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RESUMO 

 

Cisteíno proteases (CPs) são importantes alvos em diversas doenças 

infecciosas e câncer, sendo atrativas para o desenvolvimento de novos 

inibidores. Os inibidores covalentes direcionados, do inglês Targeted covalent 

inhibitors (TCIs) são extensivamente aplicados na inibição de CPs, pois 

promovem a modificação covalente destas enzimas. Entretanto, o planejamento 

e modelagem molecular de inibidores covalentes apresenta um desafio 

computacional, uma vez que o processo de inibição covalente consiste em 

múltiplos passos.  

Este trabalho inicia com uma revisão sistemática da literatura de modo a 

analisar o uso da nitrila como grupos reativos para o desenvolvimento de 

inibidores covalentes. As nitrilas apresentam um grande potencial como 

warheads em alvos como as CPs e enzimas que contenham resíduos catalíticos 

de cisteína ou serina. Além disso, as nitrilas podem aumentar a reatividade de 

outros grupos, como é o caso da cianoacrilamida, e podem ser usadas em 

inibidores covalentes reversíveis que tem como alvo resíduos não catalíticos. 

Em uma próxima etapa, foram empregados métodos da mecânica 

clássica (MM) e mecânica quântica (QM) para entender e prever a afinidade de 

ligantes por CPs específicas. Começando com os cálculos quânticos, descritores 

baseados em QM foram obtidos, como índices de eletrofilia local, para estimar a 

reatividade de diversos warheads, constatando evidente correlação com a 

constante de inibição enzimática experimental. Estes descritores poderão ser 

usados em modelos de aprendizado de máquina ou em modelos de relação 

estrutura-atividade. 

 Ainda usando métodos QM para modelar o warhead, a metodologia QM-

cluster approach foi empregada para estimar a relativa diferença de potência de 

dois inibidores pares com warheads distintos (nitrila e aldeído). Com um modelo 

do sítio ativo contendo pouco mais de 300 átomos, essa técnica mostrou-se 

eficaz para capturar a diferença de energia entre os ligantes com diferentes 

warheads. Essa metodologia promissora pode ser empregada em futuras 

campanhas de desenvolvimento de novos inibidores covalentes, onde o alvo 

também é levado em consideração. 



 

Por fim, foram realizadas simulações de dinâmica molecular para 

compreender o modo de ligação de diversos inibidores. Além disso, cálculos de 

perturbação de energia livre (FEP) foram realizados para estimar a energia livre 

de ligação relativa (RBFE). Os resultados sugerem que o estado covalente do 

processo de interação bimolecular é fundamental e mais relevante para a energia 

livre do que do complexo não covalente.  

No geral, as descobertas realizadas nesta tese contribuem para o 

desenvolvimento de inibidores covalentes reversíveis e abrem caminho para 

novos avanços no campo. 



 
 

ABSTRACT 

 

Cysteine proteases (CPs) are essential targets in various infectious 

diseases and cancer, making them attractive for developing new inhibitors. 

Targeted covalent inhibitors (TCIs) are extensively applied in the inhibition of 

CPs, as they promote the covalent modification of these enzymes. However, the 

molecular design and modeling of covalent inhibitors present a computational 

challenge since the process of covalent inhibition is complex. 

This work begins with a systematic literature review to analyze the use of 

nitriles as reactive groups for the development of covalent inhibitors. Nitriles have 

great potential as warheads in targets such as CPs and enzymes containing 

catalytic cysteine or serine residues. Additionally, nitriles can enhance the 

reactivity of other groups, such as cyanoacrylamide, and can be used in 

reversible covalent inhibitors targeting non-catalytic residues. 

Next, molecular mechanics (MM) and quantum mechanics (QM) methods 

were employed to understand and predict ligand affinity for specific CPs. Starting 

with quantum calculations, QM-based descriptors, such as local electrophilicity 

indices, were obtained to estimate the reactivity of various warheads, showing a 

clear correlation with experimental enzymatic inhibition constants. These 

descriptors can be used in machine learning or quantitative structure-activity 

relationship models. 

Still, using QM methods to model the warhead, the QM-cluster approach 

was employed to estimate the relative potency difference between two pairs of 

inhibitors with distinct warheads (nitrile and aldehyde). With a binding site model 

containing just over 300 atoms, this technique effectively captured the energy 

difference between ligands with different warheads. This promising methodology 

can be applied in future campaigns to develop new covalent inhibitors, 

considering the target protein. 

Finally, molecular dynamics simulations were performed to understand the 

binding modes of various inhibitors. Free energy perturbation (FEP) calculations 

were carried out to estimate the relative binding free energy (RBFE). The results 

suggest that the covalent state of the bimolecular interaction process is 

fundamental and more relevant to the free energy than the non-covalent complex. 



 

Overall, the findings of this thesis contribute to the development of 

reversible covalent inhibitors and pave the way for new advancements in the field. 
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1. INTRODUCTION 

1.1 Cysteine Proteases as Pharmacological Targets 

Proteases represent a class of enzymes responsible for catalyzing the 

hydrolytic cleavage of peptide bonds.1,2 They are involved in many physiological 

processes and can be related to various pathological conditions and disease 

states when dysregulated.3 With almost 600 proteases in humans, this class of 

enzymes can be divided into four main subclasses based on their specificities 

and catalytic mechanisms: aspartic, cysteine, serine and metalloproteases.4 This 

work focuses on cysteine proteases (CPs), which possess a cysteine residue in 

their catalytic dyad or triad.1,5  

Encompassing a total of 11 members, the cathepsins (Cat) are the 

representative proteins in humans for the CPs family, which consists of Cat B, C, 

F, H, K, L, O, S, V, W and X.1,6 CatB and CatL are particularly noteworthy as they 

are widely distributed throughout our body. In contrast, the remaining cysteine 

cathepsins are found in more specific tissues or cell types.7 Many pathological 

conditions observed in humans are associated with the malfunctioning of these 

enzymes, making them attractive targets for developing of new drug 

candidates.6,8  

Lately, studies have observed increased expression of cathepsins in 

cancer cells, such as Cat (B, L, S, and K),9,10 indicating their potential involvement 

in neoplastic progression and cancer advancement.9,11 CatB has been implicated 

in neurodegenerative disorders such as Parkinson's and Alzheimer's. Microglia, 

cells responsible for defending the central nervous system, typically produce 

CatB and can secrete excessive amounts of this enzyme, leading to neuronal 

apoptosis.12,13 CatL can be involved in the mechanism by which coronaviruses 

introduce their genetic material into host cells,14 this process will be further 

elucidated. CatK is specifically linked to bone diseases such as osteoporosis and 

osteoarthritis, as it degrades collagen, a major component of the organic bone 

matrix.15,16 CatS, on the other hand, plays a crucial role in the body’s immune 

response to tumors, promoting the activation of CD4+T cells over CD8+T cells, 

thereby facilitating tumor growth and increasing tumor volume.17,18 Cathepsins 

are also related to cardiovascular diseases, where patients have exhibited higher 

enzyme activity in the heart and arterial walls.7 Moreover, they contribute directly 

and indirectly to cardiovascular inflammation by regulating adaptive and innate 
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immune responses. The secretion of cathepsins is also associated with the 

inflammatory response in several diseases, including rheumatoid arthritis and 

pancreatitis.3  

Expanding beyond human cysteine cathepsins, there are other biologically 

relevant CPs that are attractive to serve as drug targets. Parasitic and viral 

proteases are examples of proteins that are being targeted for the treatment of 

infectious diseases.19 

Illustrative examples of parasitic proteases include the enzyme cruzain 

(Cz), a recombinant form of the enzyme cruzipain, from Trypanosoma cruzi, the 

etiological agent of Chagas disease,20,21 which is essential for the development 

and survival of the parasite inside and outside the host cells. Rhodesain is 

another non-human CP of interest in developing new drugs. It is the most 

expressed CP and a validated target for T. brucei rhodesiense, the causative 

agent of African sleeping sickness, a parasitic disease endemic to sub-Saharan 

Africa.22 Additionally, in the context of malaria, the parasite Plasmodium 

falciparum contains an essential CP for survival within the host cells, the falcipain-

2.23 

Regarding viral proteases, the most recent and notorious example proteins 

are associated with the severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), responsible for the coronavirus disease 2019 (COVID-19) pandemic.24,25 

The papain-like protease (PLpro) and main protease (Mpro) are two essential 

enzymes associated with the release of nonstructural proteins responsible for 

viral replication and transcription.26–28 Mpro is one of the most explored targets in 

order to the development of novel antiviral drugs and so far, it has one drug that 

targeted it approved worldwide, which is Paxlovid (nirmatrelvir + ritonavir) and 

one more drug approved in Japan, ensitrelvir. 25,27,29,30 The case of nirmatrelvir, 

present in paxlovid as an inhibitor of the Mpro, will be discussed in more detail 

later on. 

Additionally, another strategy to impair viral replication is the inhibition of 

host enzymes.31 Regarding SARS-CoV-2, interestingly, after viral endocytosis, a 

human enzyme with potential inhibitory targets is CatL.14,32 Once the virus is 

present within the endosome, this cathepsin cleaves the S protein of SARS-CoV-

2, releasing the viral genetic material into the host cell's cytoplasm, and initiating 

the mechanism for the production of new viral particles.14,25,33 



3 
 

Thus, the inhibition of cysteine proteases can be directly related to the cure 

or treatment of various diseases.3,8,11 Therefore, due to their association with 

certain illnesses, CPs are highly attractive targets for discovering and developing 

new drug candidates. Other factors that make these enzymes appealing for the 

search for new chemical entities include their ubiquity in different organisms, the 

known 3D structures with modes of interaction (MoB) and mechanisms of action 

(MoA) of a myriad of inhibitors.4,6,34,35 Moreover, elucidating the catalytic 

mechanism of these enzymes also holds invaluable value for developing new 

inhibitors. 

 

1.2 Catalytic Mechanism of Cysteine Proteases 

The chemical processes that occur within cells are typically controlled by 

a type of protein called enzymes. Enzymes are considered biological catalysts, 

allowing specific reactions to occur at biologically feasible rates and are essential 

for life. They are highly substrate-specific, and therefore, the active site of 

enzymes is tailored to interact with a particular substrate.36 

This specificity for particular substrates is directly related to the 

stabilization of their respective transition state (TS), rather than the substrate 

itself. Therefore, enzymes are responsible for stabilizing the transition state of a 

reaction, reducing the free energy of activation. They achieve this by providing 

an alternative and more energetically favorable reaction pathway.37 

Therefore, it is through the stabilization of the substrate's TS that enzymes 

are able to catalyze specific reactions within biologically feasible time scales and 

are responsible for numerous biochemical processes in living organisms.36 Thus, 

understanding the mechanism of enzyme action is crucial to comprehend why 

enzymes can exhibit greater specificity for one substrate over another. 

This knowledge brings one of the most beneficial applications for human 

beings, the development of medications. Since enzymes catalyze a wide range 

of cellular processes, inhibiting them can interrupt specific enzymatic reactions, 

leading to a desired therapeutic effect.  

Before exploring the catalytic mechanism of cysteine proteases, it is 

pertinent to highlight two fundamental observations that warrant attention:  

1 – Typically, CPs possess a catalytic triad consisting of Cys/His/Asn, 

which is essential for their proteolytic activity.2,38 This triad is found in human 
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cathepsins as well as in parasitic proteases like cruzain, falcipain, and rhodesain. 

However, the Asn residue is sometimes absent from the active site, and its 

function is compensated by a water molecule.39 This water molecule effectively 

polarizes the His residue, enabling it to capture the proton from the Cys 

residue.39,40 A notable example is the Mpro of SARS-CoV-2, which exhibits a 

catalytic dyad of Cys/His instead of the catalytic triad.40,41 In the mechanism 

presented below, the depiction will focus solely on the direct interaction/reaction 

between the Cys/His residues with the substrate/inhibitor, without illustrating the 

involvement of the Asn residue or this water molecule;  

2 – The other point concerns the timing of Cys-His ionic pair is formed in 

relation to ligand binding: whether it occurs before (free enzyme or apoenzyme) 

or after the binding of the ligand. This topic remains an open question in the 

literature and appears to vary across different enzymes.38,42–44 Zhai and Meek 

conducted studies on cruzain and determined the pKa of the catalytic Cys/His 

residues.45 They found that both residues in the free enzyme form exist in a 

neutral state. Thus, it is believed that the ligand binding induces the formation of 

the ion pair.38,45 Similar observations have been made for other CPs, as observed 

for Villamil and colleagues.46 Interestingly, computational studies have also 

shown that the catalytic dyad Cys/His in free Mpro will be at a neutral state.47–50 

However, a recent study solved the free enzyme of Mpro through neutron 

crystallography and showed that the ionic pair Cys-/His+ is present in the 

apoenzyme form.44 The presence of ion pair prior to ligand binding has also been 

observed for papain.51 In summary, the formation of the ionic pair in cysteine 

proteases can occur either before or after ligand binding and varies among 

different enzymes. 

Next, the catalytic mechanism of cysteine proteases will be explained in 

greater detail. Cysteine proteases possess a catalytic cysteine residue that 

performs a nucleophilic attack on the carbonyl carbon of a scissile peptide bond. 

Their catalytic mechanism is a complex process that can be divided into two 

stages: 1) acylation and 2) deacylation.38,45 The general mechanism of action for 

CPs is illustrated in Figure 1, using cruzain as an example, in line with the 

experiments performed by Zhai and Meek.45 

 



5 
 

Figure 1 – Catalytic mechanism for CPs, the amino acid residue numbering (Cys25 and His162) 

is according to cruzain. The mechanism can be divided into two stages, acylation (right 

part with blue background) and deacylation (left part with orange background). The 3D 

representation in the center is the apocruzain from the PDB code: 6N3S.52 

Source: Image created by the author. 

 

Herein, it is being considered that the enzyme in the free form (E) 

possesses the catalytic dyad, Cys25 and His162, in the neutral state, according 

to their pKa values, 9.7 and 6.6, respectively.45 The nomenclature of kinetic 

constants is the same used for Zhai and Meek45 in case of interest in further 

reading. Accordingly, with the approach of the substrate in the active site (EA 

complex), the first part of the mechanism begins with the acylation of the enzyme 

(the right part of Figure 1, blue background). With the substrate close to the 

catalytic dyad, the His residue, through its imidazole group, captures the proton 

from Cys via a general base catalysis mechanism. Once the ionic pair Cys-/His+ 

is formed (EA+/-), the cysteine acts as a strong nucleophile, utilizing the thiolate 

present in its side chain to perform a nucleophilic attack on the carbonyl carbon 

of the peptide bond. 
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Following this attack, the tetrahedral intermediate 1 (EX complex) is 

formed, wherein the oxygen previously present in the carbonyl of the scissile 

peptide bond becomes negatively charged and is stabilized through hydrogen 

bonding in a region of the enzyme known as the oxyanion hole.38 Subsequently, 

the His+ residue will be deprotonated, returning to its neutral form, while the 

proton is transferred to the substrate, releasing the first product, H2N−R1.  

Thus, the acylation stage of the mechanism is completed, with the 

formation of product 1 and the acyl-enzyme complex (FP). The next step in the 

mechanism involves the deacylation of the enzyme (left part of Figure 1, orange 

background), where the protein will be regenerated through hydrolysis. 

In the first step of the deacylation half-reaction (F), once again, general 

base catalysis takes place, with the participation of a water molecule, which is 

crucial for the mechanism and is the reason that proteases are also called 

hydrolases. His162 will capture a proton from the water molecule, becoming 

positively charged (His+), while the resulting hydroxide (OH-) will act as a 

nucleophile, attacking the carbonyl carbon of the acyl-enzyme, forming the 

tetrahedral intermediate 2 (FX complex). 

 Similar to the first formed intermediate, this one will also be stabilized 

through intermolecular interactions in the oxyanion hole, where the oxygen of the 

former carbonyl group becomes negatively charged after the nucleophilic attack. 

Then, the proton from His+ will be transferred to the sulfur of Cys25, and in a 

concerted manner, it will lead to the formation and release of the second product 

(EQ).  

Therefore, with the release of the second product, the deacylation half-

reaction of the enzyme is completed, and the catalytic dyad can be found in the 

neutral form again (Cys/His) in the free enzyme. Thus, with the enzyme 

regenerated to its initial state (E), the peptide bond hydrolysis mechanism can 

begin once again, involving general acid-base catalysis, covalent catalysis, and 

nucleophilic catalysis.  

It is important to highlight that the rate-limiting step of the reaction is the 

deacylation, which occurs after the rapid acylation.38,45 Furthermore, for Cz, the 

Cys-/His+ ion pair is only formed in the presence of the substrate/inhibitor in the 

active site. 
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From understanding the reaction mechanism and its associated steps, 

several inhibitors have been proposed for CPs over time. Many of these inhibitors 

have been designed to mimic the transition state and contain functional groups 

such as diazomethyl ketones, vinyl sulfones, haloalkyl ketones, α-ketoesters, 

nitriles, aldehydes, among many others, which undergo nucleophilic attack by the 

catalytic cysteine.1 Hence, the tetrahedral intermediate is formed and 

subsequently forms a covalent adduct, either irreversibly or reversibly,53,54 as will 

be discussed in the next topic. 

Remarkably, the development of new inhibitors based on the enzyme's 

mechanism of action is not limited to CPs.55 For instance, by understanding the 

mechanism of aspartic proteases, another family of proteases, it has been 

possible to develop new drugs for treating human immunodeficiency virus (HIV) 

infections, such as Saquinavir (Figure 2),56 the first protease inhibitor approved 

by the Food and Drug Administration (FDA). Researchers have designed 

compounds containing a strategic hydroxyl group to mimic the substrate's 

transition state, creating a competitive inhibitor for the enzyme's active site, thus 

interfering in the enzymatic proteolytic process.57 

 

Figure 2 – Chemical structures of Saquinavir, used as an antiretroviral drug, and benzylpenicillin, 

used as an antibacterial agent. The highlighted groups are essential to mimic the 

substrate according to the mechanism of action of the respective enzymes that these 

drugs inhibit. 

 

Source: Image created by the author. 

 

Another successful example of a class of drugs that inhibit target proteins 

based on the catalytic mechanism is antibiotics, one of the greatest discoveries 

ever made by humans. Although the first antibiotics, such as Fleming's penicillin, 

were serendipitously discovered, one of the most effective approaches to treating 

bacterial infections is through the use of β-lactam drugs (Figure 2).58 The β-
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lactam antibiotic function by inhibiting the enzyme transpeptidase, which features 

a catalytic Ser residue in its active site. The four-membered β-lactam ring in these 

drugs mimics the carbonyl group of the peptide bond in peptidoglycan, the 

substrate upon which transpeptidase acts.58 By inhibiting this enzyme, bacterial 

cell wall formation is disrupted or compromised, resulting in cell lysis. 

 

1.3 Reversible Covalent Inhibitors 

1.3.1 History of the Covalent Drugs  

By understanding the reaction mechanism of a particular enzyme, it is 

possible to develop new competitive inhibitors based on this process.59 

Generally, there are two groups of inhibitors: non-covalent and covalent. 

In Scheme 1, we can distinguish these two types of inhibitors. Non-

covalent inhibitors (gray in Scheme 1) do not form any chemical bond with their 

target enzyme; their inhibition is due to the formation of a stable enzyme-inhibitor 

complex through intermolecular/non-bonded interactions between the species 

involved (E⋯I). On the other hand, in addition to intermolecular interactions, 

covalent inhibitors also form a chemical bond with the macromolecular target 

(E―I). The covalent inhibitors can be classified as irreversible (orange in Scheme 

1) or reversible (blue in Scheme 1), depending on the reactive group used in the 

ligand to form the covalent bond with the protein,54,60 vide infra. 

 

Scheme 1 – General mechanism of enzymatic inhibition between an inhibitor (I) and its target (E). 

Here, k1/k-1 are the constants of noncovalent inhibition (gray), k2 (kinact) will guide 

irreversible covalent inhibition (orange), and k3/k-3 will guide reversible covalent 

inhibition (blue). 

 

Source: Image created by the author. 

Covalent inhibitors or targeted covalent inhibitors (TCIs) have been on the 

market for over a century and, currently, there are more than 50 FDA-approved 

drugs utilizing this mechanism of action.54,60–66 These drugs have made 
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significant contributions to the history of medicine and are considered milestones 

in the field. Figure 3 shows a timeline of the major covalent drugs. 54,60–66
 

 

Figure 3 – Timeline of important drugs with covalent inhibition as the mechanism of action. The 

reactive group or atom of each drug is highlighted.  

 

Source: Image created by the author. 

Starting with aspirin, a trademark registered by Bayer in 1899, which 

marked the beginning of its production and distribution.65,67 Although aspirin is a 

widely used medication with various therapeutic effects its primary mechanism of 
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action involves inhibiting the production of prostaglandins, which are signaling 

molecules involved in pain, inflammation and blood clotting processes.64,67,68  

A few years later, in 1928, one of the most famous and pivotal medications 

in our history was discovered at Hospital St. Mary in London, the aforementioned 

penicillin. During World War II, there was a crucial need for large-scale production 

of this β-lactam drug. The United States took the initiative to meet the demand 

and ensure an adequate supply of this life-saving medication for treating not only 

their soldiers but also the soldiers of allied countries.69,70 

In the late 1970s, a groundbreaking discovery was made: omeprazole. 

This proton pump inhibitor works by reducing the production of stomach acid, 

relieving individuals suffering from acid-related conditions and revolutionizing the 

treatment of gastrointestinal reflux.71 Building on this success, lansoprazole was 

patented shortly after, offering similar therapeutic benefits.62 

In 1996, a new class of antibiotics entered the market with the introduction 

of fosfomycin, an epoxide-containing drug.72 This antibiotic functions through a 

different mechanism than penicillin but shares the same goal of inhibiting 

bacterial cell wall synthesis.73 Its introduction provided healthcare professionals 

with an additional tool for combating bacterial infections. 

The year following fosfomycin, a remarkable advancement in the treatment 

of vascular disorders occurred with the introduction of the anticoagulant 

clopidogrel. It offers improved management of conditions such as heart attacks 

and strokes.62,74 Interestingly, these drugs with the sulfur atom in their scaffolds 

(omeprazole, lansoprazole and clopidogrel) are prodrugs. Upon metabolism, their 

metabolites are thiol-based compounds that permanently create disulfide bonds 

to inactivate the macromolecular target.65,71,74 

Moving to the first decade of the 21st century, the discovery of bortezomib 

provided another option for cancer treatment. Bortezomib is a proteasome 

inhibitor that induces programmed cell death in cancer cells.75 And in 2009, the 

antidiabetic drug saxagliptin began to be marketed for the medication of type 2 

diabetes mellitus (T2DM).76,77 With the successful design of saxagliptin, other 

nitrile-based covalent inhibitors of dipeptidyl peptidase 4 (DPP-4) were developed 

and approved worldwide (e.g. vildagliptin, anagliptin and trelagliptin).78 

In the following decade, the most fruitful period of covalent inhibitors began 

with significant advancements in oncology treatments through kinase 
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inhibition.79–81 In 2013, ibrutinib and afatinib emerged as groundbreaking covalent 

protein-kinase inhibitors (CPKIs), revolutionizing targeted therapies for 

cancer.54,79 These two pioneering drugs paved the way for the development of 

six additional CPKIs that have since gained FDA approval.79,80 These eight CPKIs 

represent 11.3% of all FDA-approved drugs that act by inhibiting kinases (71 

drugs).82 

Furthermore, countless lives were lost during the arduous battle against 

COVID-19 in recent years, underscoring the urgent need for effective treatments. 

While vaccines were developed at an unprecedented pace, Pfizer's scientists 

took an interesting approach by revisiting an old peptidomimetic drug candidate 

initially intended for treating SARS-CoV-1.25,83 Recognizing its potential, they 

repurposed this candidate to develop a new antiviral drug named nirmatrelvir, 

which MoA consists of impairing viral replication in host cells through the inhibition 

of the Mpro.84,85 Nirmatrelvir is marketed under the trademark name paxlovid, a 

combination of nirmatrelvir and ritonavir. The latter is necessary to inhibit the 

metabolization of nirmatrelvir by CYP3A4.86 The fantastic success of paxlovid is 

evident in its revenue. In 2022, paxlovid ranked among the top four best-selling 

pharmaceutical products, generating a staggering $18.933 billion in sales.87,88 

Furthermore, the projected sales for paxlovid in 2023 are expected to surpass the 

$15 billion mark.89 

Finally, to conclude the timeline of noteworthy covalent drugs, notable 

advancements include sotorasib and adagrasib for the treatment of solid 

tumors.90,91 These two breakthrough drugs are known to target “undruggable” 

proteins, since the inhibition of mutant KRAS (G12C), a GTPase and member of 

the RAS family, faced 40 years of inefficiency until the covalent approach.65,92 

They target the Cys12 of KRAS (G12C) to form the covalent bond and then 

inactivate the enzyme, reshaping cancer treatment strategies.92 

An intriguing aspect of medications that contain TCIs as their active 

substances is that a significant portion of them was discovered serendipitously 

rather than through a rational project involving the inhibition of a specific target 

with a covalent bond formation.62,65,93 In numerous covalent drugs discovered 

before 2000, their precise mechanism of action remained undisclosed for many 

years following the medication's introduction to the market. For instance, it was 

not until the 1970s that the main therapeutic effect of aspirin, involving 
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cyclooxygenase 1 inactivation through the acetylation of Ser529 of the enzyme, 

was fully understood.81,94  A similar situation occurred with penicillin and 

omeprazole, where the elucidation of their respective mechanisms of action came 

several years after their initial discovery, despite recognizing the drugs' beneficial 

properties. 

Interestingly, until the recent success of saxagliptin (as well as the other 

“gliptins”) and the CPKIs (mainly ibrutinib), the preference has always been for 

the use of non-covalent inhibitors.95,96 This preference stemmed from the 

potential complications associated with the reactive group of covalent 

compounds, as it could potentially bind to unintended human proteins apart from 

the specific target.  Therefore, despite the historical use of TCIs, the deliberate 

development of drugs that engage in a chemical bond with a specific target is a 

relatively recent advancement. Of course, like any approach, it has both positive 

and negative aspects. 

 

1.3.2 Benefits and Limitations 

Considering these two categories of inhibitors (non-covalent and 

covalent), there are several advantages and disadvantages associated with each 

of them. One significant benefit of covalent inhibitors, in contrast to non-covalent 

inhibitors, is their prolonged therapeutic response.54,64 The chemical bond formed 

by covalent inhibitors with the enzyme allows for an extended duration of the 

ligand-target interaction, ensuring a longer-lasting desired effect.97 This effect is 

related to the longer residence time (τ) of the reversible covalent inhibitors and 

the re-synthesis rate of the enzyme for the irreversible ones,54 as will be 

discussed further in the next topic. 

Furthermore, covalent drugs offer the advantage of higher potency and 

efficiency, allowing for lower dosages to achieve the desired therapeutic 

effect.54,62 The enhanced potency and efficiency of covalent ligands are 

interconnected, resulting in the additional benefit of reduced dosing frequency. 

This feature can improve patient tolerability and compliance to covalent 

drugs.62,65  

Another notable advantage of covalent inhibitors is the reduced potential 

for developing resistance mechanisms.54,62 TCIs require substantial modifications 

to the enzyme's catalytic site or the emergence of entirely new enzymes to 
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inactive the covalent inhibitor. This occurrence, as demonstrated by the 

emergence of β-lactamases in bacteria,58 is infrequent and may require a 

significant amount of time to occur. 

Finally, with the advent of TCIs, it became possible to target enzymes that 

were once deemed "undruggable", as in the case of the sotorasib and adagrasib 

to inhibit the mutant KRAS (G12C).63,92 These inhibitors have expanded the 

scope of therapeutic possibilities by effectively engaging with challenging enzyme 

targets that were previously considered inaccessible or difficult to target. 

However, despite the numerous advantages, inhibitors that form a 

chemical bond with the target enzyme have some potential issues, particularly 

regarding the reactivity of the group that undergoes the reaction with the 

macromolecule.54,62 This reactivity may lead to off-target effects, which have 

historically hindered the exploration of ligands in this class for a significant period 

of time.95 

This disadvantage, for instance, can result in the permanent inactivation 

of unintended enzymes, leading to idiosyncratic toxicity. Another potential issue 

is the risk of protein haptenization, which can activate the immune system and 

potentially trigger an adverse immune response in humans. Additionally, there is 

also the possibility of inhibitor depletion by glutathione (GSH).54,62,63 

However, it is possible to mitigate the aforementioned potential issues with 

the proper selection of the reactive group in the covalent inhibitor. This requires 

a meticulous choice of the warhead that will be integrated into the covalent 

inhibitor's structure and react with the target enzyme. 

 

1.3.3 Irreversible and Reversible Warheads  

The group in the inhibitor that will react with the target enzyme is the 

warhead. This critical group within an inhibitor has high electrophilicity and is 

therefore suitable to participate in a nucleophilic attack by the enzyme.98 

Warheads can bind to the enzyme either reversibly or irreversibly, 

depending on their electrophilicity.55,98 The reactivity of the warhead plays a 

crucial role in determining how easily it forms a bond with the enzyme.99,100 For 

instance, in the case of irreversible inhibitors, the inhibitor forms an irreversible 

bond with the enzyme's nucleophilic group, resulting in the permanent 

inactivation of the target. The formation of this reversibility of the reaction can be 
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determined by the energy barrier of the reaction and the stability of the resulting 

adduct.101,102 

Groups such as α,β-unsaturated amide (acrylamide), diazomethyl ketone, 

halomethyl ketones (X = Cl, Br), epoxide, alkyne (terminal) and vinyl sulfone are 

known to form an irreversible bond (more exothermic reaction) with the target 

macromolecule. They are represented in red in Figure 4.98–100,103 Also, some 

groups bind to the enzyme reversibly. Examples of such groups include α,β-

unsaturated cyanoamide (cyanoacrylamide), aldehyde, α-ketoester, α-

ketoamide, nitrile and azanitrile, which form reversible bonds with the 

macromolecule target and are highlighted in blue in Figure 4.98–100 

 

Figure 4 – Examples of warheads responsible for irreversible (red) and reversible (blue) binding 

with the target enzyme.  

 

Source: Image created by the author. 

 

One question that may arise is: when to choose irreversible warheads and 

when to choose reversible warheads. The decision between these two types of 

warheads in covalent inhibition depends on various considerations. Irreversible 

warheads are typically preferred when sustained and permanent inactivation of 

the target enzyme is desired.104,105 This approach is suitable for situations where 

long-lasting inhibition is necessary for therapeutic efficacy. On the other hand, 

reversible warheads offer the advantage of flexibility and adjustability in 

modulating enzyme activity and are also related to lower toxicity issues.98,106  

In addition, another important factor to consider when choosing the type of 

warhead is the ease of modeling. Irreversible warheads pose a challenge in terms 
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of modeling due to the direct relationship between the transition state and the 

kinetic rate constant (kinact).61,102,107 Modeling this class of inhibitors requires a 

more complex approach. In contrast, reversible covalent inhibitors can be more 

readily modeled using X-ray co-crystalized structures of the inhibitor with the 

target protein. Given this, and due to the toxicity effects, the reversible warheads 

should be of preference when possible. 

However, there are situations where the use of a reversible warhead may 

not be suitable for the target protein. In such cases, an irreversible warhead 

becomes necessary. For instance, more reactive and electrophilic warheads are 

typically required when the target amino acid is not a catalytic residue, such as 

an allosteric Cys or a non-catalytic Cys in the active site.106,108 This is exemplified 

by the use of irreversible warheads in inhibitors like ibrutinib, which targets a non-

catalytic Cys, and in the case of KRAS G12C inhibitors, which target a Cys 

residue in an allosteric site. These examples highlight the need for irreversible 

warheads in specific scenarios where reversible warheads may not be practical 

or feasible. Nonetheless, recent works by Tauton's and Ojida's groups106,108–111 

overcome this issue with the design of very reactive reversible warheads (e.g. 

cyanoacrylamide and dihaloacetamide) and these moieties are valuable options 

to target non-catalytic Cys residues without using irreversible warheads. 

Overall, the choice of the appropriate warhead relies on several factors, 

including enhancing specificity for the target enzyme, minimizing off-target 

effects, achieving the desired duration of inhibition, and aligning with the 

therapeutic goals of the treatment.99,100 By carefully considering these factors, 

researchers can optimize the design of covalent inhibitors and maximize their 

potential for therapeutic success. 

 

1.3.4 Reaction Scheme of the Covalent Inhibition and 

Residence Time 

The process of covalent inhibition involves two steps, as depicted in Figure 

5 for a nucleophilic attack of a reactive residue (e.g. Cys or Ser) on a TCI. Initially, 

after the dissociated state, the non-covalent complex (also called the Michaelis 

complex) allows the inhibitor's reactive electrophilic group to be positioned in 

close proximity to the catalytic nucleophilic group of the enzyme in the active site. 

Subsequently, the covalent complex is formed through the nucleophilic attack of 
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the reactive residue of the protein, resulting in the formation of the inhibitor-

enzyme adduct (covalent complex).112,113 The rate constants k-2 will govern the 

reversibility of the reaction and factors such as the acidity of the α-proton in the 

adduct, conformation of the covalent complex and the noncovalent interactions 

may also influence the rate of the reverse reaction. Hydrolysis is another possible 

factor that can contribute to the cleavage of the adduct formed, contributing to 

the reversible mechanism.54,61,108  

 

Figure 5 - Representation of the reaction scheme involving a ligand possessing a reactive group 

(I) with a target enzyme (E) containing a reactive residue to perform the nucleophilic 

attack. The rate constant k-2 will determine the reversibility of the covalent adduct [E–

I] to be irreversible or reversible. 

 

Source: Image created by the author. 

 

In general, when the adduct is highly stable, the reaction cannot proceed 

in the reverse direction, and the energy barrier of the reverse reaction cannot be 

overcome. As a result, irreversible inhibition occurs, leading to the inactivation of 

the enzyme. In contrast, when the covalent complex is reversibly inhibited, the 

energy barrier can be overcome, allowing the reversible inhibitor to dissociate 

from the enzyme and restore its activity.101 Therefore, the residence time (τ) or 

dissociation rate is strictly related to the energy of the reverse reaction barrier (k-
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2). Residence time refers to the duration of a compound reaming bound within a 

biding site.97,114 Non-covalent inhibitors typically have a short residence time, 

ranging from seconds to a few hours, while reversible covalent inhibitors have a 

longer residence time, usually up to 10 hours.114 However, there are exceptional 

cases of reversible TCIs with residence time exceeding 6 days.108  

Since the residence time is associated with the covalent bond reversibility 

(eq. 1), when determining the value of k-2 it is possible to calculate the reverse 

reaction barrier (ΔG⧧), according to the Eyring-Polanyi equation (eq. 2). 

 

𝜏 = (𝑘−2)
−1

 (1) 

𝑘 =  
𝜅𝑘𝐵𝑇

ℎ
𝑒−

∆𝐺⧧

𝑅𝑇  (2) 

 

Herein, the k in eq. 2 will be the rate constant k-2, κ is the transmission 

coefficient, kB is the Boltzmann constant, T is the temperature, h is the Planck’s 

constants and R is the universal gas constant. 

Considering that typically the reversible covalent inhibitors present 

τ = 10h,81,114 they are not likely to exceed the value of around 23.5 kcal.mol-1 for 

the reverse reaction barrier. Under computational studies, investigations 

employing multiscale simulations have successfully determined reverse reaction 

barrier values below 23 kcal.mol-1 for reversible inhibition, while values higher 

than 23 kcal.mol-1 are observed for irreversible inhibition.101,115 Thus, if the energy 

barrier for the reverse reaction exceeds around 23 kcal.mol-1, it is expected that 

enzyme inactivation will be achieved through an irreversible inhibition 

mechanism. 

Consequently, once the enzyme is inactivated, the residence time 

becomes less relevant for the therapeutic effect since the compound will remain 

permanently bound to the enzyme. Instead, the activity of an irreversible inhibitor 

in vitro or in vivo studies will be closely linked to the re-synthesis rate.54 The re-

synthesis rate refers to the rate at which a cell or organism synthesizes new 

functional proteins to replace those that have been inactivated. 

All these factors and a scheme reaction of a nitrile-based inhibitor are 

presented and further discussed in the results sections.83 
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1.4 Computational Chemistry and Drug Design 

1.4.1 Rational Drug Design 

The discovery and development of new drugs is a laborious and time-

consuming process, involving various fields of study. Recent studies estimate 

that it takes around eight years and costs millions to billions of dollars to find a 

new drug, depending on the therapeutic area.116,117 

The classical stages of drug development can be summarized in Figure 

6.118,119 It begins with the identification and validation of a macromolecular target 

for a specific disease, followed by the discovery and optimization of new 

inhibitors. The most promising candidates are then synthesized and tested in 

enzymatic assays. This initial stage typically takes 1 to 3 years. 

Those compounds showing promising results move on to the preclinical 

phase, which lasts 1 to 3 years. During this phase, in vitro assays are conducted, 

followed by in vivo testing using animal models. Eventually, the molecules that 

have the potential to become drugs, exhibiting desirable pharmacokinetic and 

pharmacodynamic properties, are selected to proceed to clinical trials. 

The stage involving human testing is the most time-consuming and costly, 

accounting for about 50 to 60% of the project's budget.116,120 Clinical trials are 

divided into three phases: Phase 1 to assess safety, Phase 2 to evaluate the 

efficacy, and Phase 3 to test these factors on a larger scale. Following successful 

clinical trials, the drug candidate undergoes registration and approval by the local 

regulatory agency before it can be marketed. 

Once approved and with the drug already in circulation, the final stage of 

drug development begins, known as Phase 4 clinical trials. During this phase, 

safety monitoring of the new product is conducted to detect any possible side 

effects or adverse events that may not have been previously observed. 
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Figure 6 – Stages of drug development. A process that takes years and involves multimillion or 

even billion-dollar investments to reach a new product. 

 

Source: Image created by the author. 

 

In the initial stage of the process depicted in Figure 6, the main objective 

is to obtain active new chemical entities (NCEs) to develop lead compounds. 

Many strategies can be employed to identify new lead candidates, including 

starting from known compounds, random screening, directed screening, fragment 

screening, virtual screening (VS) and DNA-encoded library screening (DEL).121  

However, this rational process to obtain NCEs was not always like this. 

Until the early 1970s, this process was done differently, often through serendipity 

from plant-derived products or microbial extracts.122,123 The turning point in drug 

design came with the discovery of cimetidine (Figure 7), a project that started in 

mid-1964 and ended in 1976 with the commercialization of the drug.124 

This drug was planned from the discovery of a new target (whose 3D 

structure was unknown) to the development of various ligands in order to arrive 

at the best option. Cimetidine solved a problem for which there was no solution, 

as it was recommended for the treatment of gastric ulcers and became the best-

selling and most prescribed drug in the world within a few years, until omeprazole, 

shown in Figure 3, took its place.123,124 For the study and development of 

cimetidine, Sir James Black was awarded the Nobel Prize in Physiology or 

Medicine in 1988.125 

Another rational approach to the discovery of new inhibitors emerged with 

the advancements in X-ray crystallography techniques, where new projects 

began to be carried out based on the structure of the macromolecular target, 

known as structure-based drug design (SBDD).126 
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In this context, in the 1980s, computer-aided structure-activity relationship 

studies led to the discovery of captopril, Figure 7.127 This is considered by many 

as the first drug discovered with the assistance of a computer, marking the 

beginning of a new era in the discovery and development of new drugs, known 

as computer-aided drug discovery (CADD).127,128 

 

Figure 7 – Chemical structures of cimetidine and captopril. 

 

Source: Image created by the author. 

 

1.4.2 Computer-Aided Drug Discovery 

Several computational methods can be utilized to discover NCEs and 

perform analysis between the structures of these new compounds and their 

biological activity. Nowadays, it is possible to state that computational methods 

are indispensable in finding or optimizing new compounds. 

This process can be divided into two main areas: SBDD and ligand-based 

drug design (LBDD). In SBDD, the structure of the macromolecular target is 

utilized to guide the design of new compounds. On the other hand, LBDD focuses 

solely on the chemical structures of the ligands to identify potential lead 

candidates.129,130 

By employing these tactics, particularly when combined (SBDD + LBDD), 

the success in developing new inhibitors can be significantly enhanced. The 

integrated approach of SBDD and LBDD allows for a more comprehensive 

understanding of the molecular target and the chemical properties of the ligands, 

facilitating the identification of promising compounds with high affinity and 

selectivity for the desired target.129–132  

A wide range of computational methods can be applied to identify new 

active compounds or optimize known ones. The choice of which technique to use 
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depends on the specific problem to be addressed and the feasible computational 

cost for that task.  

Large-scale virtual screening and the creation of target-focused virtual 

libraries are commonly employed in campaigns to discover new inhibitors. 

Additionally, predicting the binding modes of inhibitors in proteins is a common 

practice, often accomplished through molecular docking and molecular dynamics 

(MD) simulations.130,133,134 

These physics-based methods, such as molecular mechanics (MM), utilize 

force fields to describe the atoms in the system, enabling the capture of intra- and 

intermolecular interactions.135 Molecular docking, in particular, offers the 

advantage of generating high-quality binding poses for ligands within 

macromolecular targets, with root mean square deviation (RMSD) values of up 

to 2 Å when compared to co-crystallized ligands.136,137 

Furthermore, molecular docking offers the advantage of being highly 

efficient and extremely fast in generating binding poses, making it particularly 

useful for docking ultra-large libraries that contain billions of compounds, allowing 

for comprehensive coverage of specific chemical spaces.138–140 Each pose 

generated by docking is associated with a score; however, these scores often 

deviate significantly from the experimentally observed values. This discrepancy 

arises due to the limitations of docking methods in considering important factors 

such as protein flexibility, proper entropy description, and solvent effects.136,141,142 

Nevertheless, recent research efforts have aimed to overcome these 

limitations and enhance the accuracy of docking scores.143,144 Despite these 

ongoing challenges, docking remains a valuable tool for rapidly and efficiently 

generating poses.  

In contrast, molecular dynamics simulations involve solvating the entire 

complex and allowing it to move dynamically over time based on the forces 

described by the chosen force field.130,135 Therefore, by taking into account these 

missing thermodynamic terms in the scoring functions, such as protein motion, 

entropic considerations, explicit water molecules, and other factors like 

desolvation effects and ligand strain, MD-based methods for obtaining binding 

free energy are considered the most rigorous and suitable among all-atom 

methods with explicit solvent.131,142,145  
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These MD-based methods for obtaining the free energy of binding are also 

commonly referred to as alchemical, perturbative, or free energy perturbation 

(FEP) methods.131,142,145 Since free energy is a state function, FEP-based 

methods utilize a thermodynamic cycle to connect two distinct physical states 

through intermediate non-physical states. This approach enables the 

determination of the free energy for a given molecule or a set of molecules based 

on a predefined thermodynamic cycle. By carefully designing the cycle and 

simulating the required transformations, FEP methods allow for the calculation of 

the desired free energy values. 131,142,145  

The calculation of free energy can be approached in two ways: relative 

(RBFE – relative binding free energy) and absolute (ABFE – absolute binding 

free energy).131 In relative calculations, the difference in free energy between a 

target molecule and a reference molecule is determined. On the other hand, 

absolute calculations involve the computation of the free energy for a single 

molecule independently. 

However, all these improvements and benefits come at a much higher 

computational cost compared to methods such as molecular docking. Moreover, 

physics-based methods are not suitable for describing processes involving 

electron transfer and chemical reactions. Thus, in certain situations, quantum 

mechanics-based (QM) methods are required to accurately capture these effects 

with high accuracy.61,107  

Nonetheless, due to their significant computational demands, QM-based 

methods are generally avoided in drug discovery projects and are typically 

restricted to a limited number of atoms. Still, there are situations where QM-based 

methods can be of interest, such as when determining quantum parameters for 

developing quantitative structure-activity relationship (QSAR) models.61,107 In this 

approach, specific descriptors are derived using QM techniques, focusing solely 

on the studied ligand. 

Another approach to incorporate quantum methods is through multiscale 

or hybrid calculations (QM/MM), which involve describing part of the system with 

molecular mechanics and a specific region of the system with quantum 

mechanics.146 In this method, the active/catalytic site of the enzyme is treated 

with quantum mechanics to capture electron transfer and bond 

formation/breakage accurately. At the same time, the rest of the system is 
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described using molecular mechanics to account for the protein environment and 

explicit solvent.146 This allows for a more detailed and accurate representation of 

the system, considering both quantum effects and the larger molecular 

environment.  

Nevertheless, QM/MM calculations are still computationally expensive for 

drug discovery projects. An alternative approach that has been developed is the 

QM clusters, wherein only a small portion of the protein-ligand system is explicitly 

described (typically around ~300 atoms), while the remaining system is 

represented using a dielectric constant to approximate the protein 

environment.147–149 This strategy allows for a more computationally feasible 

calculation by focusing on the critical interactions within the active site.  

This type of methodology tends to be faster than QM/MM simulations and 

has been successfully applied to describe enzymatic catalysis reactions.147,149–

152 However, its use for the development of new inhibitors is still in its early stages 

and has rarely been employed for this purpose. 

Furthermore, the emerging use of artificial intelligence (AI) in drug 

discovery holds tremendous promise.153,154 AI can play a significant role in 

identifying potential targets for specific diseases, predicting three-dimensional 

protein structures such as AlphaFold,155 and generating and selecting new 

inhibitors for specific targets.156 Various AI-based methodologies can be 

employed, either focusing solely on the ligand or in combination with the target 

protein, to create robust and effective models for drug discovery.157 The AI has 

the advantage that it can be very fast after the model is trained, but its limitation 

is the necessary amount of data to create new models.154 

The application of generative AI models for generating novel molecules, 

coupled with affinity prediction models (regression or classification), has the 

potential to revolutionize the process of discovering new inhibitors.158 This has 

already been demonstrated in the accelerated development of new antibiotics 

and compounds targeting idiopathic pulmonary fibrosis, where AI has played a 

crucial role.159–161 

 

1.4.3 Designing Reversible Covalent Inhibitors 

In this way, many computational methods can be helpful in the 

development of new covalent inhibitors. Schirmeister and colleagues published 
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a protocol that focuses on the rational design of covalent inhibitors, emphasizing 

the significance of quantum methods in treating the warhead moiety.162 In a 

different study, they employed QM-based methods in the gas phase to 

comprehend the reactivity differences among warheads based on the reaction 

mechanism for cysteine and serine/threonine residues.163 Additionally, covalent 

docking was utilized to predict the MoBs for the compounds under investigation. 

Other studies have also suggested several quantum methods and QM 

descriptors to assess and predict the reactivity of warheads. Furthermore, 

Lameira et al. have consistently demonstrated the significance of QM/MM 

methods in modeling and/or explaining the differences in inhibitor potency with 

different warheads.101,164 Notably, through QM/MM methodology, it was possible 

to distinguish reversible covalent inhibition from irreversible inhibition based on 

differences in reaction energy.53 Hence, the significance of quantum methods 

becomes apparent when modeling the warhead in covalent ligands. 

Similarly, Zhou et al. presented a workflow for the development of covalent 

inhibitors targeting non-catalytic Cys residues in kinases.165 A critical aspect in 

this context is the determination of pKa values for the target Cys residues to 

assess their potential reactivity through deprotonation. Constant pH molecular 

dynamics (cpHMD) was highlighted as a possible approach to determine the pKa 

values of amino acids with reactive tendencies within an enzyme. In a recent 

study, Awoonor-Williams et al. benchmarked in silico tools for pKa determination 

of Cys residues and also highlighted cpHMD as a viable option, although it was 

not the best methodology employed by them.166 Once confirmed that the residue 

could exhibit reactivity, Zhou et al. utilized covalent docking in their workflow to 

guide the selection of compounds for synthesis and subsequent experimental 

testing.165 

However, once the warhead is defined and it is known that the target 

residue is capable of performing a nucleophilic attack (e.g., catalytic Cys), various 

methods can be employed to enhance the affinity of a reversible covalent ligand 

for the target by optimizing non-covalent interactions. Unlike irreversible 

inhibitors, reversible covalent ligands are not heavily reliant on the transition state 

for modulating their activity, making their optimization a relatively simpler 

task.102,105 In this regard, physics-based methods provide valuable tools for this 

optimization process. 
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Covalent docking has proven to be valuable in predicting and optimizing 

the intermolecular interactions between reversible covalent inhibitors and 

macromolecular targets167. However, although covalent docking programs 

generate excellent poses, the reliability of the scoring function is still a concern.141 

Therefore, a combination of covalent docking and molecular dynamics 

simulations is recommended to confirm the stability of the generated pose. 

Continuing, perturbative methods for calculating free energy have 

emerged as a powerful tool for determining the relative binding free energy of 

covalent inhibitors.145 Kuhn pioneered the application of this methodology in 

reversible TCIs in 2017, focusing on CatL inhibitors.168 In this study, only the 

covalent complex was considered for performing mutations in the molecules and 

obtaining the relative binding free energy among the 10 molecules under 

investigation. 

Also, in 2017, the research group led by Prof. Luo at the Western 

University of Health Sciences demonstrated that it is possible to obtain the 

relative binding free energy for a series of covalent inhibitors by separately 

considering the non-covalent and covalent states, as well as predict selectivity 

towards specific targets.169 Nevertheless, to obtain a more accurate estimation of 

the binding free energy for covalent inhibitors, it would be necessary to consider 

and combine the values obtained for both states (non-covalent, ΔGdm and 

covalent, ΔGdc), according to the following equations: 

 

𝛥𝐺𝑑𝑐 = 𝛥𝛥𝐺𝑑𝑐 +  𝛥𝐺𝑑𝑐
𝑐𝑜𝑟𝑒 (3) 

𝛥𝐺𝑑𝑚 = 𝛥𝛥𝐺𝑑𝑚 + 𝛥𝐺𝑑𝑚
𝑐𝑜𝑟𝑒 (4) 

1

𝐾𝑑
= 𝑒

−(𝛥𝛥𝐺𝑑𝑐+𝛥𝐺𝑑𝑐
𝑐𝑜𝑟𝑒)

𝑅𝑇
⁄ +  𝑒

−(𝛥𝛥𝐺𝑑𝑚+𝛥𝐺𝑑𝑚
𝑐𝑜𝑟𝑒)

𝑅𝑇
⁄

 (5) 

 

However, obtaining the binding free energy of the warhead (ΔGcore) 

presents some challenges. For the non-covalent state, FEP methods can be 

employed, but for the covalent state, quantum-based methodologies are 

necessary. In the same study, it was mentioned that if the contribution of the 

covalent state to the free energy is at least -5.5 kcal/mol greater than the non-

covalent state, it is possible to use only the covalent state for the calculations.169 
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However, it would still be necessary to perform calculations for both states, which 

can be computationally demanding. 

In another study conducted by Prof. Luo's group, they employed a specific 

thermodynamic cycle to overcome the computational challenges associated with 

QM-based methods, allowing them to determine the absolute binding free energy 

for a series of reversible covalent inhibitors.167 By combining the FEP values 

obtained for the non-covalent and covalent states, they were able to achieve 

accurate results. However, it should be noted that this thermodynamic cycle may 

not be valid if the warhead is different between the compounds.  

Our research group also applied the FEP methodology to investigate the 

potency difference among a series of halogenated-based reversible covalent 

inhibitors for CatL, and we obtained satisfactory results by considering the 

contributions from both the non-covalent and covalent states.170 

More recently, Prof. Warshel also embarked on the quest to determine the 

absolute binding free energy for reversible covalent inhibitors. For this purpose, 

he utilized the empirical valence bond (EVB) method to obtain absolute values 

for the non-covalent interactions between the ligands and the studied proteins.171 

Additionally, simple QM calculations in the gas phase were employed to 

determine the energy values associated with the warhead (ΔGcov = Eproduct – 

Ereactants). The isolated ligand and SHCH3 were considered reactants in the gas 

phase, and the formed covalent adduct was considered the product. By 

combining the results, it was possible to obtain satisfactory absolute energy 

values for the ligands, with errors of up to 2.3 kcal/mol when compared to 

experimental values.171 

Overall, physics-based methodologies are great choices for modeling non-

covalent interactions and accurately assessing energy differences between 

similar molecules.61,107 But, studying covalent inhibitors through FEP can be 

computationally expensive since it requires calculations in both the non-covalent 

and covalent states. 

With this in mind, when modeling reversible covalent inhibitors, the choice 

of methodologies will depend on the specific objectives, and different approaches 

can yield excellent results. Figure 8 summarizes the computational calculations 

that can be employed to model reversible covalent inhibitors. 

 



27 
 

Figure 8 – Computational approaches for modeling reversible covalent inhibitors. These 

methodologies play a crucial role in understanding the behavior and interactions of 

reversible covalent inhibitors, aiding in the design and optimization of these 

compounds. 

 

Source: Image created by the author. 

 

These computational methodologies can be beneficial in reversible 

covalent inhibitor development projects. Determining the overall project objective 

is essential to select the most suitable method for a given task. By employing 

these methodologies, researchers can gain valuable insights into the behavior of 

reversible covalent inhibitors and accelerate drug discovery projects. 
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2. Published Articles and Their Context in the Doctoral Project 

This chapter summarizes the doctoral project objectives and their 

alignment with the published articles. This work aimed to apply computational 

chemistry and cheminformatics methods for the modeling of reversible covalent 

cysteine protease inhibitors. The specific objectives included determining 

parameters for QSAR models through quantum calculations, analyzing putative 

binding modes using molecular dynamics simulations, calculating the affinity of 

different molecules against CatL using alchemical free energy methods, and 

investigating the importance of non-covalent and covalent states in the binding 

free energy of reversible covalent inhibitors. These objectives guided the 

research conducted and resulted in the publication of three articles within the 

thesis as the first author. 

I - Review Article - "Nitriles: an attractive approach to the 

development of covalent inhibitors". Royal Society of Chemistry – RSC 

Medicinal Chemistry, 14, 201-217, 2023. 

This article provided a comprehensive review of the use of nitriles as a 

versatile and promising functional group in the development of covalent inhibitors. 

It discussed the advantages, scheme reaction, reactivity and selectivity of nitrile-

based warheads, drugs with the nitrile in the reactive moiety and recent advances 

in the field. Overall, this article provides valuable insights and information that 

aligns with the goals of the thesis in understanding and exploring the potential of 

covalent inhibitors, including nitriles as a critical component in their design and 

development. 

II - Results Article - "On the intrinsic reactivity of highly potent 

trypanocidal cruzain inhibitors". Royal Society of Chemistry – RSC Medicinal 

Chemistry, 11, 1275-1284, 2020. 

This article presented the investigation findings into the intrinsic reactivity 

of potent trypanocidal cruzain inhibitors. The study utilized computational 

approaches, including the Fukui and electrophilicity indices, to assess the 

intrinsic reactivity of the compounds and correlate it with enzymatic affinity. The 

results highlight the significance of the predicted QM descriptors in establishing 

correlations with experimental potency measurements. These QM descriptors 

can be further utilized in QSAR models to facilitate the selection of new warheads 

for cysteine proteases. 
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III - Results Article - "Predicting the relative binding affinity for 

reversible covalent inhibitors by free energy perturbation calculations". 

American Chemical Society – Journal of Chemical Information and Modeling, 61, 

4733-4744, 2021. 

This article focused on the development and application of free energy 

perturbation calculations to predict the relative binding affinity of reversible 

covalent inhibitors. Molecular modeling of covalent ligands presents challenges 

due to the need to consider both covalent and noncovalent ligand-bound states 

in the binding process as discussed before. The results demonstrate that the 

covalent complex can effectively rank the inhibitors and offer insights for 

developing new inhibitors in drug discovery projects considering only the covalent 

state. 

In addition to these three articles, one more section is provided relating 

and discussing the use of the QM-cluster approach to access the difference in 

the energy when only the warhead is changed between pair compounds. This 

can be considered a complement of both results article since the protein 

environment is considered (this was not true in the case of the QM descriptors) 

and also opens the door to the possibility of obtaining the ABFE for covalent 

inhibitors in the combination of FEP + QM-cluster approach. 

Overall, the published articles on nitriles group to the development of 

covalent inhibitors, intrinsic reactivity of trypanocidal cruzain inhibitors, and 

predicting the binding affinity of reversible covalent inhibitors all contribute directly 

to achieving the objectives of this doctoral project. Also, the relevance of these 

findings was possible to observe as all these three articles were selected to 

illustrate the cover of the respective issue of the journal. These findings enhance 

our understanding of covalent inhibitor design and provide valuable insights for 

future drug discovery projects. 
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3. Nitriles: An Attractive Approach to the Development of Covalent 

Inhibitors 

Reproduced from BONATTO, V.; LAMEIRO, R. F.; ROCHO, F. R.; 

LAMEIRA, J.; LEITÃO, A.; MONTANARI, C. A. Nitriles: an attractive approach to 

the development of covalent inhibitors. RSC Medicinal Chemistry. Cambridge, 

v. 14, p. 201-217, 2023 with permission from the Royal Society of Chemistry.  

Cite this: https://pubs.rsc.org/en/content/articlelanding/2023/MD/D2MD00204C 
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4. On the Intrinsic Reactivity of Highly Potent Trypanocidal Cruzain 

Inhibitors 

Reproduced from BONATTO, V.; BATISTA, P. H. J.; CIANNI, L.; DE VITA, 

D. ; SILVA, D. G. ; CEDRON, R.; TEZUKA, D. Y.; DE ALBUQUERQUE, S.; 

MORAES, C. B.; FRANCO, C. H.; LAMEIRA, J.; LEITÃO, A.; MONTANARI, C. 

A. . On the intrinsic reactivity of highly potent trypanocidal cruzain inhibitors. RSC 

Medicinal Chemistry, Cambridge, v. 11, p. 1275-1284, 2020 with permission 

from the Royal Society of Chemistry. 

Cite this: https://pubs.rsc.org/en/content/articlelanding/2020/md/d0md00097c/unauth 

The supporting information for this work can be found in Appendix A 

section. 
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5. QM-cluster Approach to Model the Warhead of Reversible Covalent 

Inhibitors 

As shown in the previous chapter, QM methods and descriptors have 

proven to be effective in linking the intrinsic reactivity of the warhead to the 

experimentally observed potency. This approach can be valuable in developing 

QSAR models or employing machine learning techniques, where specific 

descriptors are calculated and utilized to establish correlations with affinity or 

other relevant properties. However, it is essential to note that in this context, the 

focus is solely on the ligand structure, similar to LBDD methods, without 

considering the influence of the macromolecular target. 

Another application of QM methodology involves the use of simplified 

systems to assess the contribution of chemical bond formation (i.e., the 

importance of the warhead) to the binding free energy of the complex. In this 

approach, the catalytic residue(s) of the protein are considered in a simplified 

manner. Diederich and co-workers have explored this approach by designing a 

reaction model where ligands with similar warheads react with SHCH3 as the 

reagents.1 The energy of the resulting adduct is then calculated to represent the 

products, providing insight into the reaction energy. This approach, known as the 

electrophilicity index, offers an exciting and simplified alternative for such 

calculations. 

Prof. Warshel has recently conducted similar studies, as mentioned in the 

introduction.2 In his approach, the reagents were defined as the ligand, the 

catalytic residue (e.g., Cys), and a few amino acids involved in hydrogen bonding 

with the ligand. The product, on the other hand, included the same residues and 

the resulting covalent adduct. This simplified methodology provides a more 

accessible way to estimate the reaction energy, incorporating a limited 

representation of the protein microenvironment by including additional protein 

residues in the reaction model. However, these simplified models fail to capture 

the anisotropic effects of the binding site environment.  

Although it is possible to use more robust QM methodologies, the main 

limitation of these simplifications is that proteins of the same family with identical 

or similar residues may have the same energy values. Therefore, these 

simplifications restrict the applicability of the methodology when selectivity-

related aspects are desired. 
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An effective alternative is to employ multiscale calculations, where the 

active site, protein, and explicit solvent are represented, allowing for the accurate 

capture of the energy involved in the chemical reaction.3 However, if the use of 

QM/MM is not preferable due to computational expenses or the challenges in 

system preparation and obtaining a feasible reaction pathway, there is another 

promising alternative that relies solely on QM methodology. 

This methodology is the QM-cluster approach, which can be valuable in 

obtaining the free energy related to the formation of the covalent adduct and can 

overcome the problems mentioned earlier for other methods.4,5 This method 

involves constructing limited models of the protein binding site, typically 

consisting of 300 to 400 atoms.5,6 By utilizing powerful supercomputers, it 

becomes possible to employ relatively accurate QM methods for studying the 

system. 

In order to create the cluster model, certain constraints need to be applied 

to account for the steric influence imposed by the enzyme matrix on the active 

site. This involves fixing specific atoms in the active site model to preserve this 

influence.4,5,7 Typically, alpha carbons of amino acids and selected hydrogen 

atoms are held fixed. Furthermore, implicit solvation models are employed to 

represent the remaining protein region that was removed from the active site 

model.4,5,7 This approach utilizes a dielectric constant value to mimic a more 

nonpolar environment, consistent with the protein surroundings. Typically, a 

dielectric constant value of 4 is chosen for this purpose. 

Nevertheless, it is important to note that excessively strict constraints 

should be avoided when constructing the cluster model.4,5,7 A highly rigid model 

may lead to inaccurate estimates of the free energy. Additionally, the 

approximation tends to improve as the size of the model increases, allowing for 

greater flexibility among the groups.4,5,7 Therefore, the inclusion of more atoms in 

the system enhances the accuracy of the calculations. 

The same principle applies to the treatment of electrostatic influence using 

the dielectric constant. While the value ε=4 is commonly employed in enzymatic 

catalysis studies, it is important to note that as the model size increases, the 

impact of this influence tends to diminish.4,5,7 In fact, it has been observed that 

when the model reaches approximately 150-200 atoms, the solvation effect 

saturates and becomes almost negligible. 
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In this study, we aim to explore a novel approach by applying this 

methodology, which, to our knowledge, has not been previously utilized in 

reversible covalent inhibitor development. Specifically, we will focus on the 

molecular modeling of different warheads to investigate their impact on inhibitor 

potency. Two ligands will be examined, one featuring a nitrile-based warhead and 

the other an aldehyde-based warhead (Figure 1). In order to simplify the system, 

all substituent groups (P2 and P3) were removed from both ligands, as they did 

not possess a P1 group (only CH2). Since we expect this effect to be nullified due 

to the identical groups in both ligands, removing the substituent groups simplifies 

the system by reducing the total number of atoms. Thus, only the warhead and 

the dipeptide scaffold of the inhibitors are considered (Figure 1). 

 

Figure 1 – The nitrile- and aldehyde-based reversible covalent inhibitors used to explore the 

potential use of the QM-cluster approach in TCIs modeling. 

 

Source: Image created by the author. 

 

The nitrile-based compound is a known inhibitor of CatL with a pKi value 

of 8.1 (ΔGBind = -10.92 kcal/mol). On the other hand, the aldehyde-based inhibitor 

is a novel compound that has not yet been tested against CatL, although its 

synthesis has already been performed. However, based on internal data from our 

research group at Nequimed/IQSC/USP, utilizing matched molecular pair (MMP) 

analysis with other inhibitors of CatL where only the Nitrile -> Aldehyde warhead 

is modified, it is expected that the aldehyde-containing inhibitor will be 
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approximately 0.5 kcal/mol more stable compared to the nitrile-based inhibitor 

(ΔGBind = -11.42 kcal/mol). 

As the only distinction between the inhibitors lies in the warhead, we 

attribute this discrepancy in potency to the warhead modification. To capture this 

variation accurately, it is crucial to employ quantum methods to calculate the free 

energy difference between these two compounds. Therefore, the objective is to 

test the applicability of the QM-cluster approach method to predict energy 

differences in the substitution of warheads in pair ligands targeting a specific 

protein. 

The binding site model was created using the enzyme from PDB code 

3HHA,8 and the ligands were manually placed within the active site for both the 

covalent and non-covalent states. Subsequently, 100 ns molecular dynamics 

simulations were performed to equilibrate the systems. The simulations were 

performed using the Amber209 program, utilizing the ff19SB force field for the 

protein and the OPC model10 for water molecules. The ligand charges were 

obtained using the RESP approach,11 and parameterization of the ligand was 

performed with the GAFF2 force field.12 Following the 100 ns simulations, the 

final frame was selected for model generation, removing water molecules, 

counterions, and residues more than 8 Å away from the catalytic Cys sulfur atom 

in order to focus on the active site region. 

Therefore, the active site models comprised 309 and 310 atoms for the 

nitrile-based and aldehyde-based inhibitor systems, respectively. Two models 

were created for each inhibitor, representing the covalent and non-covalent 

states. This enabled the estimation of the binding free energy difference 

associated with the formation of the covalent adduct (Ecovalent – Enoncovalent). 

It is worth noting that for the non-covalent state, the ionic pair of the 

catalytic residues (Cys-/His+) was considered, as commonly used in QM/MM 

calculations to describe the reaction pathways of covalent inhibitors of cysteine 

proteases.13-17 Since the reaction involves the nucleophilic attack of the Cys 

thiolate, we considered this configuration as the non-covalent state, representing 

the reactants of the chemical reaction. Thus, it is possible to estimate the 

contribution of the covalent bond formation. 

The residues presented in the catalytic site model are: Gln19, Gly23, 

Ser24, Cys25 (catalytic), Trp26, Ala27, Ser29, Gly67, Gly68, Leu69, Met70, 
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Ile136, Ala138, Phe143, Met161, Asp162, His163 (catalytic), Asn187, Ser188, 

Trp189 e Trp193. In the end, 96 atoms were frozen, mainly the alpha carbons of 

most of the residues, but the catalytic ones. Also, several hydrogens atoms were 

kept fixed in order to speed up the calculations, making the system more rigid. 

However, not so rigid as to lead to erroneous energy values. 

As the binding site clusters models were created for both the non-covalent 

and covalent states for each of the inhibitors, the next step is to perform quantum 

calculations using Gaussian 16.18 The choice of the methodology is a crucial 

factor for calculations that take advantage of the use of QM-cluster. In this 

context, we employed the B3LYP19 level of theory with empirical dispersion 

correction, B3LYP-D3(BJ),20,21 which offers a favorable balance between 

accuracy and computational efficiency.6 For the basis set, the 6-31G(d,p) was 

chosen for the optimization of the complexes, which will be referred to as BS1. 

This choice of level of theory has been widely used in other QM-clusters works 

to obtain reliable optimized structures in the gas phase with good values of 

energy. 

After optimizing the system, it becomes necessary to obtain accurate 

energy values. To improve the accuracy, the first step is to include an implicit 

solvent model using the SMD approach with a dielectric constant of 4, considering 

the BS1 basis set for single-point (SP) calculations. Moreover, with the BS1, the 

zero-point energy (ZPE) was obtained through frequency calculations to be 

included as a correction to the total energy. Finally, larger basis sets are required 

to achieve better energy values. Therefore, SP calculations were performed with 

the basis set changed to 6-311+G(2d,2p), denoted as BS2. 

Thus, for each complex, the energy is obtained using the following 

equation: 

 

𝐸𝑡𝑜𝑡𝑎𝑙 =  𝐸𝐵𝑆2 + 𝑍𝑃𝐸𝐵𝑆1 + (𝐸𝑠𝑜𝑙𝑣,𝐵𝑆1 −  𝐸𝐵𝑆1) (1) 

BS1: B3LYP-D3(BJ) | 6-31G(d,p) 

BS2: SP B3LYP-D3(BJ) | 6-311+G(2d,2p) 

 
solv, BS1: SP in SMD | ε = 4 | BS1 

ZPE: Freq calculation | BS1 
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With the Etotal for the non-covalent and covalent states, it is possible to 

obtain the reaction energy for the formation of the covalent adduct (Ecov - Enoncov) 

for both inhibitors. This allows for the comparison of the energetic difference 

between compounds with different warheads. 

The cartesian coordinates of each system optimized with BS1 can be 

found in the Appendix B section. The values obtained for each system are 

presented in Table 1 for nitrile- and aldehyde-based inhibitors and in both the 

non-covalent and covalent states. 

 

Table 1 – Calculated absolute energies and energy corrections for the ligands in each state (no-

covalent and covalent). The relative difference between both ligands are also shown. 

All the values are in hartree, but the ΔEtotal for both inhibitors and the relative difference 

energy are in kcal.mol-1. 

  EBS2 ZPEBS1 Esolv,BS1 EBS1 Etotal 

N
IT

R
IL

E
 

Non-covalent -7588.73 2.09 -7586.82 -7586.72 -7586.746 

Covalent -7588.75 2.09 -7586.84 -7586.74 -7586.758 

ΔEtotal_Nitrile 
-7.41 

kcal.mol-1 

       

A
L

D
E

H
Y

D
E

 Non-covalent -7609.83 2.10 -7607.92 -7607.81 -7607.83 

Covalent -7609.84 2.10 -7607.93 -7607.83 -7607.85 

ΔEtotal_Aldehyde 
-7.66 

kcal.mol-1 

       

R
E

L
A

T
IV

E
 

ΔΔGNitrile - Aldehyde 
0.25 

kcal.mol-1 

 Source: Table created by the author. 

 

Hence, it can be observed that the energy values for both the nitrile and 

aldehyde are pretty similar. However, the aldehyde-based inhibitor system is 

slightly more stable than the system containing nitrile. Therefore, the reaction free 

energy for the aldehyde-based system is 0.25 kcal/mol lower than that of the 

nitrile-based system. This also indicates that the aldehyde is more reactive than 

the nitrile and achieves better stabilization after the formation of the adduct. 

Compared to experimental data, the trend is maintained, with the aldehyde being 
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more stable than the nitrile, and the expected experimental difference of 0.5 

kcal/mol is almost reached, with an error of only 0.25 kcal/mol. The 

representations of the systems in both states are shown in Figure 2. 

 

Figure 2 – Optimized structures of cluster models for non-covalent and covalent states for nitrile- 

(309 atoms) and aldehyde-based (310 atoms) inhibitors. The ligands are highlighted 

with green carbons. 

 

Source: Image created by the author. 

 

Recently, Lameira and colleagues obtained the reaction energy value for 

a nitrile-based inhibitor against CatK using QM/MM calculations.16 The values 

obtained by them were -3.5 kcal/mol and -11.8 kcal/mol using the M06-2X/6-

31++G(d,p)/MM and B3LYP-D3/6-31+G(d)/MM potentials, respectively. In 
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comparison, our nitrile-based inhibitor showed a reaction energy value of -7.41 

kcal/mol, which falls within an acceptable range and is consistent with the values 

obtained in the literature using QM/MM methodologies, which can be considered 

the gold standard for comparison. Of course, both the enzyme and the inhibitor 

are different. However, the enzyme in Lameira's work is CatK,16 from the same 

family as CatL, where an RMSD of only 0.5 Å is observed near the active site 

residues.22 Also, the nucleophilicity of the catalytic Cys is likely to be similar in 

these two proteins. Moreover, the intrinsic reactivity of nitrile-based inhibitors is 

expected to be comparable, with minimal influence from substituent groups. Still, 

both nitrile- and aldehyde-based inhibitors used in this work exhibited reaction 

energies below 23 kcal/mol, which aligns with their reversible inhibitor nature.23,24 

In this way, the results obtained with the QM-cluster approach are 

consistent with expectations and comparable to QM/MM for a very similar system. 

We obtained the reaction free energy for two paired inhibitors, changing only the 

warhead (nitrile and aldehyde), and it appears that we captured the difference in 

potency between these inhibitors. For this purpose, we considered only a 

simplified portion of the enzyme's active site and the inhibitor. To our knowledge, 

this is the first time that the QM-cluster approach has been used for covalent 

ligands. 

The advantage of the QM-cluster approach lies in its ability to consider the 

protein environment that directly participates in enzymatic catalysis/inhibition, 

thus overcoming the limitation of using only the catalytic residue or a few amino 

acids that interact with the inhibitor, neglecting the anisotropic nature of the 

binding site.4-6,25 Additionally, the QM-cluster method offers more straightforward 

system preparation and faster results compared to the gold standard for studying 

enzyme reactions computationally, QM/MM. 

Therefore, for the first time, it has been demonstrated that obtaining the 

free energy of reaction for reversible covalent inhibitors is possible using this 

methodology, with great potential for application in future drug discovery projects 

focused on covalent inhibitors. Furthermore, the QM-cluster approach can also 

be helpful in the molecular modeling of irreversible inhibitors, allowing for the 

determination of the inhibitor's transition state in the active site environment and 

the associated energy. Thus, this methodology can be highly valuable in 

designing new reversible and irreversible covalent inhibitors. 
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Finally, by obtaining the free energy of the reaction, it is also possible to 

combine these results with those obtained from other methodologies, such as 

FEP, as mentioned in the INTRODUCTION. To illustrate this potential 

combination of methodologies, Himo used a combination of QM-cluster and FEP 

results to explain the enzymatic catalysis mechanisms of an acyl transferase.26 

Herein, with the determination of the reaction energy using the QM-cluster 

approach, the energy of 𝛥𝐺𝑑𝑐
𝑐𝑜𝑟𝑒 is obtained.27 Therefore, with appropriate FEP 

calculations, it is possible to obtain the ABFE for the reversible covalent inhibitor, 

as describe in equation 5 in the INTRODUCTION chapter, and this can be an 

outstanding contribution to the field. 
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7. CONCLUSIONS 

In this thesis, we conducted a comprehensive literature review, 

emphasizing the significance of nitrile-based groups in reactive moieties of 

covalent inhibitors. With the increasing interest in enzymes featuring catalytic Cys 

or Ser residues, such as cysteine proteases, the development of covalent 

reversible inhibitors becomes particularly valuable, and nitrile groups and their 

derivatives play a pivotal role in this context. Additionally, for non-catalytic Cys 

residues, nitrile-containing groups, such as cyanoacrylamides, may also be of 

interest for their ability to react with these amino acids. 

Modeling reversible covalent inhibitors presents a considerable challenge 

as it requires considering both the warhead group and non-covalent interactions 

with the macromolecular target. In this regard, we employed QM methodology to 

obtain quantum descriptors that correlate the reactivity of the warhead with the 

experimentally measured potency against cruzain. These descriptors can be 

applied in future studies employing QSAR or machine learning models. 

Furthermore, considering the protein environment in warhead modeling is 

crucial, particularly concerning selectivity and how the rest of the binding site 

influences the formation of the covalent adduct. For the first time, we employed 

the QM-cluster approach for covalent inhibitors, and the results are consistent 

with expectations and in agreement with other methods such as QM/MM. Using 

the QM-cluster methodology, we successfully predicted that an aldehyde-based 

warhead is more reactive than a nitrile-based warhead, with an error of only 0.25 

kcal/mol compared to experimental data and matched molecular pair analysis. 

Applying QM-cluster in future covalent inhibitor discovery projects holds 

great potential and demonstrates its value. Additionally, the QM-cluster 

methodology can likely be extended to irreversible inhibitors, wherein modeling 

the transition state is necessary. 

Furthermore, using relative binding free energy calculations with FEP, we 

demonstrated the feasibility of modeling reversible covalent inhibitors using only 

the covalent state complex. While the unbound complex is helpful for analysis 

and interpretation, the covalent complex appears to be more critical for the 

binding free energy. 

Overall, the literature review presented in this thesis provides valuable 

guidance for medicinal chemists in selecting appropriate compounds containing 



100 
 

nitrile groups as reactive moieties for the development of new covalent inhibitors. 

Moreover, the in silico results obtained have significant implications for the 

understanding and future development of reversible covalent inhibitors targeting 

cysteine proteases and potentially other targets. Whether for warhead modeling, 

non-covalent interactions, or the overall ligand modeling to obtain absolute 

energy against a specific target, computational chemistry proves to be a valuable 

tool in the development of reversible covalent inhibitors. Various methods can be 

applied depending on the specific research problem at hand. 

In conclusion, computational chemistry is a powerful ally in the 

development of reversible covalent inhibitors, offering a range of methods that 

can be tailored to address specific research objectives. The findings presented in 

this thesis contribute to advancing our knowledge and pave the way for further 

research and innovation in covalent inhibitor design. 
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APPENDIX A – Supporting Information for On the Intrinsic Reactivity of 

Highly Potent Trypanocidal Cruzain Inhibitors 

 

Reproduced from BONATTO, V.; BATISTA, P. H. J.; CIANNI, L.; DE VITA, 

D. ; SILVA, D. G. ; CEDRON, R.; TEZUKA, D. Y.; DE ALBUQUERQUE, S.; 

MORAES, C. B.; FRANCO, C. H.; LAMEIRA, J.; LEITÃO, A.; MONTANARI, C. 

A. . On the intrinsic reactivity of highly potent trypanocidal cruzain inhibitors. RSC 

Medicinal Chemistry, Cambridge, v. 11, p. 1275-1284, 2020 with permission 

from the Royal Society of Chemistry. 

Cite this: https://pubs.rsc.org/en/content/articlelanding/2020/md/d0md00097c/unauth 
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https://pubs.rsc.org/en/content/articlelanding/2020/md/d0md00097c/unauth


102 
 



103 
 



104 
 



105 
 



106 
 



107 
 



108 
 



109 
 



110 
 



111 
 



112 
 



113 
 



114 
 



115 
 



116 
 



117 
 

 



118 
 

APPENDIX B – Cartesian Coordinates for the QM-cluster Systems 

 
Nitrile-based inhibitor coordinates 
for the non-covalent state: 
Atoms followed by the number 1 are fixed 
and those followed by the number 0 are 
free. 
C 1    0.87465100   -7.35305500   -2.23699300 
C 0    1.23723700   -6.25064500   -3.23133500 
C 0    0.57372200   -4.94285700   -2.82211000 
N 0    1.17784600   -3.78917600   -3.18889400 
O 0   -0.48182400   -4.96106100   -2.18088700 
H 0   -0.20982800   -7.42651900   -2.14054500 
H 0    1.29192500   -7.12188400   -1.25196800 
H 0    2.32248000   -6.11906900   -3.31095800 
H 0    0.87675100   -6.50644800   -4.23738600 
H 0    0.69763500   -2.89157200   -2.97095500 
H 0    1.94065000   -3.80848000   -3.84866900 
N 1   -1.91243600   -5.42615200   -6.50788500 
C 1   -1.66676900   -4.19324600   -5.74807000 
C 1   -2.78814600   -3.83412300   -4.83570500 
O 0   -3.57959300   -2.92412500   -5.12161700 
H 0   -2.12699500   -6.18090700   -5.85849500 
H 0   -0.72911200   -4.30806000   -5.19098100 
H 0   -1.53781500   -3.36347300   -6.44458900 
N 1   -2.94997200   -4.60499200   -3.77199900 
C 1   -4.00743300   -4.63866100   -2.73679800 
C 1   -3.63936800   -4.03369500   -1.39291300 
O 0   -4.18818800   -4.49665500   -0.37925800 
C 1   -4.44020400   -6.05548000   -2.44233800 
O 1   -3.39794100   -6.92925600   -2.12365300 
H 0   -2.16761400   -5.19550200   -3.50280400 
H 0   -4.86630100   -4.09380300   -3.13924300 
H 0   -5.21386200   -6.02068700   -1.67232000 
H 0   -4.89135900   -6.46330800   -3.35447800 
H 0   -3.05151400   -6.66123700   -1.25984200 
C 0   -1.73538000   -3.18423700   -0.12485800 
N 0   -2.61193200   -3.17013300   -1.29962300 
O 0   -1.88368800   -2.96898900    2.26078400 
S 0   -0.39552700   -1.31048000   -1.85540200 
C 0   -2.38466200   -2.69632200    1.16805100 
N 0   -2.58250400    2.06320200   -3.49990900 
O 0   -4.57895500    1.00905000   -3.23979900 
C 0   -0.39481100   -2.43136500   -0.39490800 
N 0    0.66334300    1.10319500   -3.94687000 
O 0   -5.70442400    3.77649600   -4.69479100 
N 0   -5.77849700    3.42131200   -2.45308300 
C 0   -3.93004300    3.19706200   -0.87904600 
C 0   -4.34431000    3.27044300   -2.35301100 
C 0   -3.86287100    2.00886100   -3.09385400 
C 0   -1.95107600    0.92617600   -4.14378400 
C 0   -0.49133100    1.03073000   -4.03355300 
C 0   -6.35933300    3.64780800   -3.66399300 
C 0   -7.87441300    3.76996300   -3.64341000 
H 0   -4.38922300    2.33250500   -0.38871300 
H 0   -2.84443900    3.12404400   -0.79648100 
H 0   -4.25673700    4.09915300   -0.35517800 
H 0   -8.30548800    3.55140300   -2.66475800 
H 0   -8.14358900    4.78769600   -3.94131500 
H 0   -8.29631600    3.08495800   -4.38181800 
H 0   -3.86187900    4.13207500   -2.82409500 
H 0   -6.35552200    3.13045300   -1.66920300 
H 0   -2.02588600    2.90344900   -3.32250100 
H 0   -2.27091000   -0.00486600   -3.66468800 
H 0   -2.22263400    0.86110200   -5.20576600 

H 0   -0.14634400   -1.86730300    0.50784700 
H 0    0.38245600   -3.18764300   -0.53201100 
H 0   -1.49149800   -4.23028100    0.08682500 
H 0   -2.15218900   -2.83055300   -2.14286700 
N 0   -3.50683900   -1.97750800    1.00134700 
C 1   -4.42836200   -1.64004400    2.04772100 
C 1   -4.93024100   -2.87051500    2.87568100 
O 1   -4.96455800   -2.86779000    4.07271100 
C 0   -5.61459400   -0.81287500    1.44172900 
C 0   -5.95219200   -1.21516300    0.03674300 
C 0   -5.26496700   -0.77295000   -1.07520400 
C 0   -6.83472200   -2.25859600   -0.42585200 
C 0   -6.63168900   -2.38174100   -1.83468200 
C 0   -7.77569400   -3.09055200    0.20291200 
N 0   -5.64913000   -1.48232000   -2.18857100 
C 0   -7.35410700   -3.29244000   -2.61179600 
C 0   -8.48119200   -4.00742500   -0.56722800 
C 0   -8.27348200   -4.10510900   -1.95903500 
H 0   -3.85329400   -1.90378700    0.05366900 
H 0   -3.93523500   -1.02756200    2.80727100 
H 0   -6.47907300   -0.90259400    2.10587200 
H 0   -5.31769100    0.24010200    1.45415000 
H 0   -4.51277200   -0.00806700   -1.16669500 
H 0   -5.30896500   -1.27092100   -3.11680300 
H 0   -7.93859600   -3.02107700    1.27373700 
H 0   -7.21150800   -3.34911800   -3.68625100 
H 0   -9.21287900   -4.65497300   -0.09354800 
H 0   -8.85461600   -4.81799100   -2.53542300 
N 1   -5.25108200   -4.02885100    2.22085200 
C 1   -5.54185800   -5.33971500    2.78682100 
C 1   -4.41404400   -5.82631800    3.74081400 
O 1   -4.70158500   -6.24501500    4.89227600 
C 1   -5.80134700   -6.43390200    1.70516800 
H 0   -5.03533400   -4.04423000    1.22515500 
H 0   -6.42109700   -5.26797900    3.43579500 
H 0   -6.07886200   -7.36315500    2.20651800 
H 0   -6.61334100   -6.11550100    1.04556900 
H 0   -4.91194200   -6.59679100    1.09106800 
N 0   -2.06515500   -3.73892600    5.16215800 
C 1   -2.01948900   -2.68726700    6.19146000 
C 1   -3.11908600   -3.03844200    7.19307800 
O 1   -2.92506500   -2.87093800    8.42454200 
C 1   -2.15928400   -1.29789300    5.64346000 
O 1   -1.95001400   -0.37781600    6.75002400 
H 0   -1.38879600   -3.52742300    4.43116400 
H 0   -1.07543300   -2.74905900    6.74389700 
H 0   -1.38233600   -1.10193700    4.89916500 
H 0   -3.13329700   -1.14626000    5.16994400 
H 0   -2.26375500   -0.81991600    7.55209000 
C 1   -7.19040900    0.11604500   -4.86699200 
C 0   -8.22010000    0.09741700   -3.71350900 
O 0   -9.34150100   -0.38060100   -3.86932300 
H 0   -7.70403900    0.47515900   -5.76071600 
H 0   -6.31163400    0.72687900   -4.66049500 
H 0   -6.87755000   -0.91527000   -5.05923400 
N 0   -7.84384100    0.63200300   -2.50554200 
C 1   -8.72445600    0.53905000   -1.34033700 
C 0   -8.22388200    1.37125200   -0.17585200 
O 0   -7.40153300    2.28472200   -0.28684500 
H 0   -6.88737500    0.94190600   -2.37707400 
H 0   -9.71998800    0.90184800   -1.62352000 
H 0   -8.84953500   -0.50562400   -1.02889000 
N 0   -8.82794000    1.08017700    1.00364600 
C 1   -8.56766900    1.81837700    2.22446500 
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C 1   -8.75533500    0.84584600    3.42095800 
O 0   -9.08202800   -0.31304700    3.28934500 
C 1   -9.57512800    3.02079900    2.42633100 
C 1   -9.55736900    4.19499900    1.34249700 
C 1  -10.73081700    5.21141700    1.44528200 
C 1   -8.26283100    4.91993700    1.52401300 
H 0   -9.31981000    0.20110500    1.10903700 
H 1   -7.51736900    2.18981500    2.16402700 
H 1  -10.59749800    2.60492100    2.44685200 
H 1   -9.39323700    3.46902600    3.41467200 
H 1   -9.60660200    3.70986300    0.33997800 
H 1  -11.69603000    4.71164500    1.33832600 
H 1  -10.72272300    5.72873000    2.40763100 
H 1  -10.64579100    5.96263700    0.65508500 
H 1   -8.16883000    5.78941500    0.85640200 
H 1   -8.12402700    5.29857200    2.54348800 
H 1   -7.39539600    4.27696700    1.29114500 
C 1   -6.65436500    0.52696000    6.60819100 
C 1   -5.30478200    0.28867900    5.90444700 
S 1   -4.66469400    1.34706400    4.55560200 
C 1   -3.70689600    2.60961400    5.45264900 
H 0   -6.73451200    1.53507200    7.02829800 
H 0   -6.74767400   -0.19357100    7.42700000 
H 0   -4.49922800    0.24657400    6.64546500 
H 0   -5.33632000   -0.70556500    5.44371800 
H 0   -4.34555800    3.24164100    6.07446400 
H 0   -2.94286700    2.11957900    6.06176700 
H 0   -3.22234800    3.22955100    4.69552500 
N 0    1.28398300    6.31810300    3.19927300 
C 1    2.55757600    6.88146900    2.81805800 
C 1    2.78052400    7.08753600    1.30619100 
O 0    2.10883400    6.49531300    0.49165900 
C 1    3.77853100    5.99405600    3.37518300 
C 0    3.67116300    4.55434900    2.83967100 
C 0    3.78633600    6.05949000    4.90207100 
C 0    4.92635800    3.70763000    3.06993300 
H 0    0.56454300    7.03310100    3.17493300 
H 0    2.67128900    7.86635100    3.29293000 
H 0    4.70418700    6.44288000    2.98502600 
H 0    2.80170100    4.07391200    3.30228300 
H 0    3.46411400    4.58410100    1.76345900 
H 0    4.57278300    5.42987100    5.32958100 
H 0    3.95504500    7.08402900    5.25136400 
H 0    2.81865300    5.72435700    5.28471600 
H 0    4.77882500    2.68725000    2.69887600 
H 0    5.79224800    4.12828200    2.54633600 
H 0    5.18057600    3.62925600    4.13182400 
C 1   -0.03223000    9.36103800   -0.01730300 
C 1   -0.62382900    8.50906800   -1.15909400 
O 1   -1.63572400    8.82856800   -1.77089500 
C 1   -0.71204700    8.96824000    1.31291200 
H 0   -0.24211400   10.40782600   -0.25269400 
H 0    1.05078600    9.22311600    0.04534900 
H 1   -0.40141300    7.95923200    1.62291000 
H 1   -0.44645300    9.65941300    2.11285200 
H 1   -1.80092100    8.96609500    1.20359700 
N 0    0.11206500    7.39298500   -1.43123200 
C 1   -0.25315200    6.51251100   -2.52563500 
C 0   -0.41362500    5.05123500   -2.05882600 
O 0   -1.08510700    4.25242200   -2.72387700 
C 0    0.87848400    6.49833200   -3.59539600 
C 0    2.25967600    6.15784300   -2.94256600 
O 0    2.71695200    5.00744700   -3.14082200 
O 0    2.74830100    7.08177700   -2.22368200 
H 0    1.13587700    7.45610200   -1.31561100 
H 0   -1.20376200    6.83729100   -2.94908900 
H 0    0.62876800    5.76470600   -4.36487500 

H 0    0.91877000    7.49825000   -4.03943300 
N 0    0.27930100    4.68149800   -0.95283200 
C 0    0.55766500    3.30473100   -0.61219500 
C 1    0.51428300    3.07471000    0.88667100 
O 0    0.32721100    3.92413600    1.72909300 
C 0    1.94354600    2.85315300   -1.19804000 
C 0    2.52020900    1.57570400   -0.66447000 
C 0    3.66989900    1.36836400    0.06439900 
N 0    1.96878000    0.31301200   -0.84905800 
C 0    2.73257600   -0.60674600   -0.25742800 
N 0    3.77732900    0.00820700    0.30466900 
H 0    0.81574200    5.39277100   -0.46656900 
H 0   -0.22430500    2.67615400   -1.05853300 
H 0    1.83779300    2.81004100   -2.28481900 
H 0    2.65626000    3.65826300   -1.01753200 
H 0    4.41086000    2.07445800    0.39961900 
H 0    2.54150800   -1.66842600   -0.24024300 
H 0    4.49339800   -0.50184700    0.84885400 
C 1    6.13646300   -3.50595300    4.17739400 
C 0    6.91209500   -3.29721900    2.86950100 
C 0    6.49427200   -2.07658000    2.05189900 
N 0    7.50906500   -1.36032300    1.53254300 
O 0    5.30347500   -1.79143500    1.85461000 
H 0    6.34780300   -2.70492600    4.89192200 
H 0    7.98836300   -3.25259800    3.06363500 
H 0    6.75212000   -4.15640100    2.20480900 
H 0    7.32464200   -0.67378100    0.81618700 
H 0    8.47435000   -1.61297300    1.68886600 
C 0    3.81510500   -4.72693000    1.23648200 
O 0    2.80616000   -4.87451400    0.22879100 
H 0    3.54369500   -3.93523900    1.94600500 
H 0    4.69707800   -4.37234200    0.69985500 
H 0    1.95731400   -5.02228800    0.66682100 
C 1    6.57990600   -6.59586500   -0.87947300 
C 1    7.30135100   -5.28424000   -1.30178700 
C 1    6.42214900   -4.10337700   -1.55908200 
C 1    5.10954400   -4.12039400   -1.89879100 
C 1    6.76954900   -2.62261500   -1.71665300 
C 1    5.64733500   -1.89802200   -2.19567000 
C 1    7.95338100   -1.86586100   -1.63116300 
N 1    4.60121900   -2.82886300   -2.16500300 
C 1    5.67417500   -0.56669000   -2.65805000 
C 1    7.99045600   -0.53560000   -2.07320700 
C 1    6.90781300    0.09420300   -2.66049100 
H 0    5.85513300   -6.91265100   -1.63549100 
H 0    7.31062600   -7.39940200   -0.75451600 
H 0    8.03331400   -5.02671700   -0.52308600 
H 0    7.90425500   -5.48753300   -2.19855600 
H 0    4.40554000   -4.94073000   -1.88101400 
H 0    3.65393800   -2.67040100   -2.47315700 
H 0    8.86709600   -2.31301000   -1.24643900 
H 0    4.77493500   -0.10046300   -3.04782900 
H 0    8.94133100   -0.01597300   -2.00447200 
H 0    6.97628800    1.10913800   -3.03687100 
H 0    6.41624000   -4.45735000    4.63721400 
H 0    1.27167200   -8.31973600   -2.56031200 
H 0    3.60991300    7.75203500    0.98693500 
C 1    6.02480900    5.58599800   -1.55068300 
C 1    5.49122300    4.18543400   -1.19773100 
H 0    5.07987800    4.18120200   -0.17965900 
H 0    4.68168600    3.94461400   -1.89250400 
H 0    6.26629700    3.41637200   -1.24666400 
C 1   12.17169800    3.75657200   -1.62479200 
H 0   12.73820000    3.85472400   -0.69275800 
C 1   10.74165900    4.26716800   -1.46290200 
H 0   10.77219700    5.33743800   -1.22486000 
H 0   10.21154500    4.18281300   -2.41649900 
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C 1    9.88427600    3.55380900   -0.38421900 
C 1    9.91217600    3.88266000    0.97926100 
H 0   10.62808600    4.63562500    1.30525300 
C 1    9.10659300    3.26740300    1.91144900 
H 0    9.14528900    3.53203000    2.96223600 
C 1    8.14884500    2.32953500    1.42990400 
H 0    7.47756100    1.84058700    2.12887400 
C 1    8.09799300    1.98270200    0.06573700 
H 0    7.34851200    1.27781400   -0.27613900 
C 1    8.90656500    2.60676000   -0.84603600 
H 0    8.83580100    2.38806700   -1.90613100 
C 1   13.23600600   -5.38902400    0.28567300 
H 0   13.80117200   -5.15709100   -0.62207200 
C 1   11.78219600   -4.80697200    0.19675200 
H 0   11.27483600   -5.31005500   -0.63665800 
H 0   11.23780300   -5.11887200    1.09604600 
C 1   11.66111700   -3.33914900    0.03424900 
C 1   11.90120700   -2.64287200   -1.10009700 
H 0   12.24523900   -2.94039900   -2.07846300 
N 1   11.74563600   -1.26826400   -0.77629700 
H 1   11.85535800   -0.54356700   -1.45638600 
C 1   11.30443700   -1.05801500    0.50251400 
C 1   10.86995000    0.10125700    1.16655900 
H 0   10.86926800    1.07459000    0.69055300 
C 1   10.47506100   -0.06035300    2.51137800 
H 0   10.14993200    0.80724700    3.07197400 
C 1   10.45600500   -1.33787800    3.10484700 
H 0   10.14379500   -1.43530700    4.14009600 
C 1   10.80351400   -2.49418300    2.38511000 
H 0   10.75770900   -3.46704600    2.86627600 
C 1   11.20434200   -2.37050400    1.04319700 
H 0   13.20028900   -6.47557900    0.40482400 
H 0   13.77423800   -4.96035600    1.13620500 
H 0    6.04767200   -6.46086100    0.06303800 
H 0    6.52375500    5.57354100   -2.52588800 
H 0    5.18185100    6.28187000   -1.62313800 
H 0    6.74680400    5.94836700   -0.80865700 
H 0   -3.37220700   -5.76548700    3.37627400 
H 0   -8.59808300    1.30310300    4.41505100 
H 0   -7.49309400    0.36523900    5.92731500 
H 0    5.06067400   -3.51150800    3.98885200 
H 0    0.67207400    2.01711500    1.18389900 
C 1    4.12529000   -6.03033600    1.97483700 
H 0    4.35252000   -6.82977000    1.26456900 
H 0    4.98180000   -5.90064200    2.64499400 
H 0    3.27393000   -6.35482800    2.58406400 
H 0   12.18398200    2.69729200   -1.90681200 
H 0   12.69884800    4.31760200   -2.40257700 
H 0   -2.96118500   -3.65117600    4.68393500 
H 0   -4.06068400   -3.45729200    6.79674800 
H 0    1.06710400   -0.00417700   -1.32810800 
H 0   -2.75579700   -5.29768400   -7.06436700 
H 0    0.99670200    5.59460300    2.54408500 
 

Nitrile-based inhibitor coordinates 
for the covalent state: 
Atoms followed by the number 1 are fixed 
and those followed by the number 0 are 
free.  
C 1    0.93922900   -7.31342700   -2.44094600 
C 0    1.79653800   -6.04407000   -2.53215300 
C 0    0.99387800   -4.79159900   -2.86010400 
N 0    1.67349200   -3.78251400   -3.48543200 
O 0   -0.18406100   -4.65565100   -2.53153200 
H 0    0.52581700   -7.58829600   -3.41568400 
H 0    0.09888800   -7.15027300   -1.76290800 

H 0    2.27155900   -5.83751700   -1.56286100 
H 0    2.60767000   -6.16886800   -3.26019900 
H 0    1.16248200   -2.94589400   -3.74348100 
H 0    2.56887000   -3.94390900   -3.92026800 
N 1   -1.75477000   -5.28431500   -6.74945100 
C 1   -1.51136200   -4.06612600   -5.96541000 
C 1   -2.64425200   -3.71320300   -5.06491300 
O 0   -3.36043900   -2.73414100   -5.29857600 
H 0   -2.53917900   -5.12135800   -7.37753000 
H 0   -0.61300300   -4.24055300   -5.35940600 
H 0   -1.33173300   -3.16483900   -6.56732500 
N 1   -2.82902700   -4.50010000   -4.01680200 
C 1   -3.90311200   -4.54256000   -2.99896000 
C 1   -3.55083000   -3.96220700   -1.64020600 
O 0   -4.12400700   -4.38310700   -0.63281300 
C 1   -4.35137200   -5.96024600   -2.73501100 
O 1   -3.32118700   -6.84763300   -2.41481000 
H 0   -2.17013900   -5.26153900   -3.89193300 
H 0   -4.74969900   -3.96758000   -3.39397200 
H 0   -5.13033300   -5.92884500   -1.96882700 
H 0   -4.79809500   -6.35291800   -3.65499200 
H 0   -3.02179400   -6.63369400   -1.51920900 
C 0   -1.65191800   -2.87981500   -0.45488500 
N 0   -2.51646200   -3.08947100   -1.61586600 
O 0   -1.94119900   -3.06607900    1.92091300 
S 0   -1.59451000   -0.13720000   -1.15013900 
C 0   -2.40348100   -2.67061300    0.85147100 
N 0   -2.66451200    1.89396400   -3.12482200 
O 0   -4.80006200    1.11408200   -2.89402000 
C 0   -0.71231100   -1.68559900   -0.69808600 
N 0    0.07346200   -0.28321100   -3.36147200 
O 0   -5.58010100    3.74831700   -4.73941200 
N 0   -5.75289700    3.69595200   -2.46886700 
C 0   -4.01518700    3.49714500   -0.76987800 
C 0   -4.34595800    3.42175300   -2.26495300 
C 0   -3.97275300    2.03134100   -2.80724800 
C 0   -2.12910100    0.69195300   -3.73966900 
C 0   -1.05340900    0.04953800   -2.88344600 
C 0   -6.26973100    3.79892700   -3.72353700 
C 0   -7.77402200    4.02277800   -3.77875900 
H 0   -4.56147100    2.72806600   -0.21428100 
H 0   -2.94326100    3.36670500   -0.61839400 
H 0   -4.29782200    4.47842100   -0.37982900 
H 0   -7.96241000    5.03740500   -4.14250300 
H 0   -8.21182700    3.32365400   -4.49379900 
H 0   -8.25889700    3.89385000   -2.80855200 
H 0   -3.75277000    4.16599300   -2.80128200 
H 0   -6.38271100    3.45668500   -1.71047200 
H 0   -2.06350700    2.71736000   -3.02238700 
H 0   -2.95997000   -0.00538300   -3.88086800 
H 0   -1.68410500    0.92139300   -4.71162800 
H 0   -0.11930000   -1.50697200    0.19861900 
H 0   -0.01857400   -1.92776600   -1.50163700 
H 0   -1.02359400   -3.76551100   -0.31136800 
H 0   -2.03379700   -2.99426800   -2.50088400 
N 0   -3.52394900   -1.94103000    0.72579500 
C 1   -4.37619100   -1.62037700    1.82712800 
C 1   -4.90018700   -2.85957600    2.62741100 
O 1   -4.95339100   -2.87683800    3.82322300 
C 0   -5.55471700   -0.75319300    1.30287800 
C 0   -6.29833400   -1.40345500    0.17390400 
C 0   -6.02064900   -1.28012300   -1.17143900 
C 0   -7.35760800   -2.38098100    0.29149800 
C 0   -7.66511000   -2.81803500   -1.02484800 
C 0   -8.07417400   -2.91793800    1.37469000 
N 0   -6.81316500   -2.15976200   -1.89433800 
C 0   -8.66536700   -3.75945800   -1.28490400 
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C 0   -9.06216100   -3.85996300    1.12171300 
C 0   -9.35473600   -4.27678500   -0.19444800 
H 0   -3.86536400   -1.74743700   -0.20641000 
H 0   -3.82761500   -1.04833500    2.58091700 
H 0   -6.22375900   -0.54945400    2.14359600 
H 0   -5.14157900    0.20880800    0.98254000 
H 0   -5.34692400   -0.60453100   -1.68559500 
H 0   -7.03820300   -2.03755200   -2.87207200 
H 0   -7.86113100   -2.60265700    2.38982300 
H 0   -8.89842400   -4.06140200   -2.30083100 
H 0   -9.62458000   -4.28004300    1.94979700 
H 0  -10.14057200   -5.00775000   -0.35947400 
N 1   -5.22009700   -4.00446300    1.94787900 
C 1   -5.52995200   -5.32215200    2.48731100 
C 1   -4.42128800   -5.83365500    3.45068800 
O 1   -4.73021300   -6.26898800    4.59033400 
C 1   -5.78088100   -6.39616300    1.38364700 
H 0   -5.03262200   -3.99090100    0.95024600 
H 0   -6.42352000   -5.25406900    3.11688000 
H 0   -6.04804700   -7.33795000    1.86692700 
H 0   -6.60395700   -6.07298800    0.74000300 
H 0   -4.89141600   -6.54017100    0.76454500 
N 0   -2.09101900   -3.78949800    4.95913700 
C 1   -2.05069900   -2.76414200    6.01746500 
C 1   -3.16872100   -3.12273200    6.99582400 
O 1   -2.99297100   -2.97719600    8.23278800 
C 1   -2.17090600   -1.36470500    5.49085500 
O 1   -1.97196200   -0.46475200    6.61556800 
H 0   -1.38890600   -3.57439800    4.25372600 
H 0   -1.11468900   -2.84732000    6.57992700 
H 0   -1.37790700   -1.16163500    4.76523700 
H 0   -3.13563000   -1.19736700    5.00330100 
H 0   -2.30760200   -0.91368100    7.40481600 
C 1   -7.02358800    0.26390700   -5.07248900 
C 0   -7.95001100    0.05616500   -3.85740400 
O 0   -8.83983000   -0.80092900   -3.89053200 
H 0   -6.59541900    1.26712900   -5.12125200 
H 0   -6.18873900   -0.44257400   -5.01206300 
H 0   -7.60784600    0.04133500   -5.96544900 
N 0   -7.75618300    0.82456500   -2.73977800 
C 1   -8.61244500    0.64043800   -1.56325200 
C 0   -8.14642900    1.45627600   -0.37403000 
O 0   -7.35133000    2.39501000   -0.45930800 
H 0   -6.85702100    1.29287400   -2.62397000 
H 0   -9.63373600    0.96166600   -1.80606700 
H 0   -8.68502400   -0.41831100   -1.29403800 
N 0   -8.75558700    1.13284500    0.79330100 
C 1   -8.49985800    1.85895500    2.02455100 
C 1   -8.71232000    0.86901400    3.20104500 
O 0   -9.06654000   -0.27923400    3.05191800 
C 1   -9.50116800    3.06639600    2.23042200 
C 1   -9.45619600    4.25888400    1.16664700 
C 1  -10.62338900    5.28276700    1.26769100 
C 1   -8.15932800    4.96993900    1.38025100 
H 0   -9.19006200    0.22213900    0.89619200 
H 1   -7.44607800    2.22490300    1.98569600 
H 1  -10.52648600    2.65910100    2.22724900 
H 1   -9.33065900    3.49741800    3.22835600 
H 1   -9.49369200    3.79060900    0.15527200 
H 1  -11.59069400    4.79270600    1.13729200 
H 1  -10.62644400    5.78400100    2.23854200 
H 1  -10.51995600    6.04624100    0.49155800 
H 1   -8.04793300    5.84955500    0.72878600 
H 1   -8.03368900    5.33051500    2.40795000 
H 1   -7.29340800    4.32387500    1.15032700 
C 1   -6.66655900    0.48051100    6.41521500 
C 1   -5.30751700    0.24295300    5.72861200 

S 1   -4.63785600    1.31816800    4.40786300 
C 1   -3.68446100    2.55792600    5.34079500 
H 0   -6.74629200    1.48350000    6.84722900 
H 0   -6.77722100   -0.24997100    7.22300200 
H 0   -4.51484000    0.18229300    6.48213400 
H 0   -5.33964000   -0.74358100    5.25150700 
H 0   -4.32807200    3.18250700    5.96485100 
H 0   -2.93161100    2.05264800    5.95122200 
H 0   -3.18657300    3.18840600    4.60136400 
N 0    1.35182600    6.34043900    3.25535800 
C 1    2.65536200    6.82238200    2.87664300 
C 1    2.90221400    7.05074700    1.37173100 
O 0    1.97496400    7.14155200    0.60781000 
C 1    3.85947200    5.91512100    3.43721000 
C 0    3.80851800    4.51827700    2.79096200 
C 0    3.81191800    5.87117200    4.96302500 
C 0    5.05026500    3.66023800    3.04821400 
H 0    0.66960800    7.08553100    3.16665300 
H 0    2.80994900    7.81406700    3.33349400 
H 0    4.78717000    6.41125000    3.11541900 
H 0    2.91076200    3.99777400    3.14198900 
H 0    3.68371700    4.62789100    1.70561500 
H 0    4.61238300    5.25083000    5.37836900 
H 0    3.91665300    6.87606500    5.38761400 
H 0    2.84823100    5.47061100    5.28846700 
H 0    4.95497000    2.68249700    2.56339300 
H 0    5.95266600    4.13764600    2.64984600 
H 0    5.20865900    3.47725800    4.11612500 
C 1    0.13018100    9.36873200    0.04257800 
C 1   -0.45251600    8.54092600   -1.12236700 
O 1   -1.45057100    8.87852400   -1.74429700 
C 1   -0.57274100    8.96000000    1.35346600 
H 0   -0.09000000   10.41595200   -0.18464900 
H 0    1.20899900    9.23976600    0.12038200 
H 1   -0.28000500    7.94330900    1.65535400 
H 1   -0.31631300    9.63502700    2.17079700 
H 1   -1.66143900    8.96807000    1.22832100 
N 0    0.27177300    7.44475300   -1.43427200 
C 1   -0.07123300    6.56437700   -2.51675500 
C 0   -0.40247700    5.10926900   -2.01671900 
O 0   -1.34608100    4.46261400   -2.50659100 
C 0    1.10238600    6.48036900   -3.52955500 
C 0    2.54688900    6.18326900   -2.98624200 
O 0    3.46524600    6.35918400   -3.79874800 
O 0    2.67365300    5.78798000   -1.76978500 
H 0    1.15517200    7.27174500   -0.97155700 
H 0   -0.97477500    6.93870400   -2.99594600 
H 0    0.87231900    5.72041100   -4.28649100 
H 0    1.16390700    7.43436000   -4.06220800 
N 0    0.44871700    4.62832900   -1.07699700 
C 0    0.51257500    3.23918300   -0.66670800 
C 1    0.61169000    3.06255400    0.84984200 
O 0    0.72654600    3.94452500    1.67043200 
C 0    1.71925500    2.52758300   -1.40055800 
C 0    2.34748000    1.30977400   -0.77524900 
C 0    3.44534600    1.26582500    0.06229000 
N 0    1.90719900    0.01092900   -1.00066700 
C 0    2.71337100   -0.77901100   -0.30484800 
N 0    3.66122500   -0.06542900    0.35440500 
H 0    1.37090300    5.14116100   -1.10149200 
H 0   -0.41598100    2.73221800   -0.95731400 
H 0    1.37047600    2.27378200   -2.40520100 
H 0    2.48730200    3.29747200   -1.51745600 
H 0    4.07684600    2.05346300    0.44231600 
H 0    2.65614600   -1.85798800   -0.24131200 
H 0    4.37659200   -0.48628200    0.95248500 
C 1    6.12914000   -3.61574600    4.11811700 
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C 0    6.95524900   -3.33596100    2.85918400 
C 0    6.50621200   -2.10063600    2.08380500 
N 0    7.49851500   -1.37374400    1.53183300 
O 0    5.31059800   -1.81290800    1.95300400 
H 0    6.27768200   -2.83084700    4.86564300 
H 0    8.01964800   -3.25225600    3.10028900 
H 0    6.86299500   -4.17535600    2.15654400 
H 0    7.27542800   -0.66423700    0.85032700 
H 0    8.47013300   -1.62558100    1.63837400 
C 0    3.96178600   -4.71062900    1.20148200 
O 0    2.83958400   -4.64687100    0.30633300 
H 0    3.88408900   -3.92305200    1.95752900 
H 0    4.82616200   -4.46301900    0.58329400 
H 0    2.03302900   -4.68657400    0.83775600 
C 1    6.62856400   -6.62508900   -0.98222500 
C 1    7.36658800   -5.31232000   -1.37037500 
C 1    6.50110400   -4.12023200   -1.62239300 
C 1    5.19415900   -4.12109600   -1.98322200 
C 1    6.86256400   -2.64009000   -1.74964500 
C 1    5.75368700   -1.89839900   -2.23388800 
C 1    8.05076700   -1.89447100   -1.63284300 
N 1    4.69996700   -2.82116600   -2.23444900 
C 1    5.79843200   -0.55998000   -2.67363300 
C 1    8.10536500   -0.55755100   -2.05210500 
C 1    7.03716200    0.09073000   -2.64575800 
H 0    5.91944600   -6.92740200   -1.75941100 
H 0    7.35127100   -7.43521000   -0.85355900 
H 0    8.08486300   -5.07221700   -0.57388300 
H 0    7.98594400   -5.50731000   -2.25781500 
H 0    4.49270900   -4.94259400   -2.00044300 
H 0    3.72794500   -2.61373800   -2.40312400 
H 0    8.95448400   -2.35432600   -1.23941200 
H 0    4.90345100   -0.07497600   -3.04840600 
H 0    9.05793600   -0.04561800   -1.95632400 
H 0    7.11910400    1.11315700   -2.99844400 
H 0    6.42002300   -4.57075200    4.56435400 
H 0    1.53617000   -8.15015400   -2.06975300 
H 0    3.95276200    7.16029600    1.02949500 
C 1    6.17991300    5.57039700   -1.45887100 
C 1    5.63135900    4.16948100   -1.13694200 
H 0    4.54882700    4.25030600   -1.00467800 
H 0    5.81299600    3.46902900   -1.96056800 
H 0    6.08409500    3.74613000   -0.23351100 
C 1   12.31265500    3.69255700   -1.46661200 
H 0   12.86498100    3.77079100   -0.52419000 
C 1   10.88436300    4.21193600   -1.31868700 
H 0   10.91986700    5.27797400   -1.06284600 
H 0   10.36901400    4.14767500   -2.28194800 
C 1   10.00434100    3.48793500   -0.26561100 
C 1   10.01328700    3.79390800    1.10341500 
H 0   10.72912300    4.53648400    1.45283500 
C 1    9.18813300    3.17004000    2.01242700 
H 0    9.21068000    3.41845600    3.06765400 
C 1    8.23078900    2.24783900    1.50048200 
H 0    7.54090900    1.75681500    2.17912800 
C 1    8.19912700    1.92414500    0.12974900 
H 0    7.44192800    1.24040000   -0.23654800 
C 1    9.02651900    2.55687300   -0.75843300 
H 0    8.96852100    2.35909100   -1.82343700 
C 1   13.27452600   -5.49175700    0.30757400 
H 0   13.85584400   -5.24928600   -0.58715300 
C 1   11.82695500   -4.89651000    0.20552800 
H 0   11.32906800   -5.38201700   -0.64403400 
H 0   11.26615800   -5.21868000    1.09104100 
C 1   11.71997700   -3.42526200    0.06566700 
C 1   11.98350400   -2.71228000   -1.05299900 
H 0   12.34132800   -2.99619400   -2.03049300 

N 1   11.83359500   -1.34199900   -0.70881600 
H 1   11.95984100   -0.60706400   -1.37487300 
C 1   11.37383900   -1.14937900    0.56622400 
C 1   10.93821400    0.00229700    1.24267200 
H 0   10.95135200    0.98326300    0.78270700 
C 1   10.52062300   -0.17823500    2.57837200 
H 0   10.19196800    0.68253700    3.14729700 
C 1   10.48268400   -1.46518700    3.14985200 
H 0   10.15299400   -1.57715000    4.17821600 
C 1   10.83214900   -2.61263300    2.41673600 
H 0   10.76986500   -3.59291700    2.88066200 
C 1   11.25478100   -2.46971300    1.08327500 
H 0   13.22891500   -6.57989700    0.40828000 
H 0   13.80240400   -5.08119600    1.17338100 
H 0    6.07598100   -6.50298100   -0.04911400 
H 0    7.24945800    5.54312400   -1.70244000 
H 0    5.61799600    5.99479200   -2.29673800 
H 0    6.05080800    6.24033400   -0.60093200 
H 0   -3.37356100   -5.77601100    3.10312900 
H 0   -8.54455300    1.30551400    4.20288800 
H 0   -7.49603500    0.33378500    5.71975500 
H 0    5.06420400   -3.64939800    3.88229300 
H 0    0.56456700    2.00008800    1.16621800 
C 1    4.13336500   -6.08672000    1.84289900 
H 0    4.19655300   -6.86583600    1.07759600 
H 0    5.04666100   -6.11634900    2.44696800 
H 0    3.29206000   -6.32808300    2.50264200 
H 0   12.32093800    2.63777000   -1.76544100 
H 0   12.85685000    4.26160900   -2.22676400 
H 0   -2.97495700   -3.67805000    4.46318300 
H 0   -4.10803400   -3.52537000    6.57775700 
H 0    0.73682300   -0.52264100   -2.60794200 
H 0   -0.94869700   -5.45988500   -7.34329600 
H 0    1.05391100    5.59750300    2.62752700 
 

Aldehyde-based inhibitor 
coordinates for the non-covalent 
state: 
Atoms followed by the number 1 are fixed 
and those followed by the number 0 are 
free.  
C 1    1.44855200   -7.13401000   -2.18020700 
H 0    0.37250500   -7.27320000   -2.32525900 
H 0    1.65049900   -7.01533400   -1.11378500 
C 0    1.94678000   -5.90137700   -2.95124900 
H 0    3.02387000   -5.78609700   -2.78122900 
H 0    1.79999400   -6.03955400   -4.02785800 
C 0    1.29762000   -4.59484000   -2.49969800 
O 0    1.25721500   -4.26645100   -1.29803900 
N 0    0.80341500   -3.79921800   -3.46104900 
H 0    0.36861000   -2.88058300   -3.24101800 
H 0    0.85386700   -4.09573800   -4.42280400 
H 0    1.96408000   -8.03145800   -2.53138600 
N 1   -1.69089400   -4.14211400   -6.72209400 
H 0   -2.61125700   -4.23151600   -7.14782600 
C 1   -1.70637200   -3.00627300   -5.78284700 
H 0   -0.70159600   -2.87380100   -5.37427100 
H 0   -1.97353200   -2.04916200   -6.25086500 
C 1   -2.67668700   -3.13584200   -4.63119200 
O 0   -3.68281200   -2.41008700   -4.57787000 
N 1   -2.43100400   -4.07190000   -3.75802800 
H 0   -1.61221900   -4.65314500   -3.88343300 
C 1   -3.32766500   -4.49443000   -2.68692000 
H 0   -4.26273900   -3.94526000   -2.85443800 
C 1   -3.62636400   -5.95509900   -2.83072300 
H 0   -4.41592900   -6.22871300   -2.12147200 
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H 0   -3.99957900   -6.13261000   -3.84271900 
O 1   -2.48487800   -6.79001100   -2.67285900 
H 0   -2.26261200   -6.73466700   -1.73040200 
C 1   -2.84482600   -4.11101600   -1.34426600 
O 0   -3.11745000   -4.84425700   -0.37236700 
N 0   -2.15434600   -2.96847800   -1.20710600 
C 0   -1.45815200   -2.69809000    0.04626500 
C 0   -0.50893700   -1.52014700   -0.17052400 
S 0   -1.30814500    0.01748800   -0.77157200 
C 0   -2.33663900   -2.44432200    1.28079100 
O 0   -1.86706900   -2.62142700    2.40481000 
C 0   -4.16966600    3.07115300   -0.78202200 
C 0   -4.39525900    3.10127600   -2.29997600 
C 0   -3.97247100    1.75424900   -2.91045300 
O 0   -4.80646400    0.87935100   -3.18621000 
N 0   -2.63978800    1.56501400   -3.04608200 
C 0   -2.10955300    0.31449400   -3.55753400 
C 0   -0.89539100   -0.28174200   -2.83210200 
N 0   -5.78579600    3.38707400   -2.57386600 
C 0   -6.20042000    3.68568900   -3.83345200 
O 0   -5.42833800    3.81557500   -4.78136500 
C 0   -7.70082500    3.89572100   -3.97596200 
O 0   -0.69332500   -1.54559400   -3.07759800 
H 0   -1.78772900   -2.47367100   -2.04269700 
H 0   -0.85186000   -3.56969500    0.31493400 
H 0   -0.01771400   -1.30902300    0.78180500 
H 0    0.22596800   -1.83504900   -0.91676900 
H 0   -3.77676700    3.88233700   -2.74426200 
H 0   -3.12569400    2.85106100   -0.55843600 
H 0   -4.80323000    2.31115000   -0.31341700 
H 0   -2.91173500   -0.41951900   -3.54324300 
H 0   -1.80535700    0.42997700   -4.60858700 
H 0   -6.47081300    3.04433800   -1.90662700 
H 0   -2.03746800    2.37119800   -2.88850900 
H 0   -0.00827000    0.37590000   -2.90449000 
H 0    0.74542800    0.53810500   -0.63832600 
H 0   -4.42263300    4.04384700   -0.35223200 
H 0   -8.05432300    3.36526400   -4.86215100 
H 0   -7.89247100    4.96258900   -4.12842700 
H 0   -8.26057300    3.55225600   -3.10367300 
N 0   -3.57366400   -1.97333400    1.03762000 
H 0   -3.85082100   -1.89837000    0.06724300 
C 1   -4.61353100   -1.79573900    2.03899500 
H 0   -4.21386100   -1.23084200    2.88062700 
C 0   -5.82592900   -1.06087500    1.39131400 
H 0   -6.70918000   -1.23292800    2.01060600 
H 0   -5.60914900    0.01197900    1.42887500 
C 0   -6.06704700   -1.46783400   -0.03490100 
C 0   -5.33810300   -0.98034000   -1.10231300 
H 0   -4.62052300   -0.17831400   -1.13242500 
N 0   -5.61832700   -1.69457000   -2.24180000 
H 0   -5.16328600   -1.53546000   -3.13446400 
C 0   -6.55284000   -2.65991500   -1.94980200 
C 0   -7.14286400   -3.62583500   -2.77316700 
H 0   -6.88581100   -3.68898900   -3.82581900 
C 0   -8.07169000   -4.48127800   -2.19390000 
H 0   -8.55195400   -5.23890100   -2.80546200 
C 0   -8.41572300   -4.37380400   -0.82875800 
H 0   -9.15598000   -5.05132900   -0.41390200 
C 0   -7.82682700   -3.41812500   -0.01006800 
H 0   -8.08603000   -3.35106300    1.04140300 
C 0   -6.87002500   -2.54677000   -0.55951700 
C 1   -4.98288300   -3.20256000    2.65663500 
O 1   -4.86872800   -3.35198800    3.83188100 
N 1   -5.38799400   -4.24271800    1.84090300 
H 0   -5.09430200   -4.21922300    0.87109600 
C 1   -5.56703600   -5.60896400    2.45489700 

H 0   -6.46968900   -5.58999500    3.07040600 
C 1   -5.69585100   -6.53229500    1.27039200 
H 0   -6.51679600   -6.20452900    0.62541700 
H 0   -4.77458300   -6.51935800    0.67860100 
H 0   -5.89474500   -7.56143700    1.58495700 
C 1   -4.44236400   -6.09950400    3.39657300 
O 1   -4.71775200   -6.46506800    4.56870600 
N 0   -2.04424600   -4.27574700    4.89748700 
H 0   -3.00732600   -4.23338000    4.56789000 
C 1   -1.95108700   -3.40773500    6.07973400 
H 0   -1.01705000   -3.60673400    6.61950200 
C 1   -2.07262200   -1.90327100    5.77728500 
H 0   -1.36938400   -1.58880900    4.99606900 
H 0   -3.07530100   -1.64613500    5.44479600 
O 1   -1.83247000   -1.23254600    7.03798100 
H 0   -1.00798200   -1.59017800    7.38986500 
C 1   -3.09423500   -3.72971800    7.01058800 
O 1   -2.86087900   -4.21777100    8.14703000 
C 1   -7.16584500    0.50305500   -5.27685400 
H 0   -6.60614500   -0.43806700   -5.31540100 
H 0   -6.43800600    1.29712200   -5.10504700 
C 0   -8.21922500    0.41529800   -4.18010900 
O 0   -9.40388100    0.18390200   -4.42024200 
H 0   -7.67750400    0.64841000   -6.22846500 
N 0   -7.75871900    0.57894300   -2.90353200 
H 0   -6.76275300    0.73649300   -2.75595300 
C 1   -8.64482600    0.33999900   -1.78969700 
H 0   -9.65526200    0.63475400   -2.09378800 
H 0   -8.69211300   -0.72446800   -1.51980100 
C 0   -8.24150300    1.15552500   -0.54592200 
O 0   -7.49930600    2.13817900   -0.61335700 
N 0   -8.79909800    0.78917200    0.64865200 
H 0   -9.22125200   -0.12628900    0.74572200 
C 1   -8.53762800    1.51401000    1.89307800 
H 1   -7.47868900    1.91308100    1.83999500 
C 1   -9.51773900    2.74964300    2.12674600 
H 1  -10.54944500    2.39812500    1.93589900 
H 1   -9.49200000    3.01714700    3.19866700 
C 1   -9.21253400    3.97812200    1.27626000 
H 1   -9.15031900    3.70119400    0.20072700 
C 1  -10.28873400    5.09573900    1.45024900 
H 1  -10.36031200    5.41394500    2.49259300 
H 1  -10.02466800    5.97043600    0.84847100 
H 1  -11.27199900    4.74618600    1.13012400 
C 1   -7.84991000    4.49299700    1.77065900 
H 1   -7.59599900    5.45598800    1.30712100 
H 1   -7.82973900    4.64362800    2.85218700 
H 1   -7.03657800    3.80663300    1.49423600 
C 1   -8.67132300    0.59737100    3.09666400 
O 0   -8.92598000   -0.58709200    3.02701300 
H 0   -8.55566700    1.10875700    4.06929400 
C 1   -6.52770500    0.47747900    6.09025700 
H 0   -6.32591000    1.20260100    6.88440700 
H 0   -7.15740200   -0.31780400    6.50018500 
C 1   -5.19766800   -0.12560000    5.53184000 
H 0   -4.61026600   -0.52995600    6.36390200 
H 0   -5.42604600   -0.97658800    4.88252800 
S 1   -4.16363500    0.95008200    4.55868000 
C 1   -3.41394200    1.99667300    5.78064100 
H 0   -4.14586700    2.60146600    6.32437500 
H 0   -2.82567100    1.40292900    6.48812900 
H 0   -2.73800500    2.67192700    5.25059600 
H 0   -7.07131100    0.99312400    5.29860900 
N 0    1.18950300    5.82192000    3.40325600 
H 0    0.31530500    6.32990000    3.31841800 
C 1    2.31577300    6.67066500    3.06823900 
H 0    2.21958900    7.62083100    3.61180300 
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C 1    3.66270300    5.99989900    3.53396600 
H 0    4.48808000    6.60764900    3.13276600 
C 0    3.73447600    6.01364000    5.06340200 
H 0    4.64175800    5.52431500    5.42913600 
H 0    3.73325900    7.03959500    5.44720700 
H 0    2.86455800    5.49507100    5.47490400 
C 0    3.78299000    4.58036400    2.95010600 
H 0    3.02647800    3.93778700    3.41247600 
H 0    3.54378000    4.60958900    1.88068900 
C 0    5.16861500    3.95740900    3.11821100 
H 0    5.93286600    4.53620800    2.59014700 
H 0    5.46236000    3.88754400    4.17052700 
H 0    5.18724000    2.94229500    2.71067400 
C 1    2.44296700    7.03907800    1.56925600 
O 0    1.83569000    6.45870700    0.69736800 
C 1    5.33111800    5.81910200   -1.62451800 
H 0    6.02519500    6.26050200   -0.89843400 
C 1    4.89796500    4.41127900   -1.21141700 
H 0    4.11582500    4.06551500   -1.89193300 
H 0    5.73049500    3.70077100   -1.21507200 
H 0    4.47801900    4.42640900   -0.19944900 
H 0    4.44310900    6.45215200   -1.72460000 
H 0    5.83687100    5.80150800   -2.59666100 
C 1   11.45946500    4.54536400   -1.73422300 
H 0   12.03499000    4.57897600   -0.80197100 
C 1   10.00949500    4.86024900   -1.50530900 
H 0    9.93263700    5.89288400   -1.13985300 
H 0    9.49713600    4.86733400   -2.47640000 
C 1    9.19766900    3.98719200   -0.56876900 
C 1    9.17118700    4.27187700    0.87337500 
H 0    9.71618900    5.12447400    1.26481500 
C 1    8.46666400    3.38495400    1.71319300 
H 0    8.44656100    3.55219400    2.78587900 
C 1    7.72458500    2.35632600    1.15698100 
H 0    7.14874000    1.71371600    1.81846200 
C 1    7.71709600    2.09409500   -0.19615200 
H 0    7.14747800    1.25864900   -0.59234000 
C 1    8.48837700    2.84865700   -1.03711900 
H 0    8.51468500    2.62083300   -2.09939900 
H 0   11.59299700    3.54389500   -2.16066700 
H 0   11.90352400    5.26489100   -2.42898700 
C 1   -0.25980200    9.17847100    0.59644500 
H 0    0.82016300    9.07195500    0.47461700 
C 1   -0.71379700    8.88239500    2.07688700 
H 1   -1.80904100    8.87853900    2.13255900 
H 1   -0.36816600    7.89351900    2.39982800 
C 1   -1.01969400    8.21892000   -0.31254400 
O 1   -2.33593300    8.14717200   -0.30967600 
H 0   -0.54485100   10.20099300    0.33148600 
H 1   -0.32691800    9.63375800    2.76072700 
N 0   -0.29438500    7.39662400   -1.08654800 
H 0    0.72582000    7.49947800   -1.23591900 
C 1   -0.91265700    6.48905700   -2.03999600 
H 0   -1.93663200    6.80416700   -2.23874100 
C 0   -0.01110200    6.46106700   -3.31066100 
H 0   -0.43771300    5.76174200   -4.03004100 
H 0    0.00832100    7.46975500   -3.73513800 
C 0    1.43514800    6.02154200   -2.90187300 
O 0    1.77510400    4.84460800   -3.17247800 
O 0    2.09043800    6.89663500   -2.25732200 
C 0   -0.94579600    4.99804800   -1.59298300 
O 0   -1.57414300    4.17766800   -2.26408800 
N 0   -0.17602400    4.63026900   -0.52899600 
H 0    0.39517900    5.35355300   -0.10056400 
C 1    0.26475100    3.23970900   -0.30806600 
H 0   -0.30738500    2.62245700   -1.00358000 
C 0    1.77788500    3.16262300   -0.55454700 

H 0    1.94627900    3.45464100   -1.60239700 
H 0    2.26652500    3.93162600    0.04431100 
C 0    2.40432500    1.85287900   -0.21382400 
N 0    1.75819900    0.64004600   -0.39043700 
C 0    2.54489900   -0.36363900    0.02059000 
H 0    2.28843000   -1.41009800    0.02443300 
N 0    3.69801700    0.16310800    0.43632600 
H 0    4.42583200   -0.38968400    0.93573600 
C 0    3.63738600    1.53981600    0.30514000 
H 0    4.45952300    2.17864500    0.57836200 
C 0   -0.16043400    2.90958500    1.11316700 
O 0    0.61363700    2.81073100    2.04567100 
C 0    5.73598700   -2.88709200    4.44576200 
H 0    4.89862100   -2.19107100    4.51923900 
C 1    6.86405800   -2.27254500    3.61798300 
H 0    7.26918000   -1.39246600    4.13156400 
H 0    7.69277000   -2.97249700    3.48308200 
C 0    6.36594800   -1.78883100    2.25084600 
O 0    5.21865900   -1.32843900    2.12381100 
N 0    7.21939100   -1.88775600    1.21925200 
H 0    6.93756300   -1.59532200    0.29385900 
H 0    8.19001300   -2.14043400    1.35311100 
H 0    5.36634100   -3.80580800    3.98269500 
H 0    6.08550200   -3.12960100    5.45285600 
C 1    4.05441300   -5.82993800    1.92681100 
H 0    4.35741600   -5.49624200    2.92571900 
C 0    3.89628900   -4.65696300    0.97322200 
H 0    3.12591700   -3.96751900    1.34527200 
H 0    4.83074800   -4.08109300    0.91482100 
O 0    3.57366800   -5.12852900   -0.32772000 
H 0    2.65034500   -4.86603800   -0.54629300 
H 0    4.80449100   -6.53348000    1.55572700 
H 0    3.10845000   -6.37157500    2.02277400 
C 1    6.94556900   -6.07589600   -0.59811800 
H 0    6.45660800   -6.50949300   -1.47577800 
C 1    7.70792200   -4.79751900   -0.95339900 
H 0    8.21512600   -4.43431600   -0.04678700 
H 0    8.52927200   -5.05927800   -1.63571500 
C 1    6.98424500   -3.62405800   -1.56080800 
C 1    5.67856500   -3.37801100   -1.77460400 
H 0    4.81140600   -3.97226900   -1.50316500 
N 1    5.46971100   -2.10793900   -2.39691400 
H 0    4.54325200   -1.75454200   -2.58291900 
C 1    6.61767000   -1.44348600   -2.59912800 
C 1    6.90337700   -0.32871100   -3.34027300 
H 0    6.13030300    0.32709600   -3.72658900 
C 1    8.28819700   -0.03030700   -3.54125200 
H 0    8.54952200    0.86766500   -4.09338600 
C 1    9.34232400   -0.93860300   -3.12304000 
H 0   10.37514000   -0.72666300   -3.36730000 
C 1    8.96925200   -2.10764500   -2.47351100 
H 0    9.74601800   -2.81360700   -2.19393500 
C 1    7.63040700   -2.43108700   -2.13246700 
H 0    7.63983200   -6.81512900   -0.18894700 
H 0    6.16785800   -5.88584100    0.14035200 
C 1   13.01646100   -5.21812000    0.47160600 
H 0   13.88238500   -4.81836500   -0.06471800 
C 1   11.68939400   -4.70033800   -0.17000200 
H 0   11.64152000   -5.07586200   -1.19918900 
H 0   10.84944500   -5.17816800    0.35097500 
C 1   11.49965600   -3.24244100   -0.19079800 
C 1   12.01947500   -2.44497900   -1.17603100 
H 0   12.54530000   -2.75694900   -2.06918300 
N 1   11.76696200   -1.11482700   -0.97404200 
H 1   11.97320100   -0.38430300   -1.62412200 
C 1   11.05143500   -0.94453000    0.19431700 
C 1   10.54805100    0.20030700    0.83414300 



125 
 

H 0   10.58966500    1.18418800    0.38125500 
C 1   10.12597900    0.03642300    2.19273800 
H 0    9.80839600    0.92157500    2.73237200 
C 1    9.94340300   -1.23547000    2.77041600 
H 0    9.55832700   -1.33052100    3.77753700 
C 1   10.32921800   -2.41657100    2.04762300 
H 0   10.20070900   -3.39046300    2.51415400 
C 1   10.97054200   -2.31913000    0.77589900 
H 0   13.05704500   -6.31075200    0.43650900 
H 0   13.09279000   -4.90007700    1.51575000 
H 0   -1.05290000   -3.91837900   -7.48138200 
H 0   -3.41097300   -6.11921900    3.00117000 
H 0   -1.52027300   -3.84513300    4.13597500 
H 0   -4.12009600   -3.54297800    6.64361200 
H 0    3.16014200    7.84926400    1.31737100 
H 0    1.13303600    5.02652000    2.77216200 
H 0   -1.25598700    2.83198300    1.25785800 
 

Aldehyde-based inhibitor 
coordinates for the covalent 
state: 
Atoms followed by the number 1 are fixed 
and those followed by the number 0 are 
free.  
C 1    1.48130000   -7.11619100   -2.26840200 
H 0    0.44078000   -7.33100200   -2.53116900 
H 0    1.56215900   -7.08087200   -1.18011100 
C 0    1.93050500   -5.77685900   -2.86972200 
H 0    2.97504500   -5.58796000   -2.59340500 
H 0    1.88195400   -5.80564200   -3.96408000 
C 0    1.13781900   -4.58645500   -2.33872900 
O 0    0.78876100   -4.50849900   -1.15756100 
N 0    0.86124500   -3.60274900   -3.23518700 
H 0    0.43237400   -2.72877200   -2.94077500 
H 0    1.23710600   -3.64394200   -4.16890800 
H 0    2.10978600   -7.92904500   -2.64055300 
N 1   -1.66767400   -4.05672900   -6.79532800 
H 0   -2.56176600   -4.09517200   -7.27979900 
C 1   -1.68507300   -2.93489600   -5.83924200 
H 0   -0.67488500   -2.83645400   -5.42421000 
H 0   -1.94007300   -1.96541400   -6.28706500 
C 1   -2.64985900   -3.08762700   -4.68574900 
O 0   -3.60960200   -2.30921400   -4.56614200 
N 1   -2.39673300   -4.03507900   -3.82760600 
H 0   -1.62386000   -4.66260900   -4.01735800 
C 1   -3.28784100   -4.47869000   -2.76015400 
H 0   -4.22822900   -3.93297800   -2.91646300 
C 1   -3.58034400   -5.93807400   -2.92561700 
H 0   -4.36722600   -6.22418000   -2.21776100 
H 0   -3.95894700   -6.10173400   -3.93784500 
O 1   -2.43471200   -6.77028800   -2.78475900 
H 0   -2.18857500   -6.70256200   -1.84828000 
C 1   -2.80111600   -4.11366100   -1.41366300 
O 0   -2.95869400   -4.90005700   -0.46586600 
N 0   -2.18000200   -2.92611800   -1.25684600 
C 0   -1.44848200   -2.58986300   -0.03808500 
C 0   -0.67370600   -1.27955600   -0.24115100 
S 0   -1.70871800    0.08623000   -0.89449000 
C 0   -2.31082600   -2.47650800    1.21979000 
O 0   -1.84460000   -2.72824900    2.32796000 
C 0   -4.36818700    3.07195700   -0.81495300 
C 0   -4.58235900    3.15766500   -2.33308100 
C 0   -4.05199700    1.87165400   -2.99387600 
O 0   -4.78653000    0.90319700   -3.23648100 
N 0   -2.71929300    1.87276200   -3.19800800 
C 0   -1.93817100    0.71992200   -3.60230900 

C 0   -0.84988100    0.46390900   -2.55857900 
N 0   -5.98497200    3.36600600   -2.60912200 
C 0   -6.41509900    3.68799000   -3.85550800 
O 0   -5.65003500    3.85520700   -4.80397600 
C 0   -7.92062700    3.86126000   -3.98840700 
O 0    0.05408000   -0.51926400   -2.95548100 
H 0   -2.15641600   -2.26081000   -2.01946400 
H 0   -0.72605400   -3.38389600    0.15901500 
H 0   -0.23537100   -0.98072500    0.71184000 
H 0    0.13198000   -1.44292700   -0.95059400 
H 0   -4.01012000    3.99919200   -2.72866000 
H 0   -3.31090600    2.93612700   -0.59019900 
H 0   -4.94471700    2.24597500   -0.38854300 
H 0   -2.60555100   -0.13455300   -3.72909200 
H 0   -1.43547000    0.91247400   -4.55865300 
H 0   -6.65217500    3.03040800   -1.92075300 
H 0   -2.21646600    2.72300000   -2.93852900 
H 0   -0.31131300    1.39896300   -2.38175500 
H 0    0.90062700   -0.23127700   -2.49265100 
H 0   -4.70529300    4.00025500   -0.34645300 
H 0   -8.27680500    3.27911200   -4.84076300 
H 0   -8.13344700    4.91461900   -4.19443400 
H 0   -8.46454300    3.55309000   -3.09304900 
N 0   -3.54901100   -1.99561600    0.99916700 
H 0   -3.83880700   -1.87134900    0.03761000 
C 1   -4.56724400   -1.85901200    2.01180400 
H 0   -4.16817200   -1.30940700    2.86464600 
C 0   -5.80535600   -1.12524400    1.40445200 
H 0   -6.67892700   -1.34211900    2.02346500 
H 0   -5.61407500   -0.04988100    1.48281800 
C 0   -6.04327900   -1.47782500   -0.03680300 
C 0   -5.34395400   -0.90308800   -1.07999000 
H 0   -4.67370500   -0.06115000   -1.07626700 
N 0   -5.57325500   -1.58750600   -2.24810900 
H 0   -5.14716700   -1.33337500   -3.13195200 
C 0   -6.45730400   -2.61113200   -2.00542300 
C 0   -6.99599200   -3.56608300   -2.87598200 
H 0   -6.73359600   -3.56614300   -3.92920600 
C 0   -7.88479900   -4.49097600   -2.34249500 
H 0   -8.32646900   -5.24107900   -2.99116500 
C 0   -8.24051400   -4.46127100   -0.97655100 
H 0   -8.95144500   -5.18956200   -0.59823800 
C 0   -7.70211500   -3.51681400   -0.11129900 
H 0   -7.97132200   -3.50982900    0.93950900 
C 0   -6.78460800   -2.57647200   -0.61258900 
C 1   -4.92749000   -3.27694600    2.60890100 
O 1   -4.80893500   -3.44390400    3.78149400 
N 1   -5.33158900   -4.30601400    1.77862300 
H 0   -5.07081200   -4.25799700    0.80188700 
C 1   -5.50245400   -5.68236900    2.37227900 
H 0   -6.40309000   -5.67696900    2.99098200 
C 1   -5.63170500   -6.58780600    1.17395100 
H 0   -6.45137900   -6.25173700    0.53205400 
H 0   -4.70859000   -6.56857600    0.58441900 
H 0   -5.83015400   -7.62151900    1.47294500 
C 1   -4.37187000   -6.18241600    3.30178700 
O 1   -4.64127500   -6.56730100    4.46922100 
N 0   -1.99892500   -4.38006100    4.86304400 
H 0   -2.95961000   -4.32517900    4.52865000 
C 1   -1.90356300   -3.53306800    6.06047300 
H 0   -0.96645700   -3.73812300    6.59185200 
C 1   -2.03182300   -2.02461000    5.78234800 
H 0   -1.33172100   -1.69562300    5.00381000 
H 0   -3.03669300   -1.76577500    5.45758700 
O 1   -1.79052300   -1.37252400    7.05235700 
H 0   -0.94906800   -1.71034400    7.38311300 
C 1   -3.04095200   -3.87436700    6.99125300 
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O 1   -2.80143500   -4.37920000    8.11878800 
C 1   -7.17822500    0.52975600   -5.21407000 
H 0   -6.58192500   -0.38892700   -5.24082200 
H 0   -6.48229400    1.35350000   -5.05636500 
C 0   -8.22967100    0.41559300   -4.11811100 
O 0   -9.41066200    0.16817200   -4.35797700 
H 0   -7.69549700    0.64150200   -6.16725200 
N 0   -7.76978500    0.57783900   -2.84070000 
H 0   -6.77540300    0.74292800   -2.70036400 
C 1   -8.64308800    0.30614500   -1.72433200 
H 0   -9.66078600    0.58408000   -2.02004600 
H 0   -8.66824500   -0.76293200   -1.47018100 
C 0   -8.25107800    1.11132100   -0.47193200 
O 0   -7.53152200    2.11111700   -0.53330600 
N 0   -8.78833800    0.71503700    0.72144600 
H 0   -9.19665600   -0.20769200    0.80815300 
C 1   -8.52697800    1.42359700    1.97573400 
H 1   -7.47004700    1.82810800    1.92488400 
C 1   -9.51162500    2.65106300    2.23221600 
H 1  -10.54250100    2.29797200    2.03981900 
H 1   -9.48296200    2.90205700    3.30805000 
C 1   -9.21503900    3.89389900    1.39972900 
H 1   -9.15573600    3.63391500    0.31979900 
C 1  -10.29545700    5.00390200    1.59503500 
H 1  -10.36443700    5.30562700    2.64244100 
H 1  -10.03752100    5.88896800    1.00588800 
H 1  -11.27839800    4.65498600    1.27323000 
C 1   -7.85281000    4.40709900    1.89691200 
H 1   -7.60488900    5.37825900    1.44738900 
H 1   -7.82916500    4.54106800    2.98056000 
H 1   -7.03754300    3.72870600    1.60683900 
C 1   -8.65208300    0.48783500    3.16551400 
O 0   -8.89449900   -0.69801200    3.07651300 
H 0   -8.54077100    0.98478100    4.14590200 
C 1   -6.49654600    0.33114600    6.14877500 
H 0   -6.29472700    1.04460500    6.95329700 
H 0   -7.12115200   -0.47314600    6.54875200 
C 1   -5.16602000   -0.25738400    5.57610000 
H 0   -4.57389200   -0.67245300    6.39944600 
H 0   -5.39314600   -1.09829400    4.91307100 
S 1   -4.14045900    0.83787100    4.61585800 
C 1   -3.39064500    1.86871800    5.85106800 
H 0   -4.12413600    2.45834700    6.40890500 
H 0   -2.79413200    1.26718200    6.54483000 
H 0   -2.72342300    2.55894500    5.32940200 
H 0   -7.04536500    0.85678900    5.36732400 
N 0    1.18662800    5.76390600    3.53825900 
H 0    0.30788000    6.22030300    3.31547200 
C 1    2.30811400    6.60946400    3.18985400 
H 0    2.22062000    7.55942700    3.73883000 
C 1    3.65988500    5.93760800    3.64006700 
H 0    4.47490400    6.56629000    3.25037900 
C 0    3.74600400    5.90984600    5.16815500 
H 0    4.65111500    5.39598100    5.50641500 
H 0    3.76329000    6.92397900    5.58199100 
H 0    2.87428900    5.39145500    5.57569400 
C 0    3.80051700    4.53619600    3.01771000 
H 0    3.13877900    3.84157500    3.54560800 
H 0    3.44450300    4.55575100    1.98185700 
C 0    5.23212300    4.00341100    3.02723600 
H 0    5.89712800    4.64296100    2.43866800 
H 0    5.63946000    3.93359700    4.04208400 
H 0    5.27749300    3.00442700    2.58457900 
C 1    2.42802100    7.00157400    1.69632100 
O 0    1.81445800    6.44424100    0.81558900 
C 1    5.30921700    5.84401100   -1.52675900 
H 0    5.99172800    6.28486400   -0.78879500 

C 1    4.88377800    4.42803300   -1.13392800 
H 0    4.11461400    4.08160800   -1.82981600 
H 0    5.72037300    3.72307100   -1.13531800 
H 0    4.44935500    4.41629900   -0.12744400 
H 0    4.41785200    6.47192100   -1.62939200 
H 0    5.82602800    5.84212800   -2.49357100 
C 1   11.44261200    4.59930100   -1.67922700 
H 0   12.02130100    4.62078300   -0.74847200 
C 1    9.99215800    4.90417400   -1.44002500 
H 0    9.91248400    5.93091200   -1.05869500 
H 0    9.47620100    4.92416600   -2.40909100 
C 1    9.18776100    4.01313600   -0.51406900 
C 1    9.16551000    4.27538800    0.93240400 
H 0    9.70714400    5.12524800    1.33466500 
C 1    8.46797900    3.37242800    1.76103200 
H 0    8.44833400    3.52528500    2.83596400 
C 1    7.72838900    2.34931300    1.19172400 
H 0    7.15543600    1.69481000    1.84286800 
C 1    7.71693300    2.10795100   -0.16526000 
H 0    7.14139500    1.28175200   -0.57078700 
C 1    8.48168200    2.87884300   -0.99732600 
H 0    8.50242000    2.67012700   -2.06373900 
H 0   11.57871600    3.60481500   -2.12116900 
H 0   11.88178100    5.33103600   -2.36455600 
C 1   -0.28783300    9.14379400    0.76690200 
H 0    0.79180300    9.04277200    0.63958000 
C 1   -0.73487500    8.82283300    2.24428000 
H 1   -1.82984600    8.81325600    2.30400100 
H 1   -0.38365600    7.83062300    2.55055200 
C 1   -1.04699300    8.19505000   -0.15399000 
O 1   -2.36286700    8.11746000   -0.14729000 
H 0   -0.57837400   10.16914400    0.51881900 
H 1   -0.34864700    9.56523200    2.93821600 
N 0   -0.31963700    7.40666800   -0.96101500 
H 0    0.70285700    7.50271000   -1.12004200 
C 1   -0.93894900    6.49252700   -1.90829200 
H 0   -1.97250700    6.79308400   -2.07883300 
C 0   -0.08109100    6.48441800   -3.20570300 
H 0   -0.52572000    5.79012000   -3.92027700 
H 0   -0.09165000    7.49726800   -3.62204500 
C 0    1.38728600    6.05607700   -2.86883500 
O 0    1.76866300    4.93954800   -3.27961400 
O 0    2.02084600    6.88626200   -2.14140500 
C 0   -0.95991500    5.01465700   -1.45321800 
O 0   -1.70696200    4.21371600   -2.02625800 
N 0   -0.07276300    4.62899100   -0.50245900 
H 0    0.57941200    5.32756800   -0.15571500 
C 1    0.25925900    3.22215200   -0.23148200 
H 0   -0.54337600    2.62436400   -0.66948100 
C 0    1.64143100    2.86214900   -0.82113200 
H 0    1.59810100    3.05354700   -1.89777500 
H 0    2.34891100    3.60008600   -0.43993900 
C 0    2.20285200    1.49623700   -0.51556100 
N 0    2.00435800    0.34403900   -1.27554700 
C 0    2.71637800   -0.61725900   -0.69170200 
H 0    2.73403900   -1.66196100   -0.97383500 
N 0    3.37609600   -0.14893100    0.39502900 
H 0    3.98934200   -0.69009800    1.01727700 
C 0    3.05947500    1.18353300    0.51896200 
H 0    3.43609900    1.79518400    1.32145400 
C 0    0.13908600    3.10125700    1.27313900 
O 0    1.07169600    2.97986400    2.04338500 
C 0    5.88785100   -3.03992800    4.47597000 
H 0    5.01248900   -2.40986700    4.64244100 
C 1    6.89740500   -2.32087000    3.58390200 
H 0    7.28983100   -1.43391600    4.09597500 
H 0    7.75693300   -2.95636400    3.35518300 
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C 0    6.25908900   -1.83191300    2.27892200 
O 0    5.05079800   -1.56895500    2.22180200 
N 0    7.08364700   -1.70623400    1.21936900 
H 0    6.71601600   -1.40218000    0.32917200 
H 0    8.08078800   -1.85624900    1.29619000 
H 0    5.54280200   -3.96704100    4.00965500 
H 0    6.33523200   -3.29032000    5.44184800 
C 1    4.09717100   -5.86417300    1.84875200 
H 0    4.64641000   -5.74533500    2.78913000 
C 0    3.98315500   -4.52879000    1.11569200 
H 0    3.44126200   -3.79646700    1.72640200 
H 0    4.97808000   -4.10785600    0.94071900 
O 0    3.39076100   -4.66035800   -0.17529000 
H 0    2.42104200   -4.71570000   -0.11804200 
H 0    4.61771300   -6.60229500    1.23249200 
H 0    3.10631400   -6.26490100    2.08810800 
C 1    6.97953200   -6.05820000   -0.69109400 
H 0    6.49289500   -6.48180100   -1.57569200 
C 1    7.73505400   -4.77102000   -1.02885400 
H 0    8.24205000   -4.41784000   -0.11828100 
H 0    8.55605800   -5.02038700   -1.71607900 
C 1    7.00387100   -3.59157800   -1.61555800 
C 1    5.69639300   -3.34810900   -1.82069300 
H 0    4.82552600   -3.92654800   -1.53867700 
N 1    5.47943500   -2.06940400   -2.42229000 
H 0    4.55349600   -1.67643000   -2.51230800 
C 1    6.62380800   -1.39689800   -2.61863800 
C 1    6.90178000   -0.26950000   -3.34344000 
H 0    6.12385800    0.39175400   -3.70993800 
C 1    8.28450300    0.03812400   -3.54497400 
H 0    8.53969600    0.94731300   -4.08129900 
C 1    9.34419100   -0.87185600   -3.14483700 
H 0   10.37548100   -0.65095200   -3.38775200 
C 1    8.97872200   -2.05244300   -2.51208300 
H 0    9.76040100   -2.75811800   -2.24537600 
C 1    7.64260800   -2.38709200   -2.17115200 
H 0    7.67588900   -6.80180600   -0.29392100 
H 0    6.20477800   -5.88314600    0.05637700 
C 1   13.05073400   -5.19013800    0.36927200 
H 0   13.91271200   -4.77821200   -0.16422500 
C 1   11.71897300   -4.66837900   -0.25925400 
H 0   11.66903900   -5.02846000   -1.29396800 
H 0   10.88329300   -5.15794600    0.25784000 
C 1   11.52276900   -3.21119500   -0.25675500 
C 1   12.03533100   -2.39628800   -1.23146300 
H 0   12.55825600   -2.69196000   -2.13189200 
N 1   11.77777300   -1.07055000   -1.00795600 
H 1   11.97833300   -0.32915100   -1.64740800 
C 1   11.06596500   -0.92152700    0.16557200 
C 1   10.55999700    0.21103400    0.82492900 
H 0   10.59257200    1.20181800    0.38664600 
C 1   10.14392600    0.02428900    2.18244500 
H 0    9.82241300    0.89975400    2.73534500 
C 1    9.96920800   -1.25724800    2.74104900 
H 0    9.58818000   -1.36910100    3.74787200 
C 1   10.35731800   -2.42522300    1.99853900 
H 0   10.22776500   -3.40702700    2.44733300 
C 1   10.99333900   -2.30530700    0.72610900 
H 0   13.09648700   -6.28204200    0.31773400 
H 0   13.12962400   -4.88724200    1.41772300 
H 0   -0.96811000   -3.86407600   -7.50682900 
H 0   -3.34197100   -6.19012500    2.90244000 
H 0   -1.46445500   -3.94450400    4.11197900 
H 0   -4.06944700   -3.68436200    6.63262600 
H 0    3.14184800    7.82132000    1.46208000 
H 0    1.21071300    4.89475000    3.01210400 
H 0   -0.90014900    3.21238900    1.64856600 
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APPENDIX C – Supporting Information for Predicting the Relative Binding 

Affinity for Reversible Covalent Inhibitors by Free Energy Perturbation 

Calculations 

 

Reprinted with permission from BONATTO, V.; SHAMIM, A.; ROCHO, F. 

R.; LEITÃO, A.; LUQUE, F. J.; LAMEIRA, J.; MONTANARI, C. A. Predicting the 

Relative Binding Affinity for Reversible Covalent Inhibitors by Free Energy 

Perturbation Calculations. Journal of Chemical Information and Modeling, 

Washington, v. 61, p. 4733-4744, 2021. Copyright 2023 American Chemical 

Society.  

Cite this: https://pubs.acs.org/doi/abs/10.1021/acs.jcim.1c00515 
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