nit3Pyr complexes,
in that order (Table 5.1). Concomitantly, the occurrence of water bridges involving the Npyr atom
of Nit6CI3Pyr sharply decreases with respect to the other 3Pyr-containing nitriles. On the contrary,
the ability of Npyr atom to form water bridges remains relatively unchanged in the FP-
2:Nit6OMe3Pyr complex when compared to FP-2:Nit3Pyr (Table 5.1). Overall, we observed the
occurrence of direct H-bonds and water bridges with variable stabilities at the S2 subsite of FP-2
in complex with 3Pyr containing nitriles.

Table 5.1. Fractional occupancies of water bridges and H-bonds involving the P2-Pyr moiety of the
studied nitriles in complex with FP-22

Complex Direct H-bond® Wat. Bridge #1° Wat. Bridge #2¢ Wat. Bridge #3°
FP-2:Nit3Pyr 0.06 (0.01)f 0.50 (0.03) 0.28 (0.02) 0.26 (0.02)
FP-2:Nit6CI3Pyr  0.26 (0.05) 0.22 (0.03) 0.16 (0.03) 0.14 (0.03)
FP-2:Nit6OMe3Pyr  0.12 (0.02) 0.55 (0.06) 0.33 (0.07) 0.28 (0.06)
FP-2:Nit2Pyr 0 0 0 0

FP-2:Nit4Pyr 0 0 0.55 (0.05) 0

“The fraction of frames (= fractional occupancy) showing each interaction is provided

bH-bond between 185(N) and Npy.

‘Water bridge between 185(N) and Npyr.

dWater bridge between D234(0D1,2) and Ny

eSimultaneous water bridge between I85(N), D234(0D1,2) and Npyr.

"Mean values were obtained by averaging the fractional occupancies corresponding to each replicate MD
simulation. SEMs are shown in parentheses.

Source: Prepared by the author.

Differently from Nit3Pyr and its derivatives, Nit2Pyr and Nit4Pyr are unable to form H-
bonds or water bridges with I85(N) of FP-2 (Fig. 5.2), due to the geometric position of the Npyr
atom in these compounds. We did not observe any other polar interactions at the S2 subsite of FP-
2 in complex with Nit2Pyr, and the Npyr atom of the latter remains distantly oriented with respect
to 185(N) most of the time, regardless of the initial pose chosen to start the MD simulations (Figs.
5.1and 5.2 and Table 5.1). On the other hand, Nit4Pyr is able to interact with D234(0OD1,2) through
a water bridge in 55% of the trajectory frames, but the water molecule involved is more exposed
to the bulk and does not simultaneously bridge 185(N), as in the FP-2:Nit3Pyr complex (Fig. 5.2,
Table 5.1 and Appendix D, Fig. D3). Of note, the energy contribution of H-bonds formed in a
medium of greater polarity, e.g., D234(0OD1,2)-Nyr water bridges in FP-2:Nit4Pyr, is expected to

be smaller than that of H-bonds occurring in more nonpolar environments, e.g., 185(N)-Npyr water
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bridges in FP-2:Nit3Pyr.'>® Furthermore, the free energy associated to multiple H-bonds involving
the same groups or molecules, as in the 185(N)-D234(0D1,2)-Npyr water bridge described for FP-
2:Nit3Pyr, is enhanced because the entropic effects barely reduce the energy contribution of the
extra H-bonds.?® 7 Since Nit2Pyr and Nit4Pyr have low activity against FP-2, it is suggested
from the results presented so far that the ability of Npyr to form polar interactions with 185(N) is
critical to increase the affinity for the enzyme.

Finally, we show the binding mode of NitPhe to FP-2, obtained from RMSD clustering
analysis of a single 300 ns MD simulation of the complex (Fig. 5.2). As can be seen, the crystal
water molecule close to I185(N) remains interacting with the latter in the central structure of
FP2:NitPhe (Fig. 5.2), but due to the hydrophobicity of the phenyl group, the compound is unable
to form water-mediated interactions within the S2 subsite. This could explain the lower affinity of
NitPhe for FP-2 when compared to that of 3Pyr-containing nitriles (Fig. 1.8).

5.1.2 Analysis of H-bonds and water bridges between the 3Pyr substituent and S2 residues of FP-
3 and hCats

As done for the FP-2 complexes, we carried out several replicate MD simulations for
Nit3Pyr in complex with FP-3 and the hCats of interest (hCatB, hCatK, hCatL and hCatS), started
from close and distant orientations of the 3Pyr substituent within the respective S2 subsites.
Moreover, distance time profiles and distributions equivalent to those shown in Section 5.1.1, were
obtained for the systems analyzed here (Fig. 5.3). As can be observed in the graphs, excellent
convergence of the distance distributions obtained from different initial 3Pyr orientations was
achieved for all the complexes, except for hCatL:Nit3Pyr. The latter’s average distribution was
calculated by combining the distance distributions of the closely and distantly-oriented poses
according to the probabilities associated to each, derived from TT AAG calculations (see Appendix
D, Text D2, Fig. D5 and Table D2).

The distance distribution of the FP-3:Nit3Pyr complex shows that the Npyr atom remains
oriented towards 187(N) in 82% of the trajectory frames (peak A), whereas just 18% of the frames
occur in the distant orientation (peak B, Figs. 5.3 and 5.4). A water bridge between Npyr and 187(N)
is observed in the central structure of peak A (Fig. 5.4). Remarkably, the water molecule mediating
this interaction lies in a position equivalent to that of a crystallographic water of the FP-3 crystal
structure 3BWK (inset in Fig. 5.4). Apart from the main 187(N)-Npyr water bridge, formed during

nearly half of the simulation time, the H-bond analysis revealed the occurrence of less prevalent
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Figure 5.3. Distance time profiles and distributions during MD simulations of FP-3 and hCats in
complex with Nit3Pyr. Distances between the indicated atoms were calculated for every complex during
ten replicate MD simulations, half started from a closely-oriented pose, and the other half, from a distantly-
oriented one. Replicate MD simulations are colored differently in the distance vs time graphs. Distance
distributions were calculated separately for the MD simulations started from each 3Pyr orientation. Average
distance distributions, except for hCatL, were obtained by combining the former two. The fraction of frames
within each peak is indicated on top of its maximum. Position restraints were applied to complex heavy
atoms durlng the flrst 3 ns of each dlstance tlme proflle correspondlng to NVT and NPT equilibrations.
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Figure 5.4. Structural representation of Nit3Pyr in complex with FP-3 and various hCats. Central
structures corresponding to each peak of the distance distributions shown in Fig. 5.3 were obtained for all
the analyzed complexes. The letter in parentheses indicates the peak to which the structure belongs. H-bonds
and water bridges are represented as yellow dashed lines and residues participating in these interactions at
the interfaces, plus the catalytic residue C42, are depicted as cyan sticks and labelled accordingly. In all
cases, the protein (cartoon) and the ligand (stick) are colored in cyan and salmon, respectively. The insets
show a structural alignment between the Nit3Pyr complexes (cyan) and the corresponding crystal structures
of the enzymes (magenta, PDBs: 3BWK, 4DMY, SMAE and 2FQ9). The relative positions of the water
molecules involved in water bridges in the analyzed complexes (red sphere) and the closest crystallographic
waters (firebrick-colored sphere) are highlighted. Due to the absence of a polar hydrogen, P76 of hCatB is
unable to form a water bridge with N,y; therefore, this interaction, as well as the inset showing close water
molecules, are missing from the panels is enzyme.
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E236(OEL,2)-Npyr and 187(N)-E236(0OE1,2)-Npyr water bridges, with fractional occupancies of
0.14 and 0.13, respectively (Table 5.2). As shown by the FP-3:Nit3Pyr central structure, E236
bends away from the S2 subsite and forms an H-bond with Y238(OH), thereby adopting a distant
position that prevents the former residue from establishing more stable water bridges with 187(N)
and Npyr. The 187(N)-Npyr direct H-bond was observed in a small fraction of the complex structures
(0.06, Table 5.2). These results demonstrate that the FP-3:Nit3Pyr and FP-2:Nit3Pyr complexes
possess several common features, e.g., their respective distance distributions are similar, the
stability of the 187/185(N)-Npyr direct H-bonds and water bridges are almost identical, and the acid
residues E236/D234 can also interact with Npyr via water bridge (Figs. 5.2 and 5.4). However, the
latter interactions are two-fold more prevalent in FP-2:Nit3Pyr (Tables 5.1 and 5.2). This, in turn,
indicates that the carboxyl oxygens have a more suitable position to form the water bridge in the
shorter side-chain of D234, as corroborated by the distance distributions shown in Appendix D,
Fig. D3. Further analyses carried out for the free enzymes confirmed that the 185(N)-D234(0D1,2)
water bridge in FP-2 is much more stable than its equivalent, 187(N)-E236(OE1,2), in FP-3 (see
Text D3, Fig. D6 and Table D3). Overall, the structural difference between FP-2 and FP-3 at
position 234/236, may explain why the affinity of Nit3Pyr is higher for the former enzyme (Fig.
1.8).

On the other hand, the distance distributions of Nit3Pyr in complex with various hCats
show an overall increase in the relative abundance of peaks B with respect to those of FP-3:Nit3Pyr
and FP-2:Nit3Pyr (Figs. 5.1 and 5.3). Hence, the polar interactions favoring the 3Pyr close
orientation within the S2 pocket of hCats must be weaker than those occurring in the analog FP
complexes. Noticeably, hCatB possesses a Pro residue at position 76 that precludes the formation
of H-bonds and water bridges with Npyr of Nit3Pyr, due to the lack of a polar hydrogen attached to
its N atom (Fig. 5.4). Instead, a solvent-exposed water bridge between E245(OE1,2) and Npyr, with
a fractional, occupancy of 0.20 is observed in hCatB:Nit3Pyr complex (Fig. 5.4 and Table 5.2).
However, its contribution to the complex affinity is expected to be slight, considering the low
stability of the water bridge and the more polar environment in which the interaction occurs.

Water bridges involving Npyr and M68(N)/M70(N)/M71(N) can be found at the interfaces
of the hCatK:Nit3Pyr, hCatS:Nit3Pyr and hCatL:Nit3Pyr complexes (Fig. 5.4), with fractional
occupancies of 0.35, 0.05 and 0.11, respectively (Table 5.2). Therefore, all these interactions are
less stable than those observed in the FP-3:Nit3Pyr and FP-2:Nit3Pyr complexes (Tables 5.1 and
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5.2). Moreover, no extra water bridges are possible in hCatK, hCatL and hCatS, as they bear
hydrophobic residues, L209, A214 and F211, respectively, in lieu of the acidic ones found in FP-
2 and FP-3 at equivalent positions (Figs. 5.2 and 5.4). Incidentally, the water molecules involved
in the water bridges described for hCatK:Nit3Pyr, hCatL:Nit3Pyr and hCatS:Nit3Pyr complexes
are close to crystallographic waters of the respective structures of these enzymes. However, for
these systems, the water overlap is not as perfect as that observed in FP-2 and FP-3 bound to
Nit3Pyr (Figs. 5.2 and 5.4), thus providing a structural hint about the lower water bridge stabilities
of the analyzed hCat complexes (Table 5.2). Overall, the results presented here suggest that the
water bridges between Npyr of Nit3Pyr and S2 residues of the studied hCats contribute less to the

binding affinity than those of the equivalent FP complexes.

Table 5.2. Fractional occupancies of water bridges and H-bonds involving the Ngyr atom of Nit3Pyr
in complex with FP-3 and various hCats®

Complex Direct H-bond Wat. Bridge #1° Wat. Bridge #2¢ Wat. Bridge #3°
FP-3:Nit3Pyr 0.06 (0.01)f 0.49 (0.03) 0.14 (0.02) 0.13 (0.02)
hCatB:Nit3Pyr -9 - 0.20 (0.02) -
hCatK:Nit3Pyr 0 0.35 (0.07) - -
hCatL:Nit3Pyr 0 0.05 (0.01)" - -
hCatS:Nit3Pyr 0 0.20 (0.01) - -

aThe fraction of frames (= fractional occupancy) displaying each interaction is provided.

®H-bonds between Npyr and 187(N)/M68(N)/M70(N)/M71(N) of FP-3/hCatK/hCatL/hCatS.

‘Water bridge between Npy: and 187(N)/M68(N)/M70(N)/M71(N) of FP-3/hCatK/hCatL/hCatS.

dWater bridge between Ny, and E236(OE1,2) of FP-3.

¢Simultaneous water bridge between Ny and 187(N), E236(OE1,2) of FP-3.

"Mean values were obtained by averaging the fractional occupancies corresponding to each replicate MD
simulation. SEMs are shown in parentheses.

9Nonexistent interaction due to the chemical nature of the residues that would be involved, P76 in hCatB
and hydrophobic residues L209, A214 and F211 of hCatK, hCatL and hCatS, respectively (Figs. 5.4).
"The water bridge fractional occupancy of the hCatL:Nit3Pyr complex was calculated based on the MD
simulations corresponding to the closely-oriented pose of Nit3Pyr, which was then multiplied by p,, i.e.,
the probability finding Nit3Pyr in the close orientation (0.16, see Appendix D, Table D2). The SEM in this
case was calculated by error propagation.

Source: Prepared by the author.

5.2 Energetic analyses
5.2.1 Prediction of relative affinities of the studied nitriles for FP-2

In Section 5.1.1 we have analyzed the polar interactions between the Pyr moieties of several
nitriles and residues of the S2 subsite of FP-2. Here, we extend our study by conducting Tl AAG

calculations that will allow us to compare the predicted relative affinities with the experimental
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values and to derive important conclusions regarding the energy contribution of the observed water

bridges to the complex formation.

Table 5.3: AAG values for several nitriles bound to FP-2 with respect to the FP-2:Nit3Pyr complex

Energy FP-2 complex
(kcal/mol)  Nit6CI3Pyr Nit6OMe3Pyr  Nit2Pyr  Nit2Pyrew® Nit4Pyr  NitPhe
AAGeqrc®  1.2(0.2) 1.8 (0.3) 2.8(0.2) 2.6(02) 31(0.2) 1.6(0.1)
AAGYE o n.d. n.d. 4.3(0.2) 41(02) 46(0.2) 3.1(0.1)
AAGYE n.d.f n.d. 1.7 (0.2) 1.5(0.2) 1.9(0.1) 05(0.1)
AAG gy 15 1.4 >2.9 >2.9 >2.9 2.5
AAG,,y, " 0.3 0.4 >0.1 >0.3 n.d. 0.9
AAG¥E+h n.d. n.d. n.d. n.d. n.d. 0.6
AAG¥D- N n.d. n.d. >1.2 >1.4 >1.0 2.0
AAGpys' 0.3 0.2 0.2 0.2 0.2 0.1
AAGREH n.d. n.d. 0.2 0.2 0.3 0.2
AAGRYS n.d. n.d. 0.2 0.2 0.2 0.1

Free energies for the FP-2:Nit2Pyr complex were calculated by subjecting it to distance restraints using a
10 kcal-mol™*-A?2 harmonic constant that kept the aromatic carbon atom at position 6 (next to Npy) and
I85(N) separated by a distance > 6 A during all L MD simulations.

YAAG values calculated as indicated in Fig. 2.3-B, with NitX, standing for the compounds shown in the
table and NitXy, for Nit3Pyr. See the corresponding dV /dA vs A graphs in Appendix D, Fig. D5.

°Mean values obtained from six replicas, three of them performed in the forward direction and the other
three, in the backward direction. The SEM in parentheses was calculated through the bootstrap method.*
JAAG values calculated with respect to the FP-2:Nit3Pyr complex in which the 185(N)-Npy: water bridge
was enhanced (wb+) by restraining the motion of the bridging water O atom with a harmonic constant of
10 kcal-mol*-A2 when its distance from 185(N) and/or Ny, increases above 3 A.

¢ AAG values calculated with respect to the FP-2:Nit3Pyr complex in which the formation of water bridges
involving Ny, 185(N) and D234(0D1,2) were prevented (wb-) by keeping the former atom away from
185(N) at distances > 6 A by means of a distance restraint of 10 kcal-mol*-A,

"Non-determined.

9Experimental AAG values calculated through Eq. A16 for all complexes, except for FP-2:NitPhe, for which
Eqg. A17 was used (see Appendix A). The experimental ICé‘é’p values in the equations were taken from Fig.
15.

"Error of calculated AAG values obtained as follows: AAGgy, = |AAG,y, — AAG gl

'AAG hysteresis calculated as follows: AAG,,s = |AAwad — AAbed|, where AAGy,,q and AAG,,q stand
for the relative free energies calculated during forward and backward transformations, respectively. Mean
values and their SEMs were obtained through bootstrapping.

Source: Prepared by the author.

Table 5.3 shows the AAGcalc Values for the same set of FP-2 complexes analyzed before

with respect to FP-2:Nit3Pyr, the positive results indicating that the latter complex possesses higher
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affinity. The predictions for the FP-2:Nit6CI3Pyr and FP-2:Nit6OMe3Pyr complexes are close to
the experimental values, with errors below 0.5 kcal/mol, which are within the level of accuracy for
these type of alchemical free energy calculations. In fact, it has been shown that the mean unsigned
error (MUE) of TI AAG performed in a large perturbation dataset using ff14SB force-field for the
proteins and gaff1.8 for the ligands is 1.14 kcal/mol.*>® Note, however, that Nit6CI3Pyr and
Nit6OMe3Pyr are not correctly ranked according to their respective AAG values, as their slight
experimental relative affinity of 0.1 kcal/mol is very difficult to reproduce in alchemical free
energy calculations considering the overall MUE associated to the latter.

The lower affinities of Nit2Pyr and Nit4Pyr for FP-2 with respect to that of Nit3Pyr were
also reproduced by the free energy calculations, with AAGcac Values of 2.8 and 3.1 kcal/mol,
respectively (Table 5.3). Of note, the AAGexp Values are expected to be > 2.9 kcal/mol, as the 1Cso’s
of these two compounds exceeded the maximal inhibitor concentration tested in the assays (Fig.
1A). Therefore, only the lower boundary of the experimental relative affinities is known and,
consequently, the actual deviations of the theoretical values remain elusive. Nonetheless, it can be
seen that the results obtained for FP-2:Nit2Pyr and FP-2:Nit4Pyr roughly fulfill the afore-
mentioned experimental condition, with the AAGcaic value for the former complex being just 0.1
kcal/mol below the 2.9 kcal/mol threshold (AAGerr > 0.1 kcal/mol, Table 5.3). Likewise, the
prediction for FP-2:NitPhe is in agreement with the experimental trend, although it underestimates
the experimental relative affinity by 0.9 kcal/mol, an error slightly smaller than the MUE reported
for this type of calculations.®® Overall, the FP-2:nitrile structures proposed here lead to AAGcalc
values that are consistent with the experimental measurements within the level of accuracy of the
employed computational techniques, thus reinforcing the validity of such structural models.

We have reasons to believe that the AAGcarc values for FP-2:Nit2Pyr, FP2:Nit4Pyr and
FP2:NitPhe complexes suffer from a systematic underestimation of the water bridge strength in the
FP-2:Nit3Pyr reference complex. This may have arisen from limitations of the MD simulations,
such as their failure to account for the polarizability of the atoms involved in the water bridge,
especially the water molecule, which is treated exactly as the bulk solvent, despite being located in
a deeply-buried and negatively-charged (D234) environment (Appendix D, Fig. D3). In fact, it has
been shown that the polarizability of water molecules increases in the presence of charged species,

which, in turn, strengthens the H-bonds mediated by them.*®
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A simple procedure was employed here to assess the impact of artificially strengthening the
water bridge between I85(N) and Npyr of Nit3Pyr on the AAGcaic Values by applying restraints that
kept the bridging water close (up to 3 A) to the previous atoms. Under such conditions, the
calculated relative free energies (AAG5¥) are 1.5 kcal/mol greater than the corresponding AAGcaic
values obtained from unrestrained MD simulations, thus improving the agreement with the
experimental measurements (Table 5.3). In fact, the affinities of Nit2Pyr and Nit4Pyr for FP-2 are
now predicted to be 4.3 and 4.6 kcal/mol lower than that of Nit3Pyr, respectively. These values are
well above the experimental lower boundary (> 2.9 kcal/mol). Remarkably, the AAG¥2* value for
the FP-2:NitPhe complex is also closer to AAGexp, the difference between both being reduced from
0.9 to 0.6 kcal/mol (Table 5.3). We did not evaluate here the impact of directly strengthening the
D234(0D1,2)-Npyr water bridge, but its formation and that involving I85(N)-Npyr must be highly
interdependent, as they depend on the same water molecule. Therefore, by increasing the stability
of any these interactions, one probably ends up strengthening the other as well. Overall, the results
so far confirm that a stronger water bridge between 185(N) and Npyr of Nit3Pyr would improve the
quality of our predictions.

Furthermore, it is worth noting that we did not apply restraints strengthening the 185(N)-
Npyr Water bridge in the FP-2:Nit6CI3Pyr and FP-2Nit6OMe3Pyr complexes (Table 5.3). The
reason for this is that, despite the stability differences, all the 3Pyr-containing compounds are able
to form water bridges and H-bonds with 185(N) (Table 5.1). Therefore, the underestimation of the
energy contributions of polar interactions in the aforementioned complexes is expected to largely
cancel during the AAG calculations with respect to FP-2:Nit3Pyr. This error cancellation can
explain, to some extent, why the AAGerr Values associated to the AAGeac values of the FP-
2:Nit6CI3Pyr and FP-2:Nit6OMe3Pyr complexes (0.3 and 0.4 kcal/mol, respectively) are smaller
than that of FP-2:NitPhe (0.9 kcal/mol). Arguably, the water bridge observed in the FP-2:Nit4Pyr
complex (Fig. 5.2, Table 5.1) can also be stronger than it is modelled using a classical non-
polarizable force-field. However, the water molecules transiently involved in the previous
interaction are more solvent-exposed and exchange faster with the bulk than those bridging
D234(0D1,2), 185(N) and Npyr in the FP-2:Nit3Pyr complex, with exchange rates of (10.3+0.2) ns
1 and (0.70+0.07) ns™, respectively. This is expected to lower the energy contribution of the
D234(0D1,2)-Npyr water bridge in FP-2:Nit4Pyr with respect to that of 185(N)-D234(0D1,2)-Npyr

in FP-2:Nit3Pyr, as already mentioned in Section 5.1.1. Moreover, notice that the unrestrained TI
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AAG calculations predict a large affinity difference between FP-2:Nit4Pyr and FP-2:Nit3Pyr
(Table 5.3), thus, the process of fine-tuning the strength of the water bridges in both complexes is
not likely to decrease their AAGcalc Value below the 2.9 kcal/mol experimental threshold.

Finally, we determined the effect of abolishing the water bridges involving the Npyr atom
of the FP-2:Nit3Pyr complex on the AAGcalc Values. This was done by applying distance restraints
to the latter system in order to keep the Npyratom in a distant position (state B, Figs. 5.1 and 5.2).
The AAGcaic Values predicted in the presence of such restraints (AAGY2) are 1.1 kcal/mol lower
than those obtained in their absence (Table 5.3), as the affinity of FP-2:Nit3Pyr complex decreases
by the same amount upon water bridge disruption. Consequently, the accuracy of the results is
undermined under such circumstances and all AAG¥2~ values become greater than 1.0 kcal/mol.
Of note, even when no water bridge is formed, the affinity of Nit3Pyr for FP-2 is still higher than
that of Nit2Pyr and Nit4Pyr (1.7 and 1.9 kcal/mol, respectively). Hence, other phenomena,
presumably of entropic nature, favor the binding of the former compound over the other two.
Furthermore, the FP-2:NitPhe and FP-2:Nit3Pyr affinities become similar when the water bridge
is disrupted by the distance restraints (AAG¥2-=0.9 kcal/mol, Table 5.3). This means that the
substitution of the phenyl group by 3Pyr is advantageous in terms of FP-2 inhibition, to a large
extent, because of the ability of the Npyr atom to establish polar interactions within the S2 subsite
residues 185 and D234.

As a negative control to the previous calculations, we applied a similar distance restraint to
the FP-2:Nit2Pyr complex, but this time involving the carbon at position 6 of the 2Pyr ring,
equivalent to that of Npyr in Nit3Pyr, and I185(N). By doing so, the 2Pyr orientation was restricted
to state B (Figs. 5.1 and 5.2) during the free energy calculations. The results shown in Table 5.3
demonstrate that the impact of such restraints on the AAGcaic Values is almost negligible (0.2
kcal/mol), since no polar interactions are broken in this case. Overall, we have shown in this section
that the formation of the water bridge involving D234(0OD1,2), 185(N) and Npyr is an essential
structural feature underlying the higher affinity of Nit3Pyr for FP-2 with respect to that of the
related nitriles Nit2Pyr, Nit4Pyr and NitPhe.

5.2.2 Energy contributions of water bridges to the affinity of Nit3Pyr for the studied enzymes

So far, we have shown the occurrence of water bridges between the Npyr atom of Nit3Pyr

and S2 residues of FPs and hCats. The multiplicity and stability of such interactions depend on
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each system, being particularly more prevalent in the FP-2:Nit3Pyr and FP-3:Nit3Pyr complexes,
in that order. Here, we conduct MM-GBSA free energy calculations in the presence and absence
of the water molecules bridging the Npyr atom of Nit3Pyr and key residues of the studied enzymes
(Table 5.4).

Table 5.4. Energy contribution of water bridges of Nit3Pyr in complex with FPs and hCats calculated
through MM-GBSA®

Complex AGesiw) (kcal/mol) — AGesinw) (kKcal/mol)  AAGesrwn) (Kcal/mol)
FP-2:Nit3Pyr -30.6 (0.2)° -28.0 (0.2) -2.56 (0.06)
FP-2:Nit3Pyr(wb+)¢ -31.3(0.2) -28.0 (0.1) -3.3(0.2)
FP-3:Nit3Pyr -34.3(0.2) -32.7(0.1) -1.63 (0.06)
hCatB:Nit3Pyr -32.55 (0.05) -31.72 (0.05) -0.83 (0.02)
hCatK:Nit3Pyr -33.0(0.2) -31.6 (0.1) -1.4 (0.1)
hCatL:Nit3Pyr -31.4 (0.1) -29.66 (0.05) -0.28 (0.04)¢
hCatS:Nit3Pyr -34.5 (0.3) -33.5(0.4) -0.98 (0.05)

aThe free energy calculations were conducted for the ten replicate 300 ns MD simulations of every complex;
except for hCatL:Nit3Pyr, for which only the trajectories corresponding to the 3Pyr close orientation were
taken, and for FP-2:Nit3Pyr(wb+), for which the trajectories of ten replicate 12 ns MD simulations were
employed after discarding the first 2 ns of each.

bMean values and SEMs in parentheses calculated based on the independent MD simulations.

°Distance restraints of 10 kcal-A2-mol™* were set on the O atom of the bridging water molecule in order to
keep it close (up to 3 A) to 185(N) and Npyr.

“The AAGerwy) for this complex was predicted using the following equation: AAGfsuwp) =

pA(AGeff(wb) - AGeff(nw)), where p, is the probability of Nit3Pyr to occur in the close orientation (0.16,
see Appendix D, Table D2). The SEM in this case was calculated by error propagation.
Source: Prepared by the author.

The AAGeffwn) Values in Table 5.4 show that the analyzed water bridges possess by far the
largest energy contribution to the affinity, in terms of absolute value, in the FP-2:Nit3Pyr complex
(-2.56 kcal/mol). For FP-3 and hCats, the energy contributions of their respective water bridges
range from -0.28 to -1.63 kcal/mol, with the former enzyme displaying the largest AAGeftwb) value
(Table 5.4).. These results are in agreement with the relative stabilities and multiplicity of water
bridges in the Nit3Pyr complexes shown in previous sections (Tables 5.1 and 5.2). Interestingly,
the experimental 1Cso values indicate that Nit3Pyr binds the studied proteases with the following
preference: FP-2 > FP-3 > hCatK > hCatS > hCatL > hCatB (Fig. 1.8), which roughly matches that
of water bridge energy contributions in all systems, except for hCatL and hCatB, which are wrongly
ranked with respect to each other. However, the nonpolar interactions between the 3Pyr ring and

the S2 residues of these enzymes and, probably, entropic effects, also have an impact on the relative
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affinities of the complexes, as can be inferred from the experimental 1Cso values of NitPhe (Fig.
1.8). The latter compound contains a similar but more hydrophobic aromatic ring at P2, and has
the following preference: hCatK > hCatS > FP-2 > hCatL > hCatB (no data for FP-3 available).
Remarkably, Nit3Pyr and NitPhe display the same order of selectivity for the hCats; hence, for
complexes in which the water bridge energy contribution is expected to be relatively low (Table
5.4), the influence of other nonpolar and/or entropic effects on the complex affinity is likely to
become dominant. In light of our findings, the striking difference in the selectivity of Nit3Pyr and
NitPhe for FP-2 can only be attributed to the large stabilizing role of water bridges involving the
Npyr atom of the former nitrile, and 185(N) and D234(0OD1,2) of the enzyme.

Our previous TI AAG calculations indicated that stronger-than-predicted water bridges in
the FP-2:Nit3Pyr complex would be required to improve the agreement with the experimental
results (Table 5.3). Likewise, the AAGeftwb) Value for FP-2:Nit3Pyr must have been underestimated,
since it was calculated from the classical MD simulations of the complex. The impact of neglecting
the water polarizability in the remaining systems is expected to be less significant due to the weaker
interaction of the bridging waters with a negatively-charged residue in FP-3 (Tables 5.1 and 5.2
and Appendix D, Fig. D3), and the non-existence of it in hCats. The AAGeftwb) Value obtained from
MD simulations in which the bridging water was restrained to a position close to 185(N) of FP-2
and Npyr of Nit3Pyr, as done in the TT AAG calculations, yielded a considerably higher result of -
3.3 kcal/mol. This value is more consistent with the large energy contribution of water bridges in
the FP-2:Nit3Pyr complex, inferred from the available SAR data.

Finally, note that the AGefrw) values fail to predict the correct selectivity of Nit3Pyr for the
target enzymes. When comparing different complexes, two approximations of the MM-GBSA
method employed here are likely to lead to the previous incorrect predictions. Firstly, the
contribution of configurational entropy to the complex formation was neglected. This term is
usually calculated via Normal Mode Analysis, but usually it does not improve the quality of the
results.'® Secondly, it is intrinsically assumed that the energy contribution of the covalent bond
formation is equal for all the complexes involving different cysteine proteases. These issues are
less likely to undermine the accuracy of the predictions when referring to relative free energy
changes in the same complex, as analyzed in this section. Overall, the results shown here indicate
that robust free energy calculations, presumably including the explicit contribution of the covalent

bond formation in the different enzymes, would be required to predict accurate binding affinities
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of Nit3Pyr for the cysteine proteases. This, however, is beyond the scope of the current work and

not necessary to determine the role of water bridges in the studied complexes.

5.3 Discussion

Ehmke et al. first reported the good selectivity for FP-2 displayed by nitriles containing
3Pyr at P2.*3 They also proposed a binding mode of a 3Pyr-containing nitrile to FP-2 and observed
that the Npyr atom was close to I85(N). However, no information on how these two atoms interact
and the potential role of the interaction in the selectivity was provided.® Further clarifications on
this point have not been made ever since, but the properties of the 3Pyr substituent were
subsequently exploited by Nizi et al. in a work pursuing the identification of selective FP-2
inhibitors.®® The lack of structural knowledge on the interaction of the 3Pyr ring with FP-2
highlights the importance of addressing this topic.

In this work, we have thoroughly studied the interaction with hCats and FPs of several
nitriles containing Pyr isomers and derivatives, and phenyl groups at P2.4 Firstly, we ruled out,
through free energy calculations and structural analyses, the binding of nitriles bearing protonated
Pyr rings to FP-2, and, by inference, to the remaining cysteine proteases included here. Hence, all
subsequent analyses were conducted with the neutral forms of the compounds. The preferential
binding of the neutral forms is reinforced by experimental data showing that nitriles containing
substituted 3Pyr rings with low basicity, e.g., Nit6CI3Pyr and Nit6OMe3Pyr, still display high
affinity for FP-2.4C Therefore, the protonation of Npyr must not be the underlying cause leading to
the greater affinity of Nit3Pyr and its derivatives (Nit6CI3Pyr and Nit6OMe3Pyr) for FP-2 with
respect to that of its isomers or analogs (Nit4Pyr, Nit2Pyr and NitPhe).*° This result was rather
surprising, as, in theory, the protonated 3Pyr ring can establish a H-bond with D234(0D1,2) of FP-
2. This is probably the reason that led the authors reporting the SAR data of these compounds, to
speculate about the role of the Pyr ring basicity in the selectivity of Nit3Pyr for FP-2.4°
Furthermore, the experimental studies showed that the activity profiles of the nitriles against FP-2
were not improved by introducing positively-charged lysine-like moieties at P2.4° Altogether, the
theoretical and experimental findings mentioned above discourage the design of FP-2 inhibitors
bearing positively-charged groups at P2 capable, in principle, of interacting with D234(0D1,2), as

has been previously recommended.®
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We demonstrate in this work that residues 185 and D234 at the bottom of the S2 subsite of
FP-2 are key structural determinants for the interaction of FP-2 and Nit3Pyr. These residues are
capable of forming either individual or simultaneous water bridges with the Npyr atom of Nit3Pyr
during the MD simulations, involving a water molecule that is present in the crystal structure
20UL. A detrimental impact on the formation of these interactions was observed when placing the
Npyr atom in other positions of the Pyr ring. Further structural and energetic analyses conducted
here showed that equivalent water bridges in FP-3 and various hCats are less prevalent and
energetically-relevant, which, in turn, explains the increased selectivity of Nit3Pyr for FP-2. The
main reason underlying the differential pattern of water bridge formation in the analyzed
complexes is the nature of non-conserved residues occupying positions equivalent to 185 and D234
of FP-2 in the other cysteine proteases. Remarkably, the structural alignment comprising FP-2, FP-
3 and eight human cysteine cathepsins (B, C, F, K, L, S, V and X) shows that none of the enzymes
in the latter group possesses a combination of non-proline and acidic residues aligned to 185 and
D234 of FP-2, respectively (positions 107 and 358 of the alignment shown in Appendix B, Fig.
B1). Therefore, Nit3Pyr is expected to display lower affinity for other hCats not included in the
experiments by Nizi et al.,*° which highlights its suitability to reduce the potential unwanted effects
of cross-inhibition in human cells.

Based on the previous results, we propose to address the design of selective FP-2 inhibitors
by taking into account the formation of water bridges with residues 185 and D234. This can be
achieved by keeping the crystal water close to 185(N) in the PDB structure 20UL as part of the
receptor in SBVSs,1%9-162 or by taking for such purposes the FP-2 central structure including the
water molecule bridging 185(N) and D234(0D1,2) obtained from MD simulations (Appendix D,
Fig. D6-A). Rescoring methods, such as Nwat-MMGBSA, can be employed to further enrich the
compound lists obtained from SBVS with potential hits interacting with the key water molecule.®
Redesign strategies of the P2 substituents, in which the bridging water molecule is replaced by
groups mimicking its interactions with 185(N) and D234(0D1,2) constitutes another strategy to
increase the affinity and selectivity of FP-2 inhibitors. However, according to the results obtained
by Garcia-Sosa, the success of this approach is not always guaranteed, and better results may be
obtained by keeping the tightly-bound bridging water molecule.'®® Therefore, the use of rigorous
free energy calculations, such as TI or free energy perturbation (FEP), would be required to account

for the impact of introducing such substituents,%: 158 164 165
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Interestingly, Shah et al. employed a computational approach based on solvent
thermodynamics, referred to as WaterMap, to predict the role of water molecules at the active sites
of FP-2 and FP-3 in the affinity of these enzymes for several inhibitors.*®® The authors predicted
that more favorable binding free energies could be achieved by displacing the water molecules near
185/87 of FP-2/3 (labeled W3 and W9, respectively, in the cited work) by complementary chemical
groups of the ligands.'®® However, the impact of such water displacement on the selectivity of
redesigned inhibitors for FP-2 and/or FP-3 with respect to hCats constitutes another issue that must
be carefully assessed in a case-by-case fashion.

Overall, our study has revealed differences in the formation of key water bridges at the
bottom of the S2 subsite of FP2, FP3 and several hCats, which involve a water molecule close to
I85(N) of FP2 and its equivalents in the remaining proteases. The major role played by such
interactions in determining the activity profile of Nit3Pyr against the previous enzymes opens the

gate toward the design of more potent and selective inhibitors against FP-2.
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6 CONCLUDING REMARKS

In this work we have explored different in silico approaches aiming at the identification of
novel FP-2 inhibitors with improved selectivity. Two promising compounds, HTS07940 and
HTS08262, were identified through SBVSs directed towards the active sites of FP-2, FP-3 and
hCatK and subsequent experimental validation. The compounds display inhibitory activity against
FP-2 in the 10°-10° M range and no inhibition of hCatK was detected. The higher selectivity for
FP-2 was attributed to differences in the residue composition at the bottom of the S2 subsite among
the analyzed cysteine proteases. In addition, HTS07940 and HTS08262 possess micromolar
inhibition of P. falciparum growth in vitro and suitable selectivity indices when tested against HeLa
cells. Both compounds belong to a new scaffold of FP-2 inhibitor, which increases the chemical
repertoire of antimalarial drug candidates. We also probed the potential of site 6 of FP-2 as a
druggable allosteric site through SBVS. Two compounds, ZINC03225317 and ZINC72290660,
were identified as non-competitive FP-2 inhibitors after the experimental validation. Despite their
weak inhibitory activity against FP-2, K values within the 10#-10° M range, our results show the
suitability of site 6 as a druggable cavity in FP-2.

Moreover, the search for other potential allosteric cavities of FP-2 was expanded by
predicting the binding mode of a reported non-competitive inhibitor, Cpd66, with available
experimental information on the likely location of its binding site. The formation of a transient
pocket at the site 3 region of FP-2, which remains mostly occluded by K34 side-chain, was
revealed. The predicted binding mode of Cpd66 within the identified pocket fulfills all the
experimental findings, thus reinforcing the potential of site 3 as an allosteric pocket. In accordance
with the established classical non-competitive mechanism of Cpd66, the absence of conformational
changes at the active site upon the compound binding was corroborated in silico. It was shown that
a combination of subtle structural aspects, e.g., variations in loop motions, community and
signaling pathways rearrangements, and pKa shifts, constitute the likely molecular fingerprint of an
impaired catalytic function of FP-2 when bound to Cpd66.

Finally, we conducted a computational study to decipher the bases of the selectivity for FP-
2 of nitriles containing Pyr derivatives at P2. Our results revealed that water bridges involving
residues 185 and D234 of FP-2, and the deprotonated nitrogen of the 3Pyr moiety at P2, which are

either less prevalent or nonexistent in the analog complexes involving hCats, explain the SAR data.
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The presence of water molecules in the crystal structures of the studied enzymes close to the
bridging water positions reinforces the likelihood of such interactions occurring. The presence of
the nitrogen atom in positions 2 and 4 of the pyridine ring, also precludes the formation of the
stabilizing water bridges within the S2 subsite of FP-2. Our results show that selective FP-2
inhibitors can be designed by promoting the formation of the above-mentioned water bridge and/or

by introducing substituents that displace the bridging water.
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APPENDIX A — Additional information to methods

Text Al. Compound parametrization

The charges of the atoms belonging to the core structure, i.e., the common structural region
present in all the studied compounds, were obtained by subjecting each inhibitor in neutral state to
quantum mechanical calculations (see step 1 in Fig. Al). These charges were then averaged and
those of the atoms involved in peptide bonds (-CO-NH-) were manually adjusted to their values in
ff14SB force-field (see step 2 in Fig. A1).! Similarly, the charges of the aliphatic group >CH-CH2-
#, where ¢ is the P2 substituent, were replaced by those of the equivalent atoms in PHE (see step
2 in Fig. Al). The core net charge was neutralized by uniformly distributing the oppositely-signed
excess charge in all of the atoms contained in this region, except for those whose charges were
taken directly from ff14SB force-field (-CONH- and >CH-CH2-¢) (see step 2 in Fig. Al).

Figure Al. Workflow employed to parametrize the studied covalent inhibitors. Four main steps

described in detail in Text A1 were conducted to derive charges, bonded and nonbonded parameters for the
studied molecules.

1) Charges derived for each molecule 2) Charges of the core structure averaged.
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Figure A2. Partial charges assigned to the atoms of the studied compounds. The charge of the imine C

atom in parentheses is the one used to simulate the covalent complexes after the removal of the H atom.
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On the other hand, the P2-aromatic rings bearing ethyl groups in lieu of the core structure
were subjected to independent quantum mechanical calculations and subsequent RESP fits to
derive partial atomic charges with antechamber of Amber18.! Then, the ethyl groups were removed
and the total charge of the P2 substituent was adjusted to either 0 or 1, depending on the protonation
state, through uniform distribution of the oppositely-signed excess charge in the remaining atoms
(see step 3 in Fig. Al). This approach was found to yield more suitable and consistent charges for
the atoms undergoing alchemical transformations than those obtained from the parametrization of

the whole compounds. Of note, it is essential that the atoms subjected to alchemical transformation
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have zero net charge in order to keep the charge constant during the TI free energy calculations.
This condition is satisfied by the above-mentioned parametrization scheme. When dealing with
charged ligands, such as the protonated forms of the studied compounds, the conservation of the
net charge is guaranteed by another strategy, as explained in Section 2.1.9.2

Figure A3. Atoms defining the TI regions during the alchemical transformations. Atoms depicted in
red were treated with soft-core potentials as they appear/disappear during the van der Waals transformations,
the remaining atoms were linearly transformed. When performing the uncharging and recharging steps, all

atoms shown in the figure were linearly transformed. Arrows indicate that alchemical transformations were
performed in both directions.

3Pyr
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H H
7N H H H N H H AN H  H_AH
N. _~ - » |
H H o NP NZ~y N Z~y
H
l H H OCHj H
2Pyr 4Pyr I 6CI3Pyr
NN H H N Ho HALH
|
H™ Y H H™ O NT H N F~H
H Cl

Source: Prepared by the author.

Covalent adducts formed by each compound and the catalytic Cys were created by
removing the H bonded to the imine carbon and then adding its charge to the latter atom in order
to keep the net charge constant (see step 4 in Fig. Al). Instead of parametrizing the whole adducts,
we took the parameters of the covalently-modified Cys, including its partial charges, directly from
the CYX residue type of ff14SB force-field, which greatly simplified the generation of covalent
complexes. We are assuming here that the impact of the neglected charge variations on the overall
protein-ligand dynamics and on the relative free energy calculations is slight, especially when the
affected atoms are distal to the mutated groups. All bonded and nonbonded parameters describing
the interaction of the imine carbon and the Cys S atom were set to those of the ¢2 and ss atom types
of gaff2, respectively.!

Finally, it is worth noting that the charges of the PHE phenyl ring were not directly taken
from ff14SB force-field, as we deemed that it was more consistent to derive the charges of all

atoms undergoing alchemical transformations by following the same exact approach. By doing so,
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one can guarantee higher error cancelation when calculating the AAG values. Figure A2 shows the

partial charges assigned to the atoms of the studied inhibitors.
Text A2. Thermodynamic cycle employed for relative free energy calculations

Complexes involving cysteine proteases and reversible covalent inhibitors form through

the following mechanism:3
k; k,
E+IiE-I?ZE—I

The enzyme (E) and the inhibitor first bind to form a noncovalent complex (E<I), which
subsequently leads to the formation of the adduct (E-I). Note that ki, k-1, ko and k-2 are kinetic rate
constants corresponding to the indicated processes. The equilibrium constants associated to each
reversible process of the mechanism (Ki and K) are defined by the equations below:?

_ ko [E]]
SN TN (1)
W A (A1b)

27k, [E-T]
The inhibition equilibrium constant (K;) of the overall process calculated from experimental

Kinetic assays can be written as follows:®

[E]l/]

K; = A2
YO [EeIl+ [E -] (A2)
By combining all previous equations, we can write the K; as follows:
KiK. K
182 3 (A3)

T1YK, 1+K,
where K3 is the dissociation equilibrium constant of the overall process: E + | =E-I.
If one is interested in calculating the AAG value between two reversible covalent inhibitors
I1 and I» targeting the same enzyme E, one can use the expression below that relates the free

energies to the Kj’s:

AAG = AG, — AG, = RTIn|—— (A4)

where AG: and AG> are the binding free energies of the complexes and Kl.(l)and Kl.(z), their
respective inhibition constants. By substituting Eg. A3 into A4, one obtains the following

expression:
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(2
3

&)
K3

€3]

AAG = RTIn (A5)

The second term on the right side of Eq. A5 can be neglected when i) K\ = K and/or

i) KV « 1 and K « 1. Condition i) is satisfied when the structural differences between
inhibitors 11 and 12, belonging to the same compound series and having identical warheads, do not
affect the covalent bond formation equilibrium. Condition ii) is fulfilled when most of the
complexed ligand is covalently bonded to the enzyme (E-I), i.e., [E-I]>>[E*I]. When any of the

above conditions is met, Eq. A5 can be approximated to:

K

AAG = RTIn
KM

(A6)

Eqg. A6 indicates that the calculation of AAG values for covalent inhibitors fulfilling
conditions i) and/or ii) can be conducted through a thermodynamic cycle that involves the
alchemical transformations of the inhibitor free in solution and covalently bonded to the enzyme
(Fig. 2.3), as has been already done by others.* Therefore, it is not necessary to take into account
the free energy contribution of the alchemical process transforming one ligand into the other when
they are bound in a noncovalent fashion to the enzyme (E*l).

We have assumed that the inhibitors studied in the current work fulfill, at least, one of the
abovementioned conditions. Firstly, the chemical changes take place in a region distal to the cyano
group; hence, no significant modifications of the electrophilicity of the warhead and of its
accommodation within the enzyme S1 subsite are expected to occur.* Besides, the crystal structures
of cysteine proteases complexed with similar nitrile inhibitors show that the covalent form is
invariantly preferred over the noncovalent one, at least, under the crystallization conditions (e.g.,
PDBs: 2FQ9, 2FRA, 1MS6, 4AXM, 4QHS6, 3106, 1IGMY, 1U9V, 1U9X, 1U9W). This, in turn,
suggests that K, must be lower than 1. As a consequence of all the previous statements, the
thermodynamic cycle shown in Fig. 2.3-A can be employed as a reasonable starting approximation
to conduct AAG calculations for the studied systems. The comparison with the experimental values
will ultimately show whether these assumptions can yield results consistent with the experiments.

Moreover, we performed the alchemical transformations of the P2 moieties in solution with
the compounds bearing an imino instead of a cyano group, even though the latter is the functional

group actually present in the free molecules (Fig. 2.3-B). This allowed us to employ the imines
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already parametrized (see Text Al), which constitute the noncovalent analogs of the bound state,
thus eliminating the unnecessary step of parametrizing the nitriles. The previous simplification
relies on the assumption that free energies associated to the alchemical transformations of the
compounds in solution are not affected by the specific nature of the warhead (either a cyano or an
imino group), given the latter’s distal position with respect to the P2 moiety and the small chemical

change undergone.

Text A3. Calculation of experimental AAG from ICsg values and pH corrections

To transform the 1Cso value of a reversible competitive inhibitor into its Kj, as is the case
for the inhibitors studied here, one can employ the expression below, upon the assumption that

inhibitors obey the Michaelis-Menten equation:®

€50 — 3 [E]
Ki=——F— (A7)
1+

where [E] and [S] are the concentrations of the enzyme and the substrate in the assay, and Kw is
the substrate concentration required to attain half-maximal velocity. When ICso>>[E], the previous
equation can be simplified to the one below:®

ICsg

(A8)

~

i

Assuming that [S] and Km remain constant when performing inhibition assays for different
inhibitors (11 and I2) binding the same enzyme under the same conditions, one can express their

relative free energy in terms of the 1Cso values by substituting Eq. A8 into Eq. A4:

AAG = RTIn

@
CSO
= (A9)
IcS,

When the inhibitors undergo ionization processes in solution, some corrections depending
on the pH and the pKa of the ionizable groups must be taken into account.

Let us consider that the covalent inhibitor | coexists as two species IH* and | in aqueous
solution, as indicated by the equilibrium shown below:

IH* + H,0 =1+ H;0*

The equilibrium constant for this process (Ka) is defined by the following equation:
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H,0%][I
o= @10

Due to the underlying protonation/deprotonation equilibrium, an apparent Ki (K;"*?) instead

of the real one is obtained from the experiments. K;*” can be defined as follows:

app [E][1]
K7 = [E—1I]+[EI]

where [I]" is the total concentration of the inhibitor in solution, regardless of its protonation state,

(A11)

which is equal to the following sum:

[1]" =[]+ [IH"] (A12)
Notice that Eq. A1l is valid when the occurrence of E</H* and E-IH™ species is negligible;

therefore, they can be eliminated from the denominator on the equation’s right side. If one

expresses [IH*] in terms of [I] using Eq. A10, inserts the resulting expression into Eq. A12, then,

after some algebra, one obtains the equation below:

1] _ K,

- 4 A13
17~ 071+ K, (A13)
From egs. A2, A8, A1l and A13, one arrives to the following relations:
IC K; I K
50 I u _ a (A14)

K®P " [I]'  [H30%] + K,

app ~
ICSO i

Therefore, the 1Cso of an ionizable inhibitor is related to its IC5” by the equation below:

Kq app 107 PKa app 10PH
TH0t + K, 160 To-pi 3 107K« — 1C50 Tgpi 107K (A15)

ICso = IC5YP

The AAG value between two ionizable inhibitors |1 and |2 that bind the same enzyme can
be calculated by inserting Eq. A15 into A9:
1C5"" 10°H + 10PKe”

Tin

1cgg™" 10PH 4 107K

AAG ~ RTIn (A16)

The second term on the right side of the above equation represents the pH correction due
to the occurrence of ionization. If only one of the two inhibitors, e.g., I, is susceptible to ionization,

eq. A16 can be simplified as follows:

Ics(gpp,z)

AAG ~ RTIn
icty

10PH
+ RTIn (A17)
10PH + 10PKS
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The last two equations were employed to calculate AAG values for the studied inhibitors
based on the ICso and IC, " values reported by Nizi et al.” We assumed that the pH of the assays
was 5.5, as it is customary when working with lysosomal cysteine proteases,® ° because the actual
value was not reported by the authors. pKa’s for the P2-Pyr substituents were approximated to
experimental values reported in literature for Pyr derivatives (see Appendix D, Text D1). As the
concentration of enzyme in the assays was not reported either, we had to use the simplified
expression A8, which neglects the [E] term. Of note, Eq. A8 is more likely to yield somewhat
inaccurate results for tight-binding inhibitors, since the condition ICso>>[E] is typically not
fulfilled. However, in the absence of more experimental details, we believe that eqs. A9, A16 and
A17 are good approximations that allow us to compare the predicted AAG values for the studied

systems with those estimated from experimental measurements within a certain margin of error.
Text A4. Umbrella sampling protocol

After careful orientation using gmx editconf of GROMACS v5.1.4, the FP-2:Cpd66 and
FP-2:peptide:Cpd66 complexes were embedded in 7x7x10 nm boxes. Of note, identical orientation
of both complexes inside the box was guaranteed by structural alignment prior to solvation with
TIP3P water molecules. A neutralizing amount of NaCl was added to each, so that the final
concentration was 0.1 M. The systems were then subjected to 50000 steps of steepest descents
energy minimization, followed by 100 ps of NVT and NPT equilibrations in order to reach a final
temperature and pressure of 298 K and 1 bar, respectively. The heating process during the NVT
equilibration was conducted using a linear temperature gradient, from 50 to 298 K, the target
temperature being achieved at 90 ps. The Berendsen thermostat and barostat were used for
temperature and pressure control, respectively, during the equilibrations.*® Pulling simulations
were carried out during 25 ns at a pulling rate of 0.192 nm/ns on the z axis. The reference atoms
for pulling and US simulations were the carbonyl carbon atom of residue 1146 and the alkenyl
carbon atom of Cpd66 bonded to the furanyl ring (Fig. 1.6). Harmonic restraints on the orthogonal
axes of the distance vector between the reference atoms were set during all pulling and US
simulations. The orthogonal restraint constant was 8000 kJ-mol™*-A2 during pulling simulations,
and was lowered to 4000 kJ-mol™*-A2 during US simulations. The equilibrium values for the xy
distance components were calculated by averaging the results from five 25 ns replicate MD

simulations of the complexes carried out with no restraints, after discarding the first 5 ns of each.



142

In addition, the protein’s six external degrees of freedom were restrained to avoid rotation and
translation with respect to the center of mass without affecting the conformational equilibrium in
both, pulling and US simulations.! This was achieved by attaching the protein to three dummy
atoms, which were kept fixed in the simulation cell by means of position restraints of 21000 kJ-mol
L.A2, The six restraints involving the three dummy atoms (D1, D2 and D3) and three protein atoms
(carbonyl carbons of 157, S147 and A88) corresponded to D1-157 distance, D2-D1-157 and D1-
I57-S147 angles, and D3-D2-D1-157, D2-D1-157-S147 and D1-157-S147-A88 dihedrals. A
harmonic constant of 21000 kJ-mol A was employed for the D1-157 distance restraint, and 418.4
kJ-mol™trad?, for the angular and dihedral restraints. Frames were collected from the pulling
simulations every 0.1 nm intervals along the z axis until reaching a distance of 3 nm between the
ligand and the protein reference atoms. Beyond that distance, frames were collected every 0.2 nm.
In the 0-1.20 nm interval, a restraint constant of 6000 kJ-mol™*-A was set for every umbrella
window, whereas a value of 1000 kJ-mol*-A? was employed for the remaining ones. The stiffer
constant allowed us to keep the ligand reference atom close to the equilibrium position while still
partially buried in the binding pocket. The starting frame of each window was equilibrated in the
NPT ensemble during 200 ps at temperature 298 K and pressure 1 bar. The production runs were
conducted in the NPT ensemble at 298 K using the velocity rescaling and Parrinello-Rahman
algorithms for temperature and pressure control, respectively.*® 3 Up to 1.20 nm, all windows were
simulated during 25 ns during the production runs, the remaining ones being simulated over 15 ns.
Data collection started after discarding the first 5 ns. The gmx wham program of GROMACS v5.1.4
was then used to calculate the PMF along the reaction coordinate.’* Standard errors of the mean
were estimated by conducting 1000 bootstrapping simulations taking into account the
autocorrelation time for each window.

In all simulations, a distance cut-off of 1.0 nm was set for electrostatic and van der Waals
non-bonded interactions. Particle Mesh Ewald (PME) was used to handle long-range electrostatics.
PBCs were employed in all cases. The equation of motion was solved using the leap frog algorithm
with a At of 2 fs,® while constraining the bond lengths with LINCS.1®
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APPENDIX B — Additional information to identification of FP-2 inhibitors through an
integrated in silico and experimental approach

Figure B1. Structural alignment of FPs and hCats, shown at the level of their primary sequences. Red
dashed rectangles enclose active site residues of the aligned proteases. On top of the rectangles, the subsites
to which the enclosed residues belong are indicated. Asteriks (*) indicate conserved positions, while colons
(:) and periods (.) indicate conservation between groups of amino acids with strongly and weakly similar
properties, respectively. Grey bars show the %ID for each position. The ClustalX2 default coloring scheme
is used.! The PDBs used for alignment with Modeller 9v9? were: 20UL, 3BWK, 1AYV, 5MAE, 1GMY,
1M6D, 1EF7, 1FHO and 3KWN.
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Table B1: %IDs for hCats with respect to FP-2 and FP-3 in the active site region
hCatK hCatL hCatB hCatC hCatF hCatX hCatV hCatS
FP-2 53.85%  48.72%  48.72%  46.15%  46.15%  35.71%  48.72%  43.59%
FP-3 61.54%  48.72%  46.15%  46.15%  48.72%  40.48%  46.15%  43.59%

The %IDs were calculated based on the alignment shown in Fig. B1, and only considering the residues
enclosed by the dashed red rectangles.
Source: Prepared by the author.

Text B1. In silico analysis of the interaction of HTS07940 with PfENR

We built a model of the ternary complex PFENR:HTS07940:NAD* by superimposing the
PfNER molecule (PDB: 20L4) onto InhA (PDB: 1P44). The coordinates of Genz10850 present in
the latter structure were used as a starting point to build the structure of HTS07940 with Avogadro®
by replacing the indol group by the methylpyrazolyl and methoxyphenyl rings characteristic of the
latter compound. The coordinates of NAD" were taken directly from PDB 20L4 after
superposition. NAD* was parametrized following the same general procedures outlined in Section
2.1.4. Differently from FP-2, which acts at pH=5.5, PfENR is an enzyme that works at neutral pH.*
Of note, a previous study has measured pKa values ranging from 8.06 to 9.73 for various piperazine
derivates, at room and physiological temperatures (298 and 313 K, respectively).> Therefore, the
chances of HTS07940 to become deprotonated in solution increase, as the pH gets closer to the
pKa vaule of the amine group. Additionally, the hydrophobic environment of the deeply buried
PfENR cavity can influence the actual pKa value of the amine group, favoring the deprotonation
process.® Taking into account these facts, we parametrized a deprotonated form of HTS07940 and
performed subsequent 100 ns MD simulations of the ternary complex with both variants of the
compound (Fig. B2).

The RMSD analysis for the ligand atoms during both MD simulations shows that the
compound remained bound into the protein cavity in two stable binding modes, depending on the
protonation state of its amine group (Figs. B2A, B2B and B2C). However, in both cases, the
compound deviates ~2.5 A from the starting structure; thus indicating the occurrence of differences
between the putative binding mode of HTS07940 to PfENR and that of the analog Genz10850 to
InhA, observed in the crystal structure. Despite the deviation of the binding modes of both
HTS07940 protonation states from the initial structure, the relative orientation of the fluorenyl
substituent with respect to the piperazine ring of HTS07940 is closer to that observed for
Genz10850 in the PDB 1P44 only during the MD simulation of neutral form (Fig. B2D). Hence,
the correct protonation state for HTS07940 in a putative interaction with PFENR at physiological
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pH could be the neutral one. Overall, the relative stability of HTS07940 (and, by inference, of
HTS08262) into the PFENR cavity suggests that the compound may be capable of inhibiting this
enzyme in addition to FP-2. However, the starting pose of HTS07940 is so deeply buried into the
PfENR cavity, that the likelihood of observing a dissociation event of the compound during a 100
ns MD simulation is rather small. Interestingly, the PfENR active pocket changed its shape
appreciably during the MD simulation in order to accommodate HTS07940 (Fig. B2). Hence, the
enzyme pocket seems to be quite flexible, being able to adapt to ligands of different sizes and
shapes, e.g., Genz10850 and larger compounds such as HTS07940 and HTS08262. Further in vitro
experiments are required to corroborate our predictions about a putative interaction of HTS07940
and HTS08262 with PfENR.

Figure B2. MD simulations of two different protonation states of HTS07940 in complex with PfENR
bound to NAD*. A) Starting and final structures of the MD simulation of PFENR:NAD" in complex with
protonated HTS07940. B) Starting and final structures of the MD simulation of PFENR:NAD* in complex
with neutral HTS07940. C) RMSD values for HTS07940 heavy atoms calculated with respect to the
structure at t=0. The sudden initial jump of RMSD values is a consequence of the exclusion of the

equilibration time from the graph. D) Time profile of the dihedral angle indicated in the figure. The green
line corresponds to the dihedral angle in the starting pose of HTS07940.
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Figure B3. Selected docking poses of compound HTS07940 into the FP-2 binding site. Poses were

identified by letters based on their structural similarities.

Source: Prepared by the author.

clustered into groups
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Figure B4. Final conformations after 100 ns MD simulations of the docking poses of compound
HTS07940 into the FP-2 binding site. Final conformations are labeled according to Fig. B3.
] TR 2

Source: Prepared by the author.
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Table B2. AGes-values for the last 3 ns of the MD simulations of the docking poses of compound
HTS07940 in complex with FP-2

Poses AGe-GBn (kcal/mol) AGe-GBN2 (kcal/mol)
Al -21.4(0.2) -20.8(0.2)
A2 -23.5(0.3) -22.1(0.2)
A3 -28.7(0.2) -28.6(0.3)
Ad -18.3(0.3) -17.9(0.3)
A5 -20.6(0.3) -19.1(0.3)
B1 -18.0(0.3) -17.7(0.3)
C1l -19.7(0.2) -18.7(0.2)
C2 -20.5(0.2) -19.3(0.2)
D1 -22.1(0.3) -20.6(0.3)
El -11.8(0.2) -11.4(0.2)
E2 -23.5(0.2) -21.8(0.2)
E3 -22.2(0.2) -19.7(0.2)
F1 -23.5(0.2) -22.5(0.2)
F2 -23.3(0.2) -21.7(0.2)

Source: Prepared by the author.

Figure B5. Central structures obtained from clustering analysis of multiple aMD simulations of
HTS07940 in complex with FP-2 and their respective AGes values. Eleven 100ns aMD simulations were
performed for different conformations of the complex generated during a previous MD simulation started
with pose A3. Five clusters were obtained for each trajectory, and the resulting 55 single structures were
scored with GBn and GBn2 models. For brevity’s sake, the figure only shows the five most divergent
structures among the 55 central structures, containing the top-scoring ones.

AG.;GBn  AG,;GBn2
(kcal/mol)  (kcal/mol)
A3a  -37.37 -35.29
A3b  -45.35 -43.90
A3c  -24.62 -21.54
A3d  -28.37 -27.21

A3e -25.68 -21.58
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Figure B6. Central structures obtained from clustering analysis of multiple aMD simulations of
HTS07940 in complex with FP-3 and their respective AGes values. Eleven 100ns aMD simulations were
performed for different conformations of the complex generated during a previous MD simulation started
with pose A3’ (similar to pose A3’a). Five clusters were obtained for each trajectory, and the resulting 55
single structures were scored with GBn and GBn2 models. For brevity’s sake, the figure only shows the five
most divergent structures among the 55 central structures, contalnlng the top- scorlng ones.

Pose AG.GBn AG.;GBn2
(kcal/mol) (kcal/mol)

A3'a -36.48 -34.35
A3'b -42.34 -41.14
A3'c -18.27 -16.45
A3d -29.82 -30.56
A3'e -25.21 -25.94

Source: Prepared by the author.

Text B3. Prediction of the binding mode of HTS07940 to hCatK

Following the same strategy employed for FP-3 (see Section 3.1.4), we also predicted the
lowest-energy binding mode of compound HTS07940 to hCatK (Fig. B7). In this case, two nearly-
isoenergetic top-scoring poses, mainly differing in the conformation of residue Y67, were
identified (Fig. B7). The structural features of the central structures of both poses calculated from
100 ns MD simulations are presented in more details in Figs. 3.4 and B8-A. From these figures, it
becomes apparent that Y67 side chain protrudes into the solvent in pose A3”’b, thereby leading to
an ‘up’ conformation. Conversely, the side chain bends towards the protein in pose A3”c,
hereinafter referred to as ‘down’ conformation. We also predicted that pose A3”b is, by a narrow
margin, more favorable than pose A3”c, based on mean AGesr Values calculated from 100 ns MD
simulations of both complexes (Table B3). Therefore, further analyses were necessary to definitely

propose the lowest energy binding mode of HTS07940 to hCatK.
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The ‘down’ conformation of Y67 in pose A3”c is similar to that observed in the crystal
structure of human pro-cathepsin K (Figs. B8-B and C). By visual inspection of the latter structure,
we concluded that Y67 is pushed down by the propeptide residue P-18 to avoid steric clashes.
Consequently, once the propeptide is removed, the Y67 side chain adopts an ‘up’ conformation in
the mature form of the enzyme (Fig. B9-A), as well as in all the structures of hCatK bound to
organic ligands reported at PDB (data not shown). Of note, the ‘down’ conformation of Y67 was
sampled during the MD simulations of free hCatK (Fig. B8-D), but the probability associated with
this event was very low, i.e., 3-10™. This result reinforces the intrinsic instability of the ‘down’
conformation of Y67 in the mature form of free hCatK, as previously inferred from the analysis of
the available crystal structures.

Figure B7. Central structures obtained from clustering analysis of multiple aMD simulations of
HTS07940 in complex with hCatK and their respective AGes values. Eleven 100ns aMD simulations
were performed for different conformations of the complex generated during a previous MD simulation
started with pose A3” (similar to pose A3”a) Five clusters were obtained for each trajectory, and the

resulting 55 single structures were scored with GBn and GBn2 models. For brevity’s sake, the figure only
shows the five most divergent structures among the 55 central structures, containing the top-scoring ones.
O

— - - . -

Pose AG.GBn AG.;GBn2
(kcal/mol)  (kcal/mol)

A3"a -32.42 -30.57
A3’b -43.96 -41.94
A3’c -43.07 -41.15
A3d -31.82 -33.15
A3% -32.08 -29.47

Source: Prepared by the author.

On the other hand, it can be noticed from Fig.3.4-B that the p-methoxyphenyl moiety of HTS07940
is partially inserted between residues Y67 and L209 of hCatK. Remarkably, the side-chains of
these two residues are in close contact in the structure of free hCatKk (PDB: 5TUN, Fig. B9-A),



153

Figure B8. Alternative ‘down’ conformation of Y67 in hCatK. A) Predicted central structure of
hCatK:HTS07940 from a 100 ns MD simulation started with pose A3”c (Fig. B7). Subsites are colored
according to legend. B) Cartoon representation of human pro-cathepsin K highlighting the Y67-L209 pair
and the propeptide residue P-18 in sticks. The zoomed-in view of the three residues Y67, L209 and P-18,
shows how the latter pushes down the former’s sidechain to avoid steric clashes between them. The human
procathepsin K structure is colored by secondary structure (helices in red, B strands in yellow and loops in
green). C) Crystal structure of human pro-cathepsin K (PDB: 1BY8), the N-terminal propeptide was
removed to expose the active site. D) Distribution of the C-Ca-Cp-Cy dihedral angle of Y67 during a 0.8 us
MD simulation of apo hCatK. Dihedral angles within the range 50-100° (see double-headed arrow)
correspond to a ‘down’ conformation of Y67 in apo hCatK. The probability of finding this ‘down’
conformation in the whole ensemble of structures is ~3-10*.

150 -100 50 0 50 100 150
Dihedral angle (°)

Source: Prepared by the author.

thereby forming a wall that occludes the bottom of the S2 subsite. Thus, the insertion of the p-
methoxyphenyl moiety between L209 and Y67 side-chains can only occur if both residues become
separated from each other. In this sense, we noticed that the histogram of Y67-L209 distance
obtained from the MD simulations of free hCatK overlaps, to some extent, that obtained from pose
A3”b (Fig. B10). Therefore, Y67-L209 distances typical of the complex are sampled during the

MD simulations of free hCatK. By visual inspection, we determined that the p-methoxyphenyl
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moiety fits well into the S2 bottom at Y67-L209 distances larger than 8 A, a condition fulfilled by
nearly 1.2% of the structures in the free hCatK ensemble (probability=1.2 10"). Hence, it is roughly
40 times more likely to find free hCatK in a conformation capable of accommodating the P2 moiety
of compound HTS07940 as in pose A3”b than as in A3”c. When incorporating the relative
abundancies of both conformations into the AAG calculation, it turns out that pose A3”b is the most
stable one by a AAG of ~3 kcal/mol (Table B3). Therefore, we selected pose A3”b as the most
stable binding mode of compound HTS07940 to hCatK.

Table B3. Free energy values for the two top-scoring poses of HTS07940 in complex with hCatK
during a 100 ns MD simulation.

Free energies Poses
(kcal/mol) A3”b A3”c
AGet (GBN) -34.06 -33.59
AGert (GBN2) -33.78 -33.09
AAG (GBn)? - 0.47
AAG (GBn2)? - 0.69
AGpenar” 2.62 4.85
AG’ (GBn)° -31.44 -28.74
AG’ (GBn2)® -31.16 -28.24
AAG’ (GBn)¢ - 2.70
AAG’ (GBn2)“ - 2.92

aRelative free energies were calculated as follows: AAG=AGe(A37c)-AGer( A3”’b), where both AGes
values correspond to the same GB model (either GBn or GBn2).

bThe free energy penalty (AGpenarty) for binding to conformations i of the protein was calculated as follows:
AGpenaiy=-RTIn(pi), where pi is the probability of finding conformations i in the whole ensemble of apo
structures.

Corrected free energies (AG’) were calculated as follows: AG '=AGeft+AGpenalty-

dCorrected relative free energies (AAG’) were calculated as follows: AAG’=AG (A37¢c)-AG’(A3”b), where
both AG’ values correspond to the same GB model (either GBn or GBn2).

Source: Prepared by the author.
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Figure B9. Active sites of hCatK and FP-3. A) Surface representation of the active site of free hCatK
(PDB: 5TUN), after reversing the C25S mutation. B) Surface representation of the active site of FP-3 after
removing the ligand (PDB: 3BWK). Subsites are colored according to the legends. C) H-bond between
residues E236 and Y238 in the crystal structure of FP-3 (PDB: 3BWK). D) H-bond between E236 and Y238
in the central structure of the FP-3:HTS07940 complex. The ligand was removed for clarity’s sake. The H-
bond mediated by either O¢1 or O¢2 of E236 with On of Y238 has a total occupancy of 72% throught the
MD simulation of the complex.
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Figure B10. Distance distributions of residues Y67-L209 in free hCatK and in hCatK complex with
HTS07940. The distance of the Y67-L209 pair was defined as the minimum distance between Cy of Y67
and either C31 or C52 of L209. hCatK Holo in the legend refers to hCatK in complex with HTS07940. Note
that at a distance larger than 8 A, the histograms of apo and holo forms of hCatK overlap; thus, open
conformations of the Y67-L209 gate are sampled in the simulation of apo hCatK.
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Figure B11: Distance time profiles of interacting oppositely-charged residues of FP-2 site 6 during the
simulations conducted with GROMOS 54a8 force-field. The interacting residues are shown for each
central structure of site 6. The distance between these loops was calculated with respect to their center of

masses.
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Figure B12: Distance time profiles of interacting oppositely-charged residues of FP-2 site 6 during the
simulations conducted with Amber14SB force-field. The interacting residues are shown for each central
structure of site 6. The distance between these loops was calculated with respect to their center of masses.
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APPENDIX C — Additional information to the prediction of the binding mode of compound

66 to FP-2 and to the molecular mechanism of the exerted non-competitive inhibition

Figure C1. Occlusion by residue K34 of site 3 internal cavity in FP-2 crystal structure 20UL. The
internal cavity walls are shown in gray. Residue K34, which acts as a lid, and the acidic residues stabilizing
its side-chain conformation are depicted as sticks.

Source: Prepared by the author.
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Figure C2. Formation of a transient pocket in the site 3 region of FP-3. A) Surface representation of a
central structure of FP-3 having an open pocket conformation. The surface region corresponding to the
transient pocket entrance is depicted in orange. A protein slice after 90° rotation shows the inner space of
the pocket. The pocket internal volumetric density is represented in light blue. B) Detailed structural
representation of the open pocket conformation. Residues lying at the pocket entrance are depicted as cyan
sticks surrounded by a transparent orange surface. Residues forming the pocket internal wall are shown as
green sticks. The internal surface of the pocket is colored in gray. H-bonds occurring at the pocket entrance
are indicated with yellow dashed lines. C) Graphs showing the E54(CD)-K36(NZ) distance and site 3
internal volume time profiles during the concatenated MD simulations of FP-3. D) Volume versus E54(CD)-
K36(NZz) distance graph. Dots depicted in orange correspond to frames bearing an open pocket. For FP-3,
the conditions established to define an open cavity were 10 A >E54(CD)-K36(NZ) distance > 8 A and a
pocket inner volume > 80 A%, or E54(CD)-K36(NZ) distance > 10 A and a pocket inner volume > 70 A3,
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Figure C3. Best docking pose of Cpd66 into site 3. A) Two views of the best docking pose showing the
electrostatic surface of FP-2 calculated with the APBS plugin of pymol 2.1.0. The lower image corresponds
to a protein slice after performing a 90° rotation with respect to the upper representation. The surface is
colored according to the gradient of electrostatic potential expressed in k,T/e units, where ky, T and e stand
for the Boltzmann’s constant, the temperature (298.15 K) and the electron charge, respectively. B) Detailed
views of the complex interface. Residues interacting with Cpd66 are shown as sticks. Yellow dashed lines
indicate H-bonds occurring at the interface. The inhibitor is depicted as yellow sticks in all cases.

T~

Source: Prepared by the author.
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Figure C4. Time evolution of the FP-2:Cpd66 complex determined by docking during four
independent MD simulations. A), B), C) and D) represent independent MD simulations started from the
same structure (t=0) but using different randomly-generated velocities. The electrostatic surface of the
protein was colored according to the gradient shown in Fig. C3. Two views of last frame obtained from each
simulation are depicted and labeled accordingly. On top of the first view, the AGe mean value
corresponding to the last 50 ns of each trajectory is provided. Graphs displaying the time profiles of RMSD
values calculated for the Cpd66 heavy atoms after fitting each trajectory to the corresponding starting frames
and with respect to the protein’s backbone atoms, are shown in all cases. Simulations were halted at different
times, when sufficient data were obtained to definitely propose the most stable binding mode.
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162

Figure C5. Comparison of the docking and MD-generated conformations of Cpd66 in complex with
FP-2. The FP-2:Cpd66 complex used as starting structure for the MD simulations is represented as green
cartoon (protein) and yellow sticks (ligand). The complex structure obtained from the MD simulation
leading to the most stable binding mode is shown as cyan cartoon (protein) and salmon sticks (ligand). Note
that the H-bond (yellow dashed line) mediated by T31 and E52 breaks when Cpd66 adopts the final
conformation.
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Source: Prepared by the author.

Figure C6. Contact between residue K203 and the six-membered aryl ring of Cpd66 in the FP-
2:Cpd66 complex. Residues K203 and N204, whose peptide bond is susceptible to trypsin cleavage, and
Cpd66 are shown in surface representation. The distribution of distances between the heavy atoms of K203
and those of the six-membered aryl ring of Cpd66 is shown on the right. The distances between centers-of-
mass of the previously-mentioned atom groups were calculated during the 1.2 ps concatenated MD
simulations of the FP-2:Cpd66 complex.
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Source: Prepared by the author.
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Figure C7. Exchange of water molecules mediating the H-bond between Cpd66 and G29. A) Frames
collected from an MD simulation of the FP-2:Cpd66 complex showing the water exchange during an
interval of 620 ps are sequentially represented. Note that t=0 does not indicate the first frame of the
trajectory, but the one taken as a reference. The water molecules are colored differently to allow their
identification throughout the frames. B) Same as A) but showing the protein surface (gray) created by
residues R25, G29, T31, and F215. A hole on this surface is transiently created, thus allowing the water
exchange.

Source: Prepared by the author.



164

Figure C8. RMSD time profiles for the Cpd66 and peptide during the replicate MD simulations of the
studied complexes. RMSD values calculated during the MD simulations of A) the FP-2:Cpd66 complex,
B) the FP-2:peptide complex and C) the FP-2:peptide:Cpd66 complex. Time profiles of RMSD values were
calculated for the Cpd66 and the peptide heavy atoms after fitting each trajectory to the corresponding
starting frames and with respect to the protein’s backbone atoms.
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Text C1. Cpd66 binding induces subtle perturbations in the FP-2 conformational space

The allosteric inhibition exerted by Cpd66 on FP-2 must lead to some changes in the
protein, ultimately responsible for slowing down the enzymatic activity. We started the
characterization of such changes by means of coarse measurements, such as backbone RMSD and
RMSF calculations throughout the MD simulations (Fig. C9). Interestingly, the Cpd66 binding
causes a shift in the backbone RMSD histograms calculated with respect to the FP-2 crystal
structure (PDB: 20UL) toward the right, when compared to the systems lacking the inhibitor (Figs.
C9-A and B). Therefore, when Cpd66 is bound, the enzyme occurs in conformations that are, on
average, more divergent with respect to the crystal structure than in the absence of this ligand.
However, this effect is largely caused by the reorganization of the loops surrounding Cpd66 and
do not reflect necessarily distal changes. In addition, the calculation of RMSD histogram widths,
i.e., the standard deviations, reveals that the global diversity of FP-2 conformations slightly
narrows in the presence of Cpd66 (Figs. C9A and C9B). In other words, the protein conformations
sampled during the MD simulations of the FP-2:Cpd66 and FP-2:peptide:Cpd66 complexes tend
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to be less diverse in terms of backbone RMSD values if compared to those generated for free FP-

2 and the FP-2:peptide complex.

Figure C9. Comparison of RMSD distributions and per-residue RMSF values for the studied systems.
A) and B) backbone RMSD distributions for the indicated systems with respect to the FP-2 crystal structure
20UL. The standard deviations of the RMSD distributions for the FP-2, FP-2:Cpd66, FP-2:peptide and FP-
2:peptide:Cpd66 systems are 0.214, 0.189, 0.227 and 0.187 A, respectively; and the mean values, 1.40, 1.74,
1.40 and 1.69 A, respectively. C) and D) Per-residue RMSF values calculate for the protein’s backbone with
respect to the average position of each residue during the concatenated 1.2 pus MD simulations conducted
for each system. The arrows indicate regions that appreciably changed their flexibility in the compared
systems.
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The analysis of per-residue backbone RMSF values allowed us to identify protein regions
that changed their local flexibility in the presence of the inhibitor (see arrows, Figs C9C and C9D).
The binding of Cpd66 to FP-2 promotes the most appreciable RMSF variations between the apo
and holo systems in the following residues: 33-39, 58-63, 106-109, 111-114, 117-120, 166-168 and
206-210 (Fig. C9-C), all of them belonging to loops. Remarkably, the flexibility change in the latter
loop, which contains residues W206 and W210, might also explain, to some extent, the variation
in Trp intrinsic fluorescence emission between free FP-2 and the FP-2:Cpd66 complex,! as
microenvironment modifications are expected to occur due to an increase in loop motion upon
ligand binding. Residue W24, besides interacting directly with Cpd66, contacts some residues
belonging to the segments 33-39 and 58-63, whose RMSF profiles varied because of the ligand
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binding (Fig. C9-C). This reinforces our conclusion that changes in the microenvironment of W24
are likely to be critical to explain the shift of Trp emission maximum observed in the fluorescence
experiments.?

For the FP-2:peptide and FP-2:peptide:Cpd66 complexes, the main RMSF variations are
found in the positions: 10-21, 27-36, 62-70, 100-107, 154-157, 205-211 and 233-235, all lying in
loop regions as well (Fig. C9-D). Some of the previously-mentioned loop segments either contain
residues directly interacting with the inhibitor in both FP-2:Cpd66 and FP-2:peptide:Cpd66
complexes, e.g., those involving positions from 27 to 39, or lie close to the interface, e.g., those
comprising the 58-70 and 205-211 positions. However, the remaining loops are located farther
from the allosteric pocket, thus indicating that the perturbations triggered by the inhibitor can
propagate toward distal regions of the protein. Moreover, the binding of Cpd66 tends to increase
the fluctuations of various loops (Figs. C9-C and D), especially those in vicinity of the compound.
Of note, the previous result is not in contradiction with the previous RMSD analysis, which showed
a decreased conformational diversity in the presence of the inhibitor. The RMSF measures the
average fluctuation of each atom (or set of atoms) during the MD simulation with respect to a
reference position, whereas the RMSD quantifies the overall divergence of each conformation of
the ensemble with respect to the reference structure. Therefore, flexible but small regions do not
necessarily lead to large RMSD variations. Conversely, less flexible but larger regions will have
higher weights in the calculations and, consequently, their contribution to the final RMSD value is
likely to be more significant.

In addition, we performed a PCA to compare the motions of the studied systems along the
main PCs.2 As shown in Fig. C10-A, the eigenvalues associated with the PCs of free FP-2 rapidly
decrease up to the fourth PC (Fig. C10-A). This indicates that the first three PCs are associated
with the largest motions of the protein and account for nearly 42% of the cumulative fluctuation
(Fig. C10-A). Of note, PC1, PC2 and PC3 are associated with the collective motions of various
enzyme loops that also display large RMSF values (Figs. C9-C and C10-B and C). The 2D
projections of the FP-2 and FP-2:Cpd66 complex trajectories onto the PC1, PC2 and PC2, PC3
subsets of the free enzyme show a significant overlap; thereby indicating that protein motions along
the selected PCs are rather similar in both systems. However, FP-2 samples, in general, motions of
larger amplitude in the absence of the inhibitor, especially along PC3 (Fig. C10-D). Similar
conclusions can be drawn from the 2D projections of the FP-2:peptide and FP-2:peptide:Cpd66
trajectories onto the same PC subsets employed before (Fig. C10-D). Therefore, the Cpd66 binding
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tends to slightly narrow the concerted movements of the protein along the first three PCs regardless
of the presence of the peptide in the active site. Nonetheless, the peptide seems to counter this
effect to some extent, as greater overlaps of the 2D projections are observed for the FP-2:peptide
and FP-2:peptide:Cpd66 complexes (Fig. C10-D).

Figure C10. PCA results for the studied systems. A) Eigenvalues of the first twenty eigenvectors
corresponding to the 1.2 ps concatenated MD simulations of free FP-2. The cumulative fluctuations of the
first five eigenvectors are shown beside their corresponding points in the graph. B) Per-residue components
of PC1, PC2 and PC3 of free FP-2. Peaks displaying the largest vector components are labeled using Roman
numbers. C) Structural representation of the collective motions in free FP-2 along PC1, PC2 and PC3.
Regions corresponding to the peaks shown in B) are labeled accordingly. D) 2D projections of the protein

motions along the PC1, PC2 and PC2, PC3 subsets of free FP-2 PCs for the indicated systems. The PCA
was conducted for the Ca atoms of the protein.
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Figure C11. Generalized correlations for the studied systems. GC matirices for A) free FP-2 (upper
triangle) and the FP-2:Cpd66 complex (lower triangle), and B) the FP-2:peptide (upper triangle) and the FP-
2:peptide:Cpd66 complexes (lower triangle). RMSD of GC matrices for C) free FP-2 (upper triangle) and
the FP-2:Cpd66 complex (lower triangle), and D) for the FP-2:peptide (upper triangle) and the FP-
2:peptide:Cpd66 complexes (lower triangle). GC;; RMSD values were calculated from the four replicate
MD simulation of each system.

Source: Prepared by the author.
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Figure C12. Distribution of raw and filtered generalized correlations for the four studied systems. A)
Free FP-2, B) FP-2:Cpd66 complex, C) FP-2:peptide complex and D) FP-2:peptide:Cpd66 complex. The
bars in blue correspond to distributions of raw GC>0.5. The bars colored in light purple correspond to
distributions of GC>0.5 in at least one replicate MD simulation of each system and filtered using residue-
residue contact maps, which zero all correlations of distant residues. The overlap between both distributions
is highlighted in dark purple in each graph. Two residues are considered to be in contact if their heavy atoms
are closer than 5.0 A during, at least. 75% of the simulation time. Note that for GC>0.6, both distributions
largely match, thus indicating that long-range correlations have been greatly ruled out when using this higher
GC cut-off.
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Table C1. Residue composition of each community of the studied systems using a 5.0 A distance cut-
off for residue-residue contact definition

Com&“”'ty FP-2 FP-2:Cpd66 FP-2:peptide  FP-2:peptide:Cpd66
1 1:15, 126:144, 115, 1:16. 1:16.
236:241.
2 16:33, 179:202, 16:33, 145, 17:35, 156:164, 17:23, 179:202,
208:226. 178:204, 215:226.  179:203, 205:226. 217:226.
3 34:35,145:150, 34, 63:74, 96:124, 36:63, 238, 24:33,
174:178, 203:207*, 240:241.
231:232, 234:235,
4 36:41, 76:96. 35, 153:167, 64:74,97:126. 34,6373, 95, 97:123,
205:214,
5 42:63. 36:41, 75:95, 75:96. 35, 154:164, 203:216.
6 64:75, 97:125. 42:62. 127:130, 145:155,  36:47, 74:94, 9.
165:178, 204,
227:237, 239,
7 151:173, 227:230,  125:127, 238:241. 131:144, 48:62, 124:126, 238,
233, 240:241,
8 i 128:130, 146:152, . 127:144, 237, 239,
168:177, 227:237.
9 - 131:144, - 145:153, 165:178,
227:236.

aResidue segments containing key residues for catalysis, Q36, C42, H174 and N204, are highlighted in bold.
Source: Prepared by the author.
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Figure C13. Dependency of modularity values on the number of communities for the analyzed
systems. A) Free FP-2, B) FP-2:Cpd66 complex, C) FP-2:peptide complex and D) FP-2:peptide:Cpd66
complex. The optimal number of communities for each system is the smallest one yielding a nearly maximal
modularity (a 0.01 tolerance from the modularity absolute maximum was chosen in each case). The
calculated numbers of communities are indicated between parentheses in each graph.
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Figure C14. Community analysis for the studied systems using a distance cut-off of 4.5 A to define
residue-residue contacts. 2D diagrams showing the organization of communities for each system are
depicted on the left. The communities are represented by circles whose diameters are proportional to the
number of residues contained within each. The lines account for intercommunity correlations, which are
proportional to the line width. For convenience, communities are colored and numbered differently. The
labels of residues Q36, C42, H174 and N204, are shown beside their corresponding communities. On the
right, the community organization is represented as a diagram mimicking the 3D-structure of FP-2, with
nodes colored according to their community membership. The dots and gray lines stand for the network
nodes (Ca atoms) and their pairwise GCs, respectively.
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Table C2. Residue composition of each community of the studied systems using a 4.5 A distance cut-
off for residue-residue contact definition

Coml\rlr;unlty FP-2 FP-2:Cpd66 FP-2:peptide FP-2:peptide:Cpd66
1 1:16, 126:127, 1:16. 1:16. 1:16.
238:241.
2 17:35, 145, 17:25, 157:164, 17:28, 156:164, 17:23, 178:202,
174:226° 179:204, 206:228.  179:203, 208:226. 217:226.
3 36:41, 76:96. 26:33, 35:36, 205. 29:35, 205:207. 24:33.
4 42:63. 34,52, 63:74, 36:39, 41:63, 127, 34, 64:74,97:123.
97:124. 238:241.
5 64:75, 97:125. 37:40, 75:96 40, 75:96 35, 154:164, 203:216
6 128:144. 41:51. 64:74, 97:126. 36:47, 75:96.
7 146:149, 232:237. 53:62. 128:130, 146:155,  48:63, 124:126, 238,
165:178, 204, 240:241.
227:237.
8 150:173, 227:231.  125:129, 237:241. 131:145. 127:130, 235:237,
239.
9 - 130, 145:156, - 131:144.
165:178, 229:236.
10 - 131:144. - 145:153, 165:177,

227:234.
aResidue segments containing key residues for catalysis, Q36, C42, H174 and N204, are highlighted in bold.

Source: Prepared by the author.

Text C2: Betweenness centrality analysis

Our results show that the centrality profiles of the analyzed systems are perturbed by the
presence of the inhibitor (Fig. C15). For free FP-2 and the FP-2:Cpd66 complex, the residues
undergoing the largest variations are: M2, K37, S41, S47, 148, 193, P105, S108, Y123, 1125, K126,
1148, A175 and F236, which decreased their centralities upon the inhibitor binding; and Q1, G29,
V33, K34, G40, F45, S46, S50, E67, E69, L140, F142, K203 and W206, which possess higher
values in the FP-2:Cpd66 complex (Fig. C15-A). Some of the previous residues, e.g., G29, V33,
K34, F45, S46, E67 and K203, lie at the allosteric pocket (Fig. 4.2-B) and, interestingly, all belong
to the group of residues whose centralities augmented appreciably when the inhibitor is bound. On
the other hand, most of the residues displaying large centrality variations are not in direct contact
with Cpd66. In fact, the perturbations caused by the inhibitor are not limited to the allosteric pocket
vicinity, but are spread throughout the protein structure (compare the distribution of per-residue
centralities in free FP-2 and the FP-2:Cpd66 complex, Fig. C15-B). Remarkably, some of the
residues undergoing large centrality variations are located within the active site, e.g., G40, S41,
A175 and W206, thus providing further clues about the impact of Cpd66 on this region of the

protein.
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Figure C15. Betweenness centralities for the FP-2 residues in four different states. A) Graphs show the
per-residue centrality values for the indicated systems. Residues displaying large centrality variations
between the compared systems are labeled. B) Distribution of per-residue centralities on the FP-2 structure
in the different systems (see labels). The Co atoms of FP-2 are depicted as spheres and colored according
to their normalized centralities (see color gradient bars). Cpd66 (not shown) binds along the FP-2 central o-
helix.

A e ' sop FP-2:pept:Cpd6t a1z
E: L e FP- R w— FP-2:pept:Cp A175
5000 F FP-2 d — FP-2.
- v123']2° A235 1237 3000 FP-2:pept —_
>, 4000} c8o sto8| (K128 a175 F23§) = 4000 F 1128 V176 1237\
= F = |7 . N204 \
= / 198 5 s108 L178
£ 3000} Z 3000 Y123 1148
[0 3 [0
$) 4 o
2000 2000 F
1000¢ 1000 |
ot L . - 0 L .
0 50 100 150 200 0 50 100 150 200

Residue Number

N204

FP-2:pept:Cpd66
V1761216

Source: Prepared by the author.

The comparison of per-residue centralities for the FP-2:peptide and FP-2:peptide:Cpd66
complexes leads to conclusions that are roughly similar to those obtained in the absence of the
peptide. However, it is worth saying that the centrality differences between the peptide-bound
complexes become more apparent (compare both graphs in Fig. C15-A). The following residues
decreased significantly their centralities upon Cpd66 binding to the FP-2:peptide complex: C39,
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G40, S41, C42, S50, C80, G97, D109, S108, Y123, G124, 1148, A175, L178, F236, 1237 and P238.
On the contrary, other residues, comprising W24, G29, V33, K34, K37, F45, S46, E67, E69, G83
and N204, notably increased their centralities in the presence of the inhibitor (Fig. C15-A). Many
of these residues display a similar behavior in FP-2 and the FP-2:Cpd66 complex.

Figure C16. Titration curves that were reliably estimated in only one system. In every graph, the
fraction of deprotonation (fs) was plotted versus the pH. Calculated pKa’s and Hill’s cooperativity indices

(n) are indicated. 95% confidence intervals for the estimated values were calculated by error bootstrapping.
Residues marked with asterisks were not accurately titrated.
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Figure C17. Titration curves displaying the largest shifts upon Cpd6é6 binding to FP-2. In every graph,
the fraction of deprotonation (f4) was plotted versus the pH. Calculated pKa’s and cooperativity indices (n)
are indicated. 95% confidence intervals for the estimated values were calculated by error bootstrapping.
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Figure C18. Residues displaying significant pKa shifts upon the binding of Cpd66 to FP-2. The residues
undergoing such variations are depicted as cyan sticks. The inhibitor is shown in yellow and the protein
backbone structure, as white cartoon.
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Figure C19. RMSD values for the peptide at different pHs. The RMSDs were calculated with respect to
the peptide starting conformation in the FP-2:peptide complex at pH=5.5 after fitting all frames to FP-2
initial structure. As the titration was performed by changing the pH in discrete steps of 0.1, the graph was
built by assigning evenly distributed pH values between i and i+0.1 to the frames sequentially collected at
pH i. At pH<4.8 (see dashed line) the peptide loses affinity for the enzyme’s active site.

25 T : r :
T 1
- Peptide backbone
20¢
15¢

10

RMSD (A)

0 e
1 2 3 4 5 6 {1 '§ 9
pH

Source: Prepared by the author.
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APPENDIX D - Additional information to the role of water bridges in the affinity and

selectivity for FP-2 of nitriles bearing pyridine substituents at P2

Text D1. Unfavorable interaction of the protonated studied compounds with FP-2

The pKa of Pyr at 25 °C is 5.23, and increases to 6.00, 5.70 and 5.99 upon methylation at
positions 2, 3 and 4, respectively . Assuming that the Pyr rings of Nit2Pyr, Nit3Pyr and Nit4Pyr
have pKa values similar to the analog methylpyridines, roughly 60 to 75% of the molecules will be
protonated at pH=5.5, the typical pH of lysosomes.? Under these conditions, protonated and
deprotonated forms of the compounds coexist in considerable amounts in solution. Hence, it cannot
be straightforwardly inferred that, upon binding to FP-2, the protonation state of the studied
inhibitors will be that of their most abundant free species in solution.

Firstly, we analyze the most likely protonation state of Nit3Pyr in complex with FP-2. When
protonated, the Npyr atom of this compound lies in a position that, in principle, allows the formation
of H-bonds with either OD1 or OD2 atoms of D234 (Fig. D1-A). In fact, this interaction was
observed in nearly 66% of the frames collected throughout five 300 ns replicate MD simulations
of the FP-2:Nit3PyrH* complex (Fig. D1-A). However, we noted that in some replicas, the Npyr
and OD1,2 atoms remained distant from each other during long periods of time, thus indicating
that the H-bond between them might not as stable as first thought. Subsequently, it was confirmed
through TI AAG calculations that the FP-2:Nit3PyrH* complex is ~6 kcal/mol less stable than FP-
2:Nit3Pyr, regardless of the ionic strength (Table D1). Of note, free energy calculations at two
different NaCl concentrations were conducted as it may affect the affinity of some charged ligands
for the target proteins.® The large AAG associated to the binding of Nit3PyrH* and Nit3Pyr to FP-
2 indicates that the occurrence of complexes involving the charged ligand (E<H* and E-H") is
negligible, as assumed in Appendix A, eq. All.

On the other hand, the Npyr atoms of Nit2PyrH* and Nit4PyrH* do not lie in optimal
positions to establish stable direct H-bonds with D234(0OD1,0D2) (Figs. D1-B and C). The
protonated Npyr atom of Nit2PyrH* remains exposed to the solvent due to the lack of polar
interactions within the S2 subsite during two replicate MD simulations started from structures with
different orientations of the Pyr ring. Remarkably, the Npyr atom of Nit4PyrH* was found to form
either a direct H-bond or a water bridge with D234(0D1,2) during a single 300 ns MD simulation.
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Figure D1. Interaction of Nit3PyrH*, Nit2PyrH* and Nit4PyrH* with FP-2. A) Interface of the FP-
2:Nit3PyrH* complex and D234(0D1,2)-Npy: distance time profiles and distribution obtained from five 300
ns replicate MD simulations. As OD1 and OD2 of D234 are chemically equivalent, the minimal distance
between any of them and Ny for every trajectory frame is shown in the graphs. B) Interface of the FP-
2:Nit2PyrH* complex and 185(N)-N,y: distance time profile and distribution obtained from two replicate
MD simulations started using different initial orientations of the Pyr ring. C) Interface of the FP-
2:Nit4PyrH* complex and D234(0D1,2)-N,yr distance time profile and distribution calculated as in A). Only
a single 300 ns MD simulation of this complex was conducted. In all cases, direct H-bonds and water bridges
are represented using yellow dashed lines. Water molecules lying close to I185(N) are shown as sphere and
sticks. FP-2 residues (cyan sticks) forming H-bonds with the ligand (salmon stick) are labeled. The fraction
of frames contained within each peak of the probability density distributions is shown on top of the
corresponding maximum.
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However, the stability of the direct H-bond (occupancy of 12%) was appreciably lower than that
of Nit3PyrH* (direct H-bond occupancy of 66%). The water bridge was also less prevalent than
one formed by the deprotonated compound (occupancies of 36 and 55% for Nit4PyrH* and

Nit4Pyr, respectively, see Table 5.1). Moreover, it was observed that the neutral compounds are
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Table D1: Relative free energies between FP-2:Nit3PyrH* and FP-2:Nit3Pyr complexes?

[NaCl] AAGchgb AAGa® AAGP |AAGde-AAGde|b‘C
(M) (kcal/mol) (kcal/mol)  (kcal/mol) (kcal/mol)
0 5.9(0.4) 0.05(0.01) 6.0(0.4) 0.4
0.15 6.2 (0.4) 0.05 (0.1) 6.2 (0.4) 0.3

aThe values were determined using the dual system/single box approach at two salt concentrations.
PAAGx=AGx(Nit3PyrH*)-AGx(Nit3Pyr), where X stands for chg (charge-related transformations), vdw
(van der Waals transformations), fwd (forward transformation) or bwd (backward transformation).
AAG=AAG g+ AAGydw

°Hysteresis.

Source: Prepared by the author.

Figure D2. Insertion of P2-Pyr moieties at different protonation states into the S2 subsite of FP-2. A)
FP-2:Nit3Pyr (yellow) and FP-2:Nit3PyrH* (green) complexes. B) FP-2:Nit4Pyr (yellow) and FP-
2:Nit4PyrH* (green) complexes. C) FP-2:Nit2Pyr (yellow) and FP-2:Nit2PyrH* (green) complexes. In all
cases, the ligands are depicted as sticks surrounded by a mesh. The proteins are shown in cartoon and surface
representations. Central structures calculated from the respective MD simulations were selected for
structural representation after structural alignment. D) Distributions of SASA (left graph) and distance (right
graph) values calculated for the MD trajectories of the complexes indicated in the legend on the right. SASA
values were calculated for the heavy atoms of the pyridine ring of each ligand. The distance between I85(Cp)
at the base of the S2 subsite and the center of mass of the pyridine ring of each compound was also taken as
measurement of ring insertion.
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able to insert the P2-Pyr rings deeper into the S2 subsite than the respective protonated forms (Fig.
D2). This indicates, in turn, that it is more favorable for the neutral forms to undergo desolvation
and to accommodate into the hydrophobic S2 pocket than it is for protonated Pyr rings bearing a

delocalized positive charge. On the basis of the previous results and on the large unfavorable AAG
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value for Nit3PyrH*/Nit3Pyr (Table D1), the protonated isomer with the highest capacity to form
H-bonds with D234(0D1,2), we concluded that Nit2Pyr and Nit4Pyr also occur preferentially in
deprotonated states when bound to FP-2. Hence, no time consuming AAG calculations were
deemed necessary for these two complexes.

Finally, note that the substituted 3Pyr moieties of other compounds studied in this work,
e.g., Nit6CI3Pyr and Nit6OMe3Pyr, are less basic than that of Nit3Pyr, with pKa’s of roughly 1.0
and 3.8, respectively. These values were estimated by taking as reference the pKa’s of 2-
chloropyridine (0.49) and 2-methoxypyridine (3.28),* and by adding to each the pKa shift (0.5)
caused by a methyl group at position 4. This shift was obtained by subtracting the pKa’s of 3-
methylpyridine (5.70) and pyridine (5.23), which mimics the effect of methylene linker of the P2
moiety (Fig. 1.5). Due to the smaller pKa values of Nit6CI3Pyr and Nit6OMePyr, it is even less
likely for their protonated forms to bind FP-2 than it is for Nit3PyrH*. Therefore, they were taken
as neutral to conduct the MD simulations of their respective complexes.
Figure D3. Distance distributions involving the water molecules closest to Npyr in three complexes. The
water molecules closest to Npyr in each complex were tracked during all the corresponding MD simulations.
Distance profiles for the indicated atoms were calculated and distributions were subsequently obtained. The

minimal distance of Ny with respect to OD1,2 and OE1,2 is plotted. The relative abundance of each peak
is shown close to each distribution maximum.
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Text D2. Relative abundance of close and distant orientations of Nit3Pyr in complex with
hCatL obtained form TI AAG calculations.

The distance profiles of the hCatL:Nit3Pyr complex show that only two transitions, both in
the close-to-distant direction, were observed in all the replicate MD simulations (Fig. 5.3). This
indicates that the interconversion of both orientations is a slow process, probably due to a tight fit
of the 3Pyr ring into the S2 subsite of hCatL. The small number of transitions observed in the MD
simulations does not allow to determine the relative abundance of peaks A and B (Fig. 5.3). The

more natural solution, i.e., increasing the simulation time, seems to be impractical given the very
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slow interconversion rate observed for this system during its ten replicate 300 ns trajectories,
totalizing 3 ps of simulation time. Therefore, we decided to employ TI AAG calculations to
calculate the relative stability of each orientation, which, in turns, gives us the required information
to combine peaks A and B in the correct proportion.

Figure D4. aV /a4 vs A plots for the alchemical transformation of close and distant orientations of
Nit3Pyr in complex with hCatL. Error bars are added to each point. The abbreviation uch and vdw stand

for the uncharging and van der Waals steps, respectively. Forward (fwd) and backward (bwd)

transformations are labeled accordingly. The legend for each color is shown in the figure.
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Source: Prepared by the author.

The AAG calculation of pose interconversion can be conducted through the thermodynamic cycle
shown Fig. 2.3-B after some considerations. Firstly, note that, since the ligand is not chemically
modified during the alchemical transformations, the free energy associated to the left vertical leg
of the cycle is zero by definition. Consequently, the free energy of right vertical leg can yield the
desired AAG value if NitXz and NitX> correspond, say, to the close and the distant orientations of
the same ligand, respectively, during all the A MD simulations. It is important to highlight that,
during the alchemical transformations, one must ensure that no pose interconversion events occur,
which can be achieved by employing harmonic restraints. Nonetheless, the latter were not
necessary during the 10 ns A MD simulations conducted during the uncharging steps of the 3Pyr
ring in both orientations, as the slow transition rate observed in the hCatL:Nit3Pyr complex (Fig.
5.3) arises from the volume of the P2 substituent, which is kept constant during charge-related
transformation. In fact, we checked that no transitions occurred by analyzing the distance profile

for every A MD simulation. On the other hand, restraints were required to preserve the desired
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orientation during the van der Waals alchemical transformations. Distance restraints similar to
those applied to the FP-2:Nit3Pyr complex during the calculation of AAG5> values in Table 5.3
were employed, the reference atoms being, in this case, M70(N) and Npyr of hCatL and Nit3Pyr,
respectively. The restraint minimum was set to 6.8 A, since it is a suitable threshold to define close
(<6.8 A) and distant (>6.8 A) orientations, according to the distance distributions for
hCatL:Nit3Pyr shown in Fig. 5.3.

Table D2: Relative free energies between the distant and close orientations of Nit3Pyr in complex

with hCatL

AGuenth®  AGuintsy  AGygwid.p®  AAG AAGhys P4 Ps°
(kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol) — (kcal/mol)

45.00 (0.05) 45.41(0.03) -0.60(0.08)  -1.0 (0.1) 0.2 0.16 (0.02)  0.84 (0.02)

a\/alues of the uncharging and van der Waals free energies for Nit3Pyr close (A) and distant (B) orientations,
which were substituted into Egs. D12 and D13 to calculate AAGcaic and py, respectively. The close (distant)
orientation were preserved during van der Waals transformations by applying distance restraints when the
M70(N)-N,y distance was >6.8 A (<6.8 A). A harmonic constant of 10 kcal-mol A2 was set. No restraints
were used during the uncharging process.

bHysteresis

°Probabilities of finding the 3Pyr ring in close (A) or distant (B) orientations in the hCatL:Nit3Pyr complex.
Source: Prepared by the author.

The aV /dA vs A plots for the uncharging steps conducted three times in both directions for
each orientation are shown in Fig. D4. The AAG value between the close and the distant

orientations of the hCatL:Nit3Pyr complex was calculated as follows:

AAGeg = AG;L’g(;CtiL:NiBPyr(B) - AG}IZéZ?L:NiBPyr(A) = AAGII\;?%TII’C;W(A%B)

BAGeqic = MGG — BGIGE) + AMGIGATE ) (b12)
where A and B correspond to the close and distant orientations from peaks A and B, respectively
(Fig. 5.3). Table D2 summarized the results of these free energy calculations. In addition, we show

in the table the probabilities associated to each orientation, which were obtained by calculating the
Boltzmann weights of each state as follows:

1-— AAG
Ps _ 2" Pa_ %F
Pa Pa
AAG
e RT
~Pa= T —aac (D13)
1+ e RT

Notice that we set p, + pp =1, which assumes that the whole phase space is sampled from

MD simulations carried out corresponding to the close and distant orientations. Finally, the
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histograms of each orientation were combined to yield the average distribution, so that the fraction
of frames in each peak matched their respective probabilities, p, and pg. The latter was achieved
by evenly eliminating the exceeding frames from peak A. It is worth noting that the distant
orientation is more favorable than the close one, which explains why the only two transitions
observed during the MD simulations were in the close-to-distant direction (Fig. 5.3).
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Figure D5. aV /A4 vs A plots for all the alchemical transformation conducted during the AAG
calculations. Error bars are added to each point. The abbreviations uch, vdw and rch stand for the
uncharging, van der Waals and recharging steps, respectively. For the charged ligand, the uncharging and
recharging steps were carried out simultaneously (uch/rch) in the same simulation box. Forward (fwd) and

backward transformations are labelled accordingly. The |

OV/0A (kcal/mol)

egend for each color is shown in the figure.
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Text D3. Analysis of H-bonds and water bridges between residues 185 and D234 in free FP-2
and in FP-2:Nit3Pyr, and between residues 187 and E236 in free FP-3 and in FP-3:Nit3Pyr

We conducted H-bond and water bridge analyses for free FP-2 and FP-3 using four replicate
300 ns MD simulations of each enzyme that had been conducted in previous work.* The
distributions of 185(N)-D234(0D1,2) distance in free FP-2 show the occurrence of two peaks, A
and B, with relative abundances of 0.64 and 0.36, respectively (Fig. D6-A). 75% of the frames
pertaining to peak A, which comprises 185(N)-D234(0D1,2) distances within 4 to 6.3 A, can form
I85(N)-D234(0D1,2) water bridges, which occur with an overall fractional occupancy of 0.44
(Figs. D6-A and B, and Table D3). Peak B corresponds to structures in which D234(0OD1,2) and
185(N) are too distant from each other to interact (> 6.3 A, Figs. D6-A and B). Remarkably, the
crystal structure of FP-2 (PDB: 20UL) lies within this peak (Fig. D6-B). Upon Nit3Pyr binding,
the overall shape of the distribution does not change appreciably (Fig. D6-A). The same peaks, A
and B, are still observed in the complex, the former peak being again more abundant (fraction of
0.57, Fig. D6-A). The fractional occupancy of the I85(N)-D234(0D1,2) water bridge in the FP-
2:Nit3Pyr complex is 0.36, slightly smaller than that of free FP-2 (Table D3).

The 187(N)-E236(OE1,0E2) distance distribution in free FP-3 is significantly different
from that of FP-2 (Fig. D6-A). In this case, three peaks, A, B and C, were detected, and the largest
one (peak A) corresponds to structures in which the E236(OE1,2) and 185(N) atoms are close to
each other (2 to 4 A range) and can form direct H-bonds (fractional occupancy of 0.64, Figs. D6-
A and C, and Table D3). The conformation of E236 side-chain observed in the central structure of
peak A is further stabilized by the formation of additional H-bonds with T88(N) and T88(0G1)
(Fig. D6-C). Peak B, occurring with a relative abundance of 0.37, comprises structures able to form
the 187(N)-E236(OE1,0E2) water bridge with a fractional occupancy of 0.26, which is lower than
that of FP-2 (Table D3). On the other hand, the conformation adopted by E236 side-chain in the
less representative peak (C) precludes the formation of H-bonds and water bridges with 187 (Fig.
D6-C). The FP-3 crystal structure occurs in a conformation typical of peak B, as it involves the
formation of the analyzed water bridge (Fig. D6-C). The Nit3Pyr binding dramatically changes the
187(N)-E236(OE1,0E2) distance distribution (Fig. D6-A). Peak A becomes almost nonexistent
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(9% of the frames), as both residues must lie farther from each other to let the 3Pyr moiety fit
within the S2 subsite. Peak B is also less abundant under these circumstances (Fig. D6-A), but the
187(N)-E236(OE1,2) water bridge fractional occupancy remains relatively unchanged with respect
to that of free FP-3 (Table D3). In the presence of the ligand, the largest peak (C), relative
abundance of 0.54, corresponds to structures in which 187(N) and E236(OE1,2) are distant from
each other (> 6.3 A) and, consequently, do not interact (Fig. D6-A and C).

Figure D6. Distance distributions and central structures of free FP-2 and FP-3 corresponding to every
distribution peak. A) Distance distributions for the indicated atoms and systems. The relative abundance
of each peak is shown close to each distribution maximum B) Central structures of free FP-2, colored in
cyan, corresponding to the peaks shown in parentheses. The crystal structure of FP-2, PDB 20UL, is colored
in green and the peak to which it belongs is shown in parentheses. C) Same as B) but for FP-3. The crystal
structure of the enzyme is colored in green. In all cases, residues and water molecules involved in the
formation of H-bonds and/or water bridges are depicted as stick and spheres, respectively, and residues were
labelled.
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The analyses performed here indicate that 185 and D234 are more prone to form water
bridges in free FP-2 than the equivalent residues, 187 and E236, in free FP-3. This differential
pattern of water bridge formation persists upon Nit3Pyr binding to each enzyme, thus highlighting
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that the greater relevance of these interactions in the FP-2:Nit3Pyr complex stems from an inherent

property of the interacting residues in FP-2.

Table D3. Fractional occupancies of water bridges and H-bonds involving 185 and D234 of free FP-
2 and FP-2:Nit3Pyr, and 187 and E236 of FP-3 and FP-3:Nit3Pyr

System Direct H-bond? Wat. Bridge®
FP-2 0 0.44 (0.05)°
FP-2:Nit3Pyr 0 0.36 (0.04)
FP-3 0.64 (0.09) 0.26 (0.06)
FP-3:Nit3Pyr 0.03 (0.01) 0.23 (0.02)

ab185(N)-D234(0D1,2) in FP-2 systems and 187(N)-E236(OE1,2) in the FP-3 ones.
®Mean value and standard error of the mean in parentheses.
Source: Prepared by the author.
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