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ABSTRACT 
 

BADARÓ DE MORAES, João Victor, M.Sc., Universidade Federal de Viçosa, February, 2024. 
Structural modeling of E-NTPDase-substrate complexes preserving catalytic experimental 
features. Adviser: Juliana Lopes Rangel Fietto. Co-advisers: Marcelo Depólo Polêto. 
 
The Ecto-Nucleoside Triphosphate Diphosphohydrolase (E-NTPDase or NTPDase) family, 

essential for converting tri- and diphosphate nucleotides to monophosphates, significantly 

influences purinergic/pyrimidinergic signaling. However, detailed structural insights, particularly 

for NTPDase-nucleotide complexes, are scarce.  The limited structural information leads to 

challenges in rationally optimizing and exploring the therapeutic potential of these enzymes. 

Addressing this limitation, this study introduces a computational strategy for assembling 

NTPDase-substrate complexes. While Molecular Docking may serve this purpose, limitations such 

as the inability to precisely reproduce experimentally characterized ligand conformations can 

undermine the complexes' reliability and further computational studies relying on them. 

Leveraging the active site's high conservation across NTPDases, we hypothesized a consistent 

substrate binding conformation. Pursuing that, we structurally aligned the available experimental 

structures in substrate-bound productive states and identified a canonical substrate conformation 

prevalent in the majority of experimentally resolved complexes. We also observed other general 

features of the complexes, which were conserved in all the characterized experimental structures. 

In light of these conserved features, we proposed a method for modeling NTPDase-nucleotide 

complexes that are compliant with the available experimental data. These complexes can be 

modeled by transferring crystallized substrate structures to well-modeled NTPDase structures, also 

carrying their cofactors and relevant water molecules. Subsequent energy minimization and 

equilibration through Molecular Dynamics simulations yield a final structure that closely resembles 

the conserved features characterized in experimental structures. We demonstrated this approach's 

utility by modeling complexes for each human NTPDase with ATP, ADP, GTP, GDP, UTP, and 

UDP, presenting a novel methodological avenue for future research. 

 

Keywords: E-NTPDase; Computational Modeling; Enzyme-Substrate Complex.  
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RESUMO 

BADARÓ DE MORAES, João Victor, M.Sc., Universidade Federal de Viçosa, fevereiro, 2024. 
Modelagem estrutural de complexos E-NTPDase-substrato preservando características 
experimentais catalíticas. Orientadora: Juliana Lopes Rangel Fietto. Co-orientador: Marcelo 
Depólo Polêto. 

A família Ecto-Nucleosídeo Trifosfato Difosfohidrolase (E-NTPDase ou NTPDase), essencial para 

converter nucleotídeos tri e difosfato em monofosfatos, influencia significativamente a sinalização 

purinérgica/pirimidinérgica. No entanto, informações estruturais detalhadas, particularmente para 

complexos NTPDase-nucleotídeo, são escassas. A limitada informação estrutural leva a desafios 

na otimização racional e na exploração do potencial terapêutico dessas enzimas. Abordando essa 

limitação, este estudo introduz uma estratégia computacional para montar complexos substrato-

NTPDase. Embora o Docking Molecular possa servir a esse propósito, sua incapacidade de 

reproduzir precisamente conformações de ligantes caracterizadas experimentalmente limitam a 

confiabilidade dos complexos formados. Aproveitando a alta conservação do sítio ativo entre as 

NTPDases, hipotetizamos uma conformação de ligação de substrato consistente. Com isso, 

alinhamos estruturalmente as estruturas experimentais disponíveis em estados produtivos com 

substrato ligado e identificamos uma conformação de substrato canônica, prevalente na maioria 

dos complexos experimentalmente resolvidos. Também observamos outras características gerais 

dos complexos, que foram conservadas em todas as estruturas experimentais caracterizadas. À luz 

dessas características conservadas, propusemos um método para a modelagem de complexos 

NTPDase-nucleotídeo que estejam em conformidade com os dados experimentais disponíveis. 

Esses complexos podem ser modelados transferindo estruturas de substrato cristalizadas para 

estruturas de NTPDase bem modeladas, carregando também seus cofatores e moléculas de água 

relevantes. A minimização de energia subsequente e a equilibração por meio de simulações de 

Dinâmica Molecular produzem uma estrutura final que se assemelha estreitamente às 

características conservadas caracterizadas em estruturas experimentais. Demonstramos a utilidade 

dessa abordagem modelando complexos para cada NTPDase humana com ATP, ADP, GTP, GDP, 

UTP e UDP, apresentando uma nova via metodológica para pesquisas futuras. 

 

Palavras-chave: E-NTPDase; Modelagem Molecular; Complexo Enzima-Substrato.  
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Abstract 

The Ecto-Nucleoside Triphosphate Diphosphohydrolase (E-NTPDase or NTPDase) family, 

essential for converting tri- and diphosphate nucleotides to monophosphates, significantly 

influences purinergic/pyrimidinergic signaling. However, detailed structural insights, particularly 

for NTPDase-nucleotide complexes, are scarce.  The limited structural information leads to 

challenges in rationally optimizing and exploring the therapeutic potential of these enzymes. 

Addressing this limitation, this study introduces a computational strategy for assembling 

NTPDase-substrate complexes. While Molecular Docking may serve this purpose, the inability to 

precisely reproduce experimentally characterized ligand conformations limits its use and 

reliability. Leveraging the active site's high conservation across NTPDases, we hypothesized a 

consistent substrate binding conformation. Pursuing that, we structurally aligned the available 

experimental structures in substrate-bound productive states and identified a canonical substrate 

conformation prevalent in the majority of the complexes. We also observed other general features 

conserved in all the characterized experimental structures. Thus, we proposed a method for 

modeling NTPDase-nucleotide complexes compliant with the available experimental data that 

comprises the transferring of crystallized substrate structures to well-modeled NTPDase 

structures, also carrying their cofactors and relevant water molecules. Subsequent energy 

minimization and equilibration through Molecular Dynamics simulations yield a final structure 

that closely resembles the conserved features characterized in experimental structures. We 

demonstrated this approach's utility by modeling complexes for each human NTPDase with ATP, 

ADP, GTP, GDP, UTP, and UDP, presenting a novel methodological avenue for future research. 

Keywords: E-NTPDase, Computational Modeling, Enzyme-Substrate Complex. 
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1. Introduction 

The Ecto Nucleoside triphosphate diphosphohydrolase (E-NTPDases or NTPDases) enzyme 

family plays a crucial role in hydrolyzing triphosphate (NTPs) and diphosphate (NDPs) 

nucleotides into their monophosphate forms (NMPs). Together with the 5’-nucleotidase, the E-

NTPDases modulate the purinergic/pyrimidinergic signaling pathway by influencing the balance 

between nucleotide forms and free nucleosides in the cellular environment [1–3]. This family has 

been described in multiple organisms with a wide range of functions, from virulence factors 

essential for trypanosomatids nutrition to a critical factor for immune response and tumor 

regulation [4–8]. Despite their importance, there is still much to learn about the family's structure 

and function. 

More than 15 years ago, the first E-NTPDase structure was experimentally resolved, providing 

insight into the function of active site residues, substrate binding mode, and catalytic mechanism 

[9]. Since then, a total of 48 structures from seven different organisms have been reported, 

consolidating the knowledge of the general structural features of the family. However, only 15 of 

these structures were resolved in a productive bound state with substrate analogs [9–12]. Among 

the eight human E-NTPDase isoforms (HsNTPDase1-8), HsNTPDase4 is the only one with a 

resolved structure [13]. Unfortunately, only the apo form of the enzyme could be captured. 

Understanding the NTPDase’s structure and interactions with different substrates can be crucial 

for rationalizing the enzyme's specificities and to explore their possible biotechnological 

applications. In this scenario, computational techniques can offer valuable insights into enzyme-

substrate complexes and aid studies in understanding the structure/function relationship [14]. 



11 
 

Although not replacing experimental structures, AlphaFold 2 enables the production of high-

quality protein models [15, 16]. However, accurately describing an NTPDase-substrate complex 

depends not only on a reliable protein structure but also on the positioning of the substrate 

molecule in the active site. Even though Molecular Docking software may serve this purpose, 

these programs aim to balance accuracy and speed. Therefore, deviations in reproducing 

experimentally characterized complexes < 2 Å are accepted and used as an efficiency metric 

when applying such a method [17, 18]. As we showcase in the supplementary material with the 

Re-Docking of ATP and ADP analogs co-crystalized with the Rattus norvegicus NTPDase2 

(PDB code: 3CJA and 4BR0, respectively), imprecisions within this range of variation can result 

in unusual substrate conformation that ultimately constrains the biological relevance of the 

generated complexes (Figure S1). To overcome this limitation, we may base the description of 

such complexes on the available experimental data, thus producing complexes that fit the 

conserved features observed in multiple crystal structures. 

Based on a careful examination of multiple NTPDase experimentally resolved structures in a 

productive bound state, we propose transferring the experimentally resolved substrate-cofactor 

complex and the relevant water molecules to a modeled NTPDase structure as an alternative 

method for describing unknown NTPDase-substrate complexes by computational means. To 

illustrate our approach, we built and described complexes of each HsNTPDase with multiple 

substrates. Herein, we share the outcomes of our study and encourage other researchers to apply 

this strategy in their investigations. 
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2. Methods 

2.1. Co-crystalized substrate structural alignment and analysis 

Considering the Adenosine-5'-[(β, γ)-imido]triphosphate (AMP-PNP) ATP analog and the 

Adenosine-5'-[(α, β)-imido]diphosphate (AMP-NP) ADP analog, co-crystalized with the 

RnNTPDase2 (PDB code: 3CJA and 4BR0, respectively) as reference structures for triphosphate 

and diphosphate nucleotides upon binding to an NTPDase, respectively, we calculate the Root 

Mean Square Deviation (RMSD) between pairs of structures using the PyMOL Molecular 

Graphics System Version 4.6 Schrödinger, LLC. The best-fitted RMSD value was considered. As 

summarized in Supplementary Table 1, structures of the Rattus norvegicus NTPDase2 [9, 12], 

Legionella pneumophila NTPDase1 [12], and Toxoplasma gondii NTPDase1 and 3 [10, 11] 

retrieved from the Protein Data Bank (PDB) were considered in the analysis of substrate binding 

mode [19]. Distance calculations were also performed using PyMOL. 

2.2. HsNTPDases Molecular Modeling 

The reference sequence of each HsNTPDase used in the modeling process was obtained from the 

UniProt database [20]. To identify the transmembrane or signal peptide regions in the sequence, 

we used the DeepTMHMM web server [21]. Supplementary Table 1 compiles the UniProt entry 

code and the modeled sequence regions of each HsNTPDase1-8. The structures of the 

HsNTPDase1-8 ectodomains were built using the AlphaFold2 engine through the ColabFold 

AlphaFold2_mmseqs2 Jupyter notebook platform with default settings and using the 

RnNTPDase2 (PDB code: 3CJA) as a custom template [15, 22]. For each enzyme, five models 

were generated. Following the automatic quality score classification of the platform, each 

enzyme's best model was selected and used in the subsequent steps. To ensure that the models 
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were in a suitable conformation for describing its complex with substrates, we structurally 

aligned each of the best models with the custom template to evaluate the similarity of the 

structures using PyMOL software. The overall similarity was evaluated by measuring the RMSD 

based on the alpha-carbon coordinates. As shown in the supplementary material (Figure S2), out 

of the five Apyrase Conserved Regions (ACR1-5), ACR1 and ACR4 positions drastically change 

if the enzyme is in the open or closed state. For this reason, the alignments were also evaluated 

visually in regard to the positioning of the mentioned regions. 

2.3. Substrate transferring from experimental structures to modeled HsNTPDases 

For each modeled enzyme, we built complexes with the primary nucleotides hydrolyzed by these 

enzymes: ATP, ADP, GTP, GDP, UTP, and UDP. Using PyMOL, each HsNTPDase was 

structurally aligned with a reference crystal structure to transfer the substrate from the crystal to 

the human enzymes. The ATP, ADP, GTP, and UTP substrate structures were extracted from 

RnNTPDase2 crystals PDB code 3CJA, 4BR0, 4BQZ, and 4BR2, respectively. GDP and UDP 

were manually constructed by changing the nitrogenous base information in the ADP analog on 

the RnNTPDase2 crystal structure. All the mentioned crystal structures were crystallized with 

non-hydrolyzable analogs of each substrate. To reconstruct the substrate molecule, the nitrogen 

N3β or N3α in the triphosphates and diphosphates were manually substituted into oxygen atoms. 

In all complexes, we used calcium as a cofactor. We also included the four water molecules in the 

calcium first hydration shell and the two water molecules predicted to have a role in the catalytic 

process and present um multiple crystal structures [9, 10, 12].  
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2.4. Molecular Dynamics energy minimization and equilibration 

Before the construction of each MD simulation system, the protonation state of the enzyme-

substrate complex was evaluated and adjusted using the PlayMolecule ProteinPrepare web server 

[23]. Using the CHARMM-GUI web server, a simulation system was created for each 

HsNTPDase-substrate complex [24]. The complexes were solvated with the modified TIP3P 

water model [25–27] and neutralized with K+ and Cl- to a final concentration of 0.15 M. The 

CHARMM36m force field was used to describe the interactions of all atoms in the simulation 

box, and the WYF parameters for cation-π interaction were also added [28, 29]. The Chemistry at 

Harvard Molecular Mechanics software (CHARMM) was employed to perform the energy 

minimization and equilibration [30]. Energy minimization utilized the steepest descent and the 

Adopted Basis Newton-Raphson methods, each for 50 steps [31, 32]. Positional restraints with a 

force constant of 1.0 kcal/mol/Å2 were applied to the backbone and side chain atoms during this 

stage. Subsequently, equilibration was performed over 10,000 steps with a 1 fs integration step, 

employing the NVT ensemble for dynamic equilibration. For the HsNTPDase5-ATP complex, 

vacuum energy minimization was applied before the complex. The resulting structure was then 

put in solution and treated like the other complexes. 

3. Results and Discussion 

3.1. Substrate structure upon binding from experimental structures 

The NTPDase family members possess a remarkable capability to process diverse nucleotides 

within a shared active site [2, 33, 34]. Given the high degree of conservation of the NTPDase 

active site in both sequence and structure, it is reasonable to anticipate that the conformation of 

substrates upon binding would exhibit a degree of similarity. The structural overlay of 
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experimentally resolved substrate structures characterized across various NTPDase isoforms and 

from varying organisms available in the Protein Data Bank (PDB) supports this expectation, 

revealing a consistent substrate conformation upon binding to an NTPDase. Among the 15 

experimentally resolved structures representing productive substrate-bound states available on the 

PDB, 12 exhibit a shared substrate conformation. This conformation is characterized by the 

nucleoside adopting an anti-configuration, with the phosphates and the nitrogenous base forming 

a linear-like structure, as illustrated by Figure 1. Figures 1A, B, and C visually illustrate this 

substrate conformation, utilizing ATP analogs co-crystalized with R. novergicus NTPDase2 (A), 

L. pneumophila NTPDase1 (B), and T. gondii NTPDase 3 (C). 
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Figure 1 – Binding mode of ATP analogs on multiple NTPDases. The substrate 

accommodation within the NTPDases active site illustrated targeting resolved structures with 

ATP analog. The active site is portrayed as a mesh surface, the cofactor as a green sphere, and the 

substrates as sticks, with colors corresponding to the nitrogenous base. The figure illustrates the 

productive binding mode of ATP analogs on (A) RnNTPDase2 (PDB code: 3CJA), (B) 

LpNTPDase1 (PDB code: 4BRA), (C) TgNTPDase3 (PDB code: 4A5A), and (D) TgNTPDase1 

(PDB code: 4KH4). Additionally, (E) presents a structural alignment of all substrates 

experimentally resolved in complex with the RnNTPDase2. The small red spheres represent 

water molecules of the cofactor’s first hydration shell and the catalytic waters. 

Utilizing ATP and ADP analogs co-crystallized with RnNTPDase2 (PDB code: 3CJA and 4BR0) 

as benchmark structures for triphosphate and diphosphate nucleotides, respectively. To evaluate 

the similarity among co-crystalized substrates, we calculate the RMSD of NTPs and NDPs 

compared to the reference structures using the PyMOL software. The resultant RMSD values are 

summarized in Table 1. Among the triphosphate substrates adopting the linear-like conformation, 

the highest RMSD value is observed when comparing the reference to the TgNTPDase3 ATP 

analog (PDB code: 4A5A), with a deviation of merely 1.22 Å (Figure 2A). In contrast, an RMSD 

of 0.32 Å is attained when aligning the diphosphate reference structure with the ADP analog 

bound to LpNTPDase1 (PDB code: 4BRC), representing the highest value among diphosphate 

nucleotides (Figure 2B). Figure 1E depicts the alignment of ATP, ADP, GTP, and UTP analogs 

co-crystallized with RnNTPDase2, showcasing a nearly identical conformation across different 

substrate types. Due to its frequent occurrence and similarity in multiple crystal structures, we 

designate this linear-like substrate conformation of NTPs and NDPs as the canonical substrate 

structure upon binding to an NTPDase.  
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Table 1 - Substrate similarity 

Enzyme / PDB code Corresponding Nucleotide RMSD (Å) 

Triphosphates   

RnNTPDase2 / 4BQZ GTP 0.28 

RnNTPDase2 / 4BR2 UTP 0.1 

LpNTPDase1 / 4BRA ATP 1.13 

LpNTPDase1 / 4BRD ATP 1.07 

LpNTPDase1 / 4BRG GTP 0.6 

LpNTPDase1 / 4BRK UTP 1.04 

TgNTPDase3 / 4A5A ATP 1.22 

Diphosphate   

LpNTPDase1 / 4BRC ADP 0.32 

LpNTPDase1 / 4BRL GDP 0.25 

LpNTPDase1 / 4BRE ADP 0.14 

While most NTPDases accommodate the canonical substrate structure, TgNTPDase1 presents an 

alternative binding mode attributed to a distinct arrangement of residues within its binding site 

[10]. Notably, TgNTPDase1 is the sole resolved NTPDase structure that physically obstructs the 

space necessary to establish the canonical substrate structure, as evidenced by the enzyme surface 

in Figure 1D. The nitrogenous base of the ATP analog observed upon binding to TgNTPDase1 

(PDB code: 4A5A) forms an approximate 90° angle with the nitrogenous base of the reference 

NTP structure (Figure 2C). A similar pattern, albeit with a less pronounced angle, is noted when 
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comparing the ADP analog co-crystalized with the same enzyme and its reference structure 

(Figure 2D). Nevertheless, despite this divergent orientation of the nitrogenous base observed in 

the TgNTPDase1 complexes, the phosphate and ribose moieties of ATP and ADP analogs still 

can be aligned with RMSD values of 1.64 and 0.64 Å, respectively, when compared to their 

respective reference structures. 

 

Figure 2 - Structural alignment of substrate analogs. The figures display the structural 

alignment of the triphosphate (A) and diphosphate (B) nucleotides in the canonical conformation 

with the highest RMSD values compared to their respective references. Figures C and D show the 

structural alignment of the alternative binding mode of ATP and ADP analogs, respectively, 

observed in TgNTPDase1. To enhance visualization of the similarities and differences, Figure 

2A-D presents two perspectives of the same alignment per section: one lateral (on the left) and 

one from above (on the right). 

In the case of the LpNTPDase1-UTP complex, two available PDB structures report different 

binding modes. One presents the canonical substrate structure (PDB code: 4BRK), and the other 
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in an alternative-like binding mode (PDB code: 4BRI) (Figure S3). As presented in Figure 1B, 

the binding site of LpNTPDase1 does not physically obstruct the substrate from adopting a 

linear-like conformation. Additionally, the positioning of the ribose in the alternative-like 

structure differs from the alternative binding mode characterized in TgNTPDase1. Consequently, 

the significance of this ambiguous UTP binding conformation in LpNTPDase1 remains to be 

determined. 

Despite variations in substrate conformation or binding mode, certain general features persist in 

all crystal structures of productive NTPDase-substrate complexes. These include the bidentate 

interaction of the cofactor with the nucleotides and a symmetric interaction between the aspartic 

acid of the DXG motifs on ACRs 1 and ACR4 with the cofactor. Excluding the abnormal 

TgNTPDase1 measurements, when calculated from the DXG aspartic acid's Cγ, the average 

distances are 4.80 Å and 4.84 Å, respectively. Individual measurements are presented in 

Supplementary Table 2. The presence of four water molecules in the cofactor's first hydration 

shell, a catalytic water, and an additional water molecule close to the last phosphate group of 

NTPs and NDPs, is also conserved in all crystal structures where the water molecules' positions 

were determined (which excludes the TgNTPDase1 and 3 complexes). Regarding the ribose 

configuration, substrates co-crystallized with RnNTPDase2 consistently exhibit a C2' endo 

configuration, while the C3' endo conformation predominates in other structures. 

The notion of what is a productive NTPDase-nucleotide complex is based on the set of conserved 

hydrogen bonds formed between the enzyme and the phosphate moiety of nucleotides, the 

position of the cofactor, and the presence of six conserved water molecules in the active site for 

the experimental structures with resolution for the water molecules [12]. Given the activity of the 

RnNTPDase2 in crystal form [9], this productive binding mode is expected to be a good 
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representation of the pre-catalytic structure of these complexes. Thus, the aforementioned 

features can be used as quantitative and qualitative metrics for characterizing an unknown 

productive NTPDase-substrate complex. 

The structural analysis presented here underscores the high degree of conservation in substrate 

structure upon binding across various NTPDases. Based on these observations, we can imply that 

unknown NTPDase-substrate complexes probably exhibit these common characteristics. The 

experimental structures currently available also indicate that barring any physical obstruction 

similar to what is seen in TgNTPDase1, different nucleotides are likely to adopt the canonical 

conformation when productively bound to an NTPDase. In light of this context, computational 

studies intending to characterize or investigate unknown NTPDase-substrate complexes should 

base their investigations on initial structures that emulate the previously described characteristics. 

The exploration of computational methods for studying the structure and functions of NTPDases 

remains relatively unexplored. To date, only two papers have ventured into applying Molecular 

Docking and Molecular Dynamics Simulations to investigate human NTPDases in complexes 

with substrates [35, 36]. In both of these works, Molecular Docking was the method of choice for 

constructing the NTPDase-substrate complex. Although a valid method for this purpose, even 

when attempting to reproduce an experimentally known complex through a Re-Docking process, 

successful predicted poses often fall within a < 2 Å RMSD range of structural difference [17, 18]. 

However, as illustrated in Figure S1, Docking poses within this deviation range can fall short in 

capturing the previously discussed conserved features in the experimental structures. 

Consequently, the Docking inaccuracies can constrain the biological relevance of an NTPDase-

substrate complex described using such methodology and bias more complex computational 
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studies like MD simulation, which is highly dependent on the initial coordinates state of the 

simulated system [37]. 

In this context, the necessity for an alternative method to construct reliable NTPDase-substrate 

complexes that accurately incorporate the conserved structure and features previously described 

is apparent. To address this need, we propose transferring a crystallized substrate-cofactor 

complex and relevant water molecules to a well-modeled NTPDase structure. By maintaining the 

conserved characteristics of substrate structure and interaction, this approach offers an alternative 

option for characterizing and studying unresolved NTPDase-substrate complexes.  

Co-crystalized substrate analogs can be readily converted into the desired nucleotide, and 

adjustments can be made to the cofactor type, such as switching from Ca2+ to Mg2+, if necessary. 

Once assembled, the system can undergo optimization through molecular dynamics (MD) energy 

minimization and equilibration, ensuring proper alignment between the protein and transferred 

molecules. The resulting complex is anticipated to encompass all conserved features observed in 

crystal structures, serving as a robust starting point for more sophisticated computational methods 

or a reliable model for describing the NTPDase-substrate complex. 
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3.2. Application of the proposed substrate transferring protocol  

To exemplify the efficacy of the proposed transferring method, we utilized PyMOL and selected 

substrate structures experimentally resolved to construct complexes of HsNTPDase1-8 with ATP, 

ADP, GTP, GDP, UTP, and UDP. The enzymes are discussed in pairs following their phylogenetic 

relationship previously characterized [33]. 

The HsNTPDase1-8 were modeled using the ColabFold engine [22], with RnNTPDase2 (PDB 

code: 3CJA) serving as a custom reference structure [9]. The rationale behind utilizing a 

reference structure was to bias the modeling process toward a specific protein state, particularly 

the closed enzyme state associated with a productive binding mode [12]. To ensure that a closed 

state was achieved for each of the HsNTPDase1-8, we structurally aligned the enzymes with the 

template structure, evaluating the RMSD and the position of ACR1 and 4. As depicted in Figure 

S4, the modeled enzyme structures nicely match the template structure, confirming a closed state 

for all of them. These models were then used to build each complex described next. Further 

characterization will be discussed elsewhere regarding the conformational changes associated 

with each HsNTPDase (manuscript in preparation). 

Table 2 – Measurements and interaction of the transferred substrate to HsNTPDases. 

Enzyme Substrate RMSD 
(Å) 

Asp 
DXG 

ACR1- 
Cofactor 
Distance 

Asp 
DXG 

ACR4 - 
Cofactor 
Distance 

ACR residues forming hydrogen 
bonds with the substrate 

phosphate moiety 

 

ACR1         ACR2         ACR4 

NTPDase1 ATP 0.32 5.1 5.1 HIS59, 
SER58, 
SER57 

GLY133, 
ALA132, 
THR131 

GLY215, 
GLY216, 
ALA217, 
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SER218 

NTPDase1 ADP 0.26 4.8 6.0 HIS59, 
SER58, 
SER57 

GLY133, 
ALA132, 
THR131 

GLY215, 
GLY216, 
ALA217, 
SER218 

NTPDase1 GTP 0.35 5.1 5.4 HIS59, 
SER58, 
SER57 

GLY133, 
ALA132, 
THR131 

GLY215, 
GLY216, 
ALA217, 
SER218 

NTPDase1 GDP 0.32 4.9 5.2 HIS59, 
SER58, 
SER57 

GLY133, 
ALA132, 
THR131 

GLY215, 
GLY216, 
ALA217, 
SER218 

NTPDase1 UTP 0.34 5.3 5.0 HIS59, 
SER58, 
SER57 

GLY133, 
ALA132, 
THR131 

GLY216, 
ALA217, 
SER218 

NTPDase1 UDP 0.94 4.9 5.1 HIS59, 
SER58, 
SER57 

GLY133, 
THR131 

GLY216, 
ALA217, 
SER218 

NTPDase2 ATP 0.26 5.2 5.1 HIS50, 
SER49, 
SER48 

ALA123, 
THR122 

GLY204, 
ALA205, 
SER206 

NTPDase2 ADP 0.25 5.7 4.9 HIS50, 
SER49, 
SER48 

GLY124, 
ALA123, 
THR122 

GLY203, 
GLY204, 
ALA205, 
SER206 

NTPDase2 GTP 0.30 5.0 5.4 HIS50, 
SER49, 
SER48 

GLY124, 
ALA123, 
THR122 

GLY204, 
ALA205, 
SER206 

NTPDase2 GDP 0.13 5.8 5.0 HIS50, 
SER49, 
SER48 

GLY124, 
ALA123, 
THR122 

GLY204, 
ALA205, 
SER206 

NTPDase2 UTP 0.28 5.3 5.0 HIS50, 
SER49, 
SER48 

GLY124, 
ALA123, 
THR122 

GLY204, 
ALA205, 
SER206 

NTPDase2 UDP 0.87 5.6 4.9 HIS50, 
SER49, 

GLY124, 
THR122 

GLY203, 
GLY204, 
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SER48 ALA205, 
SER206 

NTPDase3 ATP 0.32 4.9 5.0 ARG67, 
SER66, 
SER65 

GLY141, 
ALA140, 
THR139 

GLY222, 
ALA223, 
SER224 

NTPDase3 ADP 0.38 5.1 5.1 ARG67, 
SER66, 
SER65 

ALA140, 
THR139 

GLY221, 
GLY222, 
ALA223, 
SER224 

NTPDase3 GTP 0.27 5.1 5.1 ARG67, 
SER66, 
SER65 

GLY141, 
ALA140, 
THR139 

GLY221, 
GLY222, 
ALA223, 
SER224 

NTPDase3 GDP 0.38 5.5 4.6 ARG67, 
SER66, 
SER65 

GLY141, 
ALA140, 
THR139 

GLY221, 
GLY222, 
ALA223, 
SER224 

NTPDase3 UTP 0.50 5.1 4.8 ARG67, 
SER66, 
SER65 

GLY141, 
ALA140, 
THR139 

GLY221, 
GLY222, 
ALA223, 
SER224 

NTPDase3 UDP 0.92 5.7 4.5 ARG67, 
SER66, 
SER65 

GLY141, 
ALA140, 
THR139 

GLY221, 
GLY222, 
ALA223, 
SER224 

NTPDase4 ATP 0.39 5.1 5.1 SER98, 
SER97 

ALA180, 
THR179 

GLY273, 
GLY274, 
ALA275, 
SER276 

NTPDase4 ADP 0.63 5.4 4.9 GLY99, 
SER98, 
SER97 

GLY181, 
ALA180, 
THR179 

GLY273, 
GLY274, 
ALA275, 
SER276 

NTPDase4 GTP 0.31 5.0 5.3 GLY99, 
SER98, 
SER97 

GLY181, 
ALA180, 
THR179 

GLY274, 
ALA275, 
SER276 

NTPDase4 GDP 071 5.0 5.4 SER98, ALA180, GLY274, 
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SER97 THR179 ALA275, 
SER276 

NTPDase4 UTP 0.33 5.1 5.4 GLY99, 
SER98, 
SER97 

GLY181, 
ALA180, 
THR179 

GLY273, 
GLY274, 
ALA275, 
SER276 

NTPDase4 UDP 0.95 5.5 5.0 GLY99, 
SER98, 
SER97 

GLY181, 
ALA180, 
THR179 

GLY273, 
GLY274, 
ALA275, 
SER276 

NTPDase5 ATP - 4.6 5.1 - - - 

NTPDase5 ADP 0.35 4.7 4.8 GLY39, 
THR38, 
SER37 

GLY112, 
ALA111, 
THR110 

GLY182, 
ALA183, 
SER184 

NTPDase5 GTP 0.54 4.7 4.9 GLY39, 
THR38, 
SER37, 
GLY36 

GLY112, 
ALA111, 
THR110 

GLY182, 
ALA183, 
SER184 

NTPDase5 GDP 0.33 4.9 4.9 GLY39, 
THR38, 
SER37 

GLY112, 
ALA111, 
THR110 

GLY181, 
GLY182, 
ALA183, 
SER184 

NTPDase5 UTP 0.32 4.9 5.1 GLY39, 
THR38, 
SER37 

GLY112, 
ALA111, 
THR110 

GLY182, 
ALA183, 
SER184 

NTPDase5 UDP 0.81 5.0 5.0 GLY39, 
THR38, 
SER37 

GLY112, 
ALA111, 
THR110 

GLY182, 
ALA183, 
SER184 

NTPDase6 ATP 0.41 5.1 4.9 GLY52, 
THR51, 
SER50 

GLY124, 
ALA123, 
THR122 

GLY194, 
GLY195, 
SER196 

NTPDase6 ADP 0.30 5.1 5.3 GLY52, 
THR51, 
SER50 

GLY124, 
ALA123, 
THR122 

GLY193, 
GLY194, 
GLY195, 
SER196 

NTPDase6 GTP 0.36 4.9 4.9 GLY52, 
THR51, 

GLY124, 
ALA123, 

GLY194, 
GLY195, 
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SER50 THR122 SER196 

NTPDase6 GDP 0.37 4.9 4.7 GLY52, 
THR51, 
SER50 

GLY124, 
ALA123, 
THR122 

GLY193, 
GLY194, 
GLY195, 
SER196 

NTPDase6 UTP 0.44 4.9 4.8 GLY52, 
THR51, 
SER50 

GLY124, 
ALA123, 
THR122 

GLY193, 
GLY194, 
GLY195, 
SER196 

NTPDase6 UDP 0.91 4.7 5.6 GLY52, 
THR51, 
SER50 

GLY124, 
ALA123, 
THR122 

GLY193, 
GLY194, 
GLY195, 
SER196 

NTPDase7 ATP 0.41 5.1 5.4 GLY45, 
SER44, 
SER43 

ALA126, 
THR127 

GLY211, 
GLY112, 
ALA213, 
SER214 

NTPDase7 ADP 0.64 5.1 5.0 GLY45, 
SER44, 
SER43 

ALA126, 
THR127 

GLY112, 
ALA213, 
SER214 

NTPDase7 GTP 0.27 4.8 5.7 GLY45, 
SER44, 
SER43 

GLY127, 
ALA126, 
THR127 

GLY112, 
ALA213, 
SER214 

NTPDase7 GDP 0.62 5.0 5.4 GLY45, 
SER44, 
SER43 

ALA126, 
THR127 

GLY112, 
ALA213, 
SER214 

NTPDase7 UTP 0.32 4.6 5.9 GLY45, 
SER44, 
SER43 

GLY127, 
ALA126, 
THR127 

GLY112, 
ALA213, 
SER214 

NTPDase7 UDP 0.89 4.9 5.7 GLY45, 
SER44, 
SER43 

ALA126, 
THR127 

GLY211, 
GLY112, 
ALA213, 
SER214 

NTPDase8 ATP 0.44 5.0 5.6 HIS53, 
SER52, 
SER51 

GLY217, 
ALA126, 
THR125 

GLY207, 
GLY208, 
ALA209, 
SER210 
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NTPDase8 ADP 0.38 5.4 4.8 HIS53, 
SER52, 
SER51 

GLY217, 
ALA126, 
THR125 

GLY208, 
ALA209, 
SER210 

NTPDase8 GTP 0.46 5.6 4.7 HIS53, 
SER52, 
SER51 

GLY217, 
THR125 

GLY208, 
ALA209, 
SER210 

NTPDase8 GDP 0.19 4.6 5.1 HIS53, 
SER52, 
SER51 

GLY217, 
ALA126, 
THR125 

GLY207, 
GLY208, 
ALA209, 
SER210 

NTPDase8 UTP 0.77 5.0 5.3 HIS53, 
SER52, 
SER51 

GLY217, 
ALA126, 
THR125 

GLY208, 
ALA209, 
SER210 

NTPDase8 UDP 0.79 5.4 5.0 HIS53, 
SER52, 
SER51 

GLY217, 
ALA126, 
THR125 

GLY207, 
GLY208, 
ALA209, 
SER210 

The following figures, presented in a comparable perspective, highlight the interactions of each 

enzyme with the ribose and nitrogenous base of the studied substrates. Notably, as previously 

characterized, the phosphate moiety of all nucleotides engages in highly conserved hydrogen 

bonds with the catalytic site formed by the ACR1-5  [12]. To enhance clarity and focus on more 

distinguishing features of each complex, these conserved hydrogen bonds are not explicitly 

depicted in the figures. Nevertheless, the residues engaging in these interactions are summarized 

in Table 2 alongside with the RMSD values of each substrate compared to the NTP and NDP 

complex reference structure and the distance values between the aspartic on each DXG motif and 

the cofactor. 
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3.3. HsNTPDase1 and HsNTPDase8  

The HsNTPDase1 and 8 exhibit a general preference for NTPs over NDPs, a feature shared with 

the other cell surface-located NTPDases in different organisms. Nevertheless, each isoform 

displays its unique characteristics. The HsNTPDase1 has a higher activity towards adenine 

nucleotides and a similar hydrolytic capability when processing NTPs and NDPs, while the 

HsNTPDase8 displays the characteristic preference for NTPs over NDPs regardless of the 

nucleobase type [33, 38–41]. 

In HsNTPDase1, the stabilization of purinergic nucleotides in the bound state is mediated by a π-

π stacking interaction between Phe365, Tyr408, and the substrate's nitrogenous base (Figure 3A, 

B, D, and E). Conversely, pyrimidinergic nucleotides such as UTP and UDP can only engage in 

one π interaction with Phe365 (Figure 3C and F). In comparison, HsNTPDase8 interacts with all 

substrate bases through a single π interaction via the Tyr357 residue. Notably, Trp398 replaces 

Tyr408 in HsNTPDase1 and does not interact with any of the substrates (Figure 3G-L). However, 

in solution, conformational changes may place Trp398 in an optimal position to also form π 

interactions with substrates. 

Multiple residues in both enzymes form hydrogen bonds with ribose substrates. Asp259 and 

Lys258 residues interact with both ATP and ADP in HsNTPDase1. Additionally, ATP forms a 

hydrogen bond with Tyr408, and ADP forms one with Tyr412 through the N1 atom of the 

adenine base (Figure 3A and D). Both guanine nucleotides form a similar hydrogen bond with 

Tyr412. Upon binding to an NTPDase, diphosphate nucleotides such as ADP adopt an elongated 

structure, and the hydrogen bond with the nitrogenous base and others shared with ATP may help 

stabilize this conformation. GTP and UTP form a hydrogen bond with Ser58 of the ACR1 
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residue, which is predicted to interact with the phosphate moiety (Figure 3 C and D). The 

competition between the ribose and the phosphates for the same interaction partner could cause 

instability in these complexes. In contrast, in HsNTPDase8, the enzyme-ribose interactions 

remain highly conserved, with Arg249, Asp250, and Asn354 forming similar hydrogen bonds 

with all nucleotides (Figure 3 G-L). 

The Arg85 residue in HsNTPDase1, although not predicted to interact with any tested nucleotide, 

is consistently located close to the substrate in all complexes, a unique feature of this enzyme 

(Figure 3AF). Arg85 is a positively charged amino acid that can interact with NTPs and NDPs' 

phosphate moiety. This residue may be essential for HsNTPDase1's distinctive properties, such as 

directly converting ATP to AMP [42]. 
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Figure 3 - HsNTPDase1 and 8 in complex with multiple substrates. NTPDase-substrate 

complexes assembled by the proposed method. HsNTPDase1 is in complex with ATP, GTP, 

UTP, ADP, GDP, UDP (A-F), and HsNTPDase8 with the same substrates (G-L). Ca2+ 

represented as a green sphere, was the cofactor of choice. 
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3.4. HsNTPDase2 and HsNTPDase3 

The other two cell surface-located NTPDases found in humans are the HsNTPDase2 and the 

HsNTPdase3. While closely related to the other members of this group, isoforms 2 and 3 exhibit 

unique characteristics and are identified in their respective branches on the phylogenetic tree 

[33]. Regarding their activity, the HsNTPDase3 has a standard preference for NTPs over NDPs. 

Compared to other cell surface NTPDases, HsNTPDase2 stands out as the isoform with the 

highest preference for triphosphate nucleotides [33, 38].  

In HsNTPDase2, Arg394 is functionally similar to HsNTPDase1 Tyr408 in stabilizing substrate 

bases. This is accomplished through a cation-π and a π-π interaction mediated by the Tyr350 

residue (Figure 4A-F). Conversely, HsNTPDase3 employs Tyr417 and Tyr375 residues to 

establish the standard π-π stacking interaction with the substrate bases (Figure 4G-L). In the 

context of hydrogen bonds involving the ribose of the nucleotides, HsNTPDase2 forms four 

hydrogen bonds with ATP via residues Arg245 and Asp246 (Figure 4A). These identical residues 

form fewer hydrogen bonds with other substrates (Figure 4B-F). In contrast, HsNTPDase3 

engages in fewer interactions with the ribose moiety, with each adenine nucleotide forming two 

bonds (Figure 4G and J). 

Notably, an arginine on ACR1 distinguishes HsNTPDase3 from other cell surface HsNTPDases 

that possess a histidine residue in the sixth position of ACR1. The histidine residue in other 

enzymes forms a hydrogen bond between its Nδ and an oxygen atom of the Pβ or Pα in NTPs or 

NDPs complexes, respectively (Figure 3A-L). In HsNTPDase3, the Arg67 backbone nitrogen 

forms a hydrogen bond with the substrates, similar to the interaction mediated by the histidine 

residue in other HsNTPDases (Figure 4G-L). 
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Figure 4 - HsNTPDase2 and 3 in complex with multiple substrates. NTPDase-substrate 

complexes assembled by the proposed method. HsNTPDase2 is in complex with ATP, GTP, 

UTP, ADP, GDP, UDP (A-F), and HsNTPDase3 with the same substrates (G-L). Ca2+, 

represented as a green sphere, was the cofactor of choice. 
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3.5. HsNTPDase4 and HsNTPDase7 

Notably, the NTPDase family exhibits a highly conserved structure, but sequence conservation is 

typically low, even among isoforms of the same species. For instance, when comparing human 

NTPDase isoforms, HsNTPDase4 and HsNTPDase7 demonstrate the highest sequence similarity, 

sharing up to 67% of their ectodomain sequence. Notably, both enzymes favor uridine substrates, 

but HsNTPDase4 is more active towards UDP [43], whereas HsNTPDase7 is more active 

towards UTP [44]. Furthermore, both HsNTPDase4 and 7 stabilize the nitrogenous base of their 

nucleotides by employing a single π interaction with the nitrogenous base, which is mediated by 

Tyr436 (Figure 5A-F) and Tyr374 Figure (5G-L) residues, respectively.  

Compared to other HsNTPDase residues, these tyrosine residues move closer to the catalytic site, 

facilitating the formation of π-π interaction with pyrimidinergic substrates. Unlike other isoforms, 

HsNTPDase4 and 7 promote multiple hydrogen bonds with all substrates' nitrogenous bases 

(Figure 5A-L). The interactions between these residues may play a crucial role in their specific 

characteristics.  

The nucleotide-binding sites of these two enzymes contain conserved residues that interact with 

the ribose part of the nucleotides. In HsNTPDase4, the residues Asn331, Glu433, and Lys492, 

mediate this interaction (Figure 5A-F). On HsNTPDase7, the corresponding residues Asn269, 

Glu370, and Lys430 are responsible for forming the mentioned interaction (Figure 5G-L). His484 

also plays a role in substrate interaction in the HsNTPDase4-ATP complex.  

All intracellular HsNTPDases share a common characteristic: the presence of an arginine residue 

immediately after ACR1. This residue interacts with the phosphate moiety of all nucleotides 

(Figures 5 and 6 A-L). Based on the information gathered from enzymes related to the NTPDase 
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family, an arginine residue in this position might be a crucial aspect of NDPase activity displayed 

by these enzymes. Supporting this idea, it has been found that adding an arginine in the 

corresponding spot of HsNTPDase3 enhances its diphosphatase activity [45].  

The reduced activity of hsNTPDase4 towards adenine nucleotides is another notable feature of 

these enzymes. It has been suggested that this characteristic may be linked to steric impediments 

imposed by His480 [13]. The same can be implied for HsNTPDase7 via the corresponding reside 

His418. In our models, these residues' positions do not obstruct any substrate positioning. The 

His480 and His418 form hydrogen bonds with multiple substrates, including ATP and ADP 

(Figure 5A, B, D, E). However, the histidine side chain can be highly flexible. Moving toward an 

adenine substrate might elicit a repulsive response between the imidazolium ring of both residues 

and the adenine amino group. Conversely, guanine and uridine nucleotides might have an 

opposite response due to the carboxyl groups on both bases. Figure 5H shows a hydrogen bond 

between the His418 side chain and the ATP carboxyl group. 
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Figure 5 - HsNTPDase4 and 7 in complex with multiple substrates. NTPDase-substrate 

complexes assembled by the proposed method. HsNTPDase4 is in complex with ATP, GTP, 

UTP, ADP, GDP, UDP (A-F), and HsNTPDase7 with the same substrates (G-L). Ca2+, 

represented as a green sphere, was the cofactor of choice. 
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3.6. HsNTPDase5 and HsNTPDase6 

The energy minimization and equilibration processes were applied to each complex to achieve 

the most energetically favorable complex. However, the standard energy minimization protocol 

used for all other complexes was ineffective in accommodating the ATP molecule in the 

HsNTpdase5 active site.  Interestingly, previous studies on HsNTPDase5 have indicated little to 

no activity toward ATP, suggesting that forming a productive complex of ATP with 

HsNTPDase5 is not a favorable process [46, 47]. To overcome this limitation, the enzyme-

substrate complex was first minimized in a vacuum and then in solution.   

The complexes with HsNTPDase 5 and 6, despite having a substrate structure resembling the 

crystallographic information, deviate from those formed with other HsNTPDases. Isoform 5 

forms a cation -π interaction mediated through Asp134 that stabilizes the nucleotide base (Figure 

6A-F). Furthermore, Tyr311 engages in a T-shaped π-π interaction with the nucleotide bases in 

ADP and UDP complexes (Figure 6D and F). Asp327 forms a cation-π interaction with 

purinergic bases and a hydrogen bond with uridine nucleotides (Figure 6G-L), while Tyr324 

forms T-shaped π-π interactions with ADP and GDP (Figure 6G and K). Unlike other isoforms, 

no hydrogen bonds are formed between the ribose of substrates and the enzymes. 
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Figure 6 - HsNTPDase5 and 6 in complex with multiple substrates. NTPDase-substrate 

complexes assembled by the proposed method. HsNTPDase5 is in complex with ATP, GTP, 

UTP, ADP, GDP, UDP (A-F), and HsNTPDase6 with the same substrates (G-L). Ca2+, 

represented as a green sphere, was the cofactor of choice. 
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4. Conclusion  

The analysis of NTPDase-substrate complexes across various isoforms reveals a highly 

conserved substrate conformation upon binding to several NTPDases, with most structures 

exhibiting a canonical anti-configuration of the nucleoside in a linear-like arrangement of 

phosphates and nitrogenous base. Variations in substrate structure while maintaining fundamental 

enzyme-substrate interactions, as the alternative binding mode seen in TgNTPDase1, underscores 

that the adaptability of the NTPDases to process multiple substrates is likely linked to the 

stabilization of a conserved nucleotide structure upon binding. This structural conservation 

suggests that unknown NTPDase-substrate complexes probably share these features, providing a 

foundation for computational modeling efforts. 

In light of these observations, we propose that transferring co-crystallized substrate-cofactor 

complexes and important water molecules to well-modeled NTPDase structures offers a reliable 

method for assembling unknown NTPDase-substrate complexes. Refining these complexes 

through molecular dynamics energy minimization and equilibration allows for the adaptation of 

the enzyme and transferred molecules to one another. This method ensures that the conserved 

features observed in experimental structures are accurately reproduced, enhancing the reliability 

of computational predictions regarding NTPDase-nucleotide complexes. 

We have successfully modeled and described the HsNTPDase1-8 with multiple substrates, 

demonstrating the utility of our approach. Although a static model limits the depth of information 

accessible, these structures serve as literature-consistent starting points for more comprehensive 

characterization through MD simulation. Further investigation utilizing these models can lead to 
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a better understanding of the HsNTPDases specificities, potentially providing the necessary 

information for its optimization, unleashing the therapeutic potential of these enzymes. 

Overall, in the absence of experimental structures, we encourage researchers to apply this method 

on their own structural investigation of the NTPDase family.  
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Attachments 

 

Figure S1 – Binding mode as predicted by Molecular Docking. The RnNTPDase2 crystal 

structures 4BR0 and 3CJA (cartoon) and the co-crystalized ADP and ATP analogs (sticks) are 

presented in cyan. A and C show the best-predicted pose of ADP and ATP (green sticks in both), 

respectively, in the RnNTDase2. B and D show the structural alignment of each best-predicted 

pose (green sticks) with its corresponding nucleotide analog experimentally resolved with the 

RnNTPDase2 (represented as balls and sticks). 

To illustrate our point, the DockThor web server was employed to dock ADP and ATP on the 

RnNTPDase2. Figures S1B and S1D show the discrepancies between predicted and experimental 

substrate conformations. Despite the nitid difference, the docked and experimental NDP and NTP 

structures can be aligned with an RMSD of 0.543 and 1.33, respectively. 



46 
 

 

Figure S2 – Experimentally characterized closed and open states. The distance difference 

between ACR1 and ACR4 in the RnNTPDase2 closed conformation (A) and the HsNTPDase4 

open conformation(B). The structures correspond do the PDB code 3CJA and 6WG5, 

respectively.  
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Figure S3 – Alternative-like UTP structure upon binding to LpNTPDase1. The alignment of 

the UTP alternative-like structure with the reference NTP structure (A) and with the ATP 

molecule in the alternative binding mode (B) shows the unique features of this unambiguous 

binding mode. To enhance visualization of the similarities and differences, two perspectives of 

the same alignment per section are presented: one lateral (on the left) and one from above (on the 

right). 

The alternative-like UTP structure observed with the LpNTPDase1 (PDB code: 4BRI) is a unique 

conformation that remains to be rationalized. Although the phosphate moiety and cofactor 

reproduce the general characteristics observed in other complexes, the ribose is positioned in a 

unique conformation among all crystal structures. 

 



48 
 

 

Figure S4 – HsNTPDase closed state. A-H shows the structural alignment of the HsNTPDase1-

8 best model with the RnNTPDase2 (PDB code: 3CJA), respectively. By the similarity of the 

structures, we can ensure that all of them are in a closed state suitable for describing their 

complex with substrates. 
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Supplementary Table 1 – Modeled enzymes 

Enzyme UniProt Entry Code Modeled residues 

HsNTPDase1 P49961 46-467 

HsNTPDase2 Q9Y5L3 37-452 

HsNTPDase3 O75355 54-476 

HsNTPDase4 Q9Y227 86-543 

HsNTPDase5 O7536 26-408 

HsNTPDase6 O75354 39-421 

HsNTPDase7 Q9NQZ7 32-481 

HsNTPDase8 Q5MY95 40-457 

 

UniProt entry and regions of the sequence modeled of each HsNTPDase. 

Supplementary Table 2 - Experimental structures with a productive substrate binding 

mode 

Enzyme / PDB code Substrate 

Analog 

Asp DXG ACR1 

- Cofactor 

Distance (Å) 

Asp DXG ACR2 

- Cofactor 

Distance (Å) 

    

RnNTPDase2 / 3CJA  5.0 5.1 

RnNTPDase2 / 4BQZ  4.9 4.8 

RnNTPDase2 / 4BR2  5.0 5.0 

LpNTPDase1 / 4BRA  4.7 4.8 

LpNTPDase1 / 4BRD  4.8 4.7 
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LpNTPDase1 / 4BRG  4.8 4.8 

LpNTPDase1 / 4BRK  4.7 4.8 

TgNTPDase1 / 4KH4  3.9 5.7 

TgNTPDase3 / 4A5A  4.8 4.9 

RnNTPDase2 / 4BR0  4.9 5.1 

LpNTPDase1 / 4BRC  4.8 4.7 

LpNTPDase1 / 4BRI  4.7 4.7 

LpNTPDase1 / 4BRL  4.7 4.7 

LpNTPDase1 / 4BRE  4.7 4.8 

TgNTPDase1 / 4KH5  4.0 6.5 

 

 


