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Metformin used as a first-line drug to treat Type 2 Diabetes Mellitus is transported via organic cation channels to soft tissues. Mutations in the SLC22A1 gene, such as Gly401Ser, Ser189Leu, and Arg206Cys, may affect the drug’s therapeutic effect on these patients. This study aims at proposing a potential structural model for drug interactions with the hOCT1 transporter, as well as the impact of these mutations at both topological and electronic structure levels on the channel’s surface, from a chemical point of view with, in addition to exploring the frequency distribution. To chemically understand metformin diffusion, we used an open model from the protein model database, with ID PM0080367, viewed through UCSF Chimera. The effect of the mutations was assessed using computational hybrid Quantum Mechanics/Molecular Mechanics, based on the Austin Model 1 semi-empirical method using Spartan 18’ software. The results demonstrate coupling energy for metformin with amino acids F, W, H and Y, because of the interaction between the metformin dication and the electron cloud of π orbitals. The mutations analyzed showed changes in the chemical polarity and topology of the structure. The proposed diffusion model is a possible approach to the interaction mechanism between metformin and its transporter, as well as the impacts of variants, suggesting structural changes in the action of the drug. Metformin efficacy considerably varies from one patient to another; this may be largely attributed to the presence of mutations on the SLC22A1 gene. This study aims at proposing a potential structural model for metformin-hOCT1 (SLC22A1) transporter interaction, as well as the identification of the effect of mutations G401S (rs34130495), S189L (rs34104736), and R206C (616C > T) of the SLC22A1 gene at the topological and electronic structure levels on the channel surfaces, from a chemical viewpoint. Our results demonstrated that the coupling energies for metformin with aromatic amino acids F, W, H and Y, because of the interaction between the metformin dication and the electron cloud of π orbitals. Changes in the chemical environment’s polarity and the structure’s topology were reported in the mutations assessed. The diffusion model proposed is a potential approach for the mechanism of interaction of metformin with its transporter and the effects of variants on the efficacy of the drug in the treatment of type 2 diabetes. The assessment of the frequency of these mutations in a sample of Colombian type 2 diabetes patients suggests that different SLC22A1 gene variants might be involved in reduced OCT1 activity in the Colombian population since none of these mutations were detected.
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INTRODUCTION
Metformin is mostly present as a hydrophilic cation at a physiological pH (Liang and Giacomini, 2017). It is a biguanide used as a first-line drug to treat Type 2 Diabetes (T2DM) (Markowicz-Piasecka et al., 2016; Sanchez-Rangel and Inzucchi, 2017) because it helps decrease blood glucose levels by 33%. Unlike other drugs, metformin reduces triacylglycerol levels in the blood by 10–15% and cuts the risk of heart attack or stroke by ≈ 50%. Overall, by itself, metformin is highly effective and one of the few oral agents used to treat T2DM that promotes weight loss; therefore, it is a good drug for treating and/or preventing T2DM (Markowicz-Piasecka et al., 2016; Florez, 2017). Although metformin’s mechanism of action is unclear, evidence suggests that this biguanide improves hyperglycemia by decreasing intestinal glucose absorption, peripheral insulin sensitivity, and inhibits of hepatic gluconeogenesis and glycogenolysis (Wang et al., 2002; Shu et al., 2007; Nies et al., 2011; Markowicz-Piasecka et al., 2016; Foretz and Guigas, 2019).
Despite its widespread use, there are substantial variations in its response among individuals, with ∼35% of patients fail to achieve initial glycemic control (Pascale et al., 2018). This is because of the differences in drug availability and action, attributed to polymorphisms in the genes that regulate metformin pharmacokinetics and pharmacodynamics (Mahrooz et al., 2015; Florez, 2017; Pascale et al., 2018).
Metformin’s entry into and exit from target tissues are mediated by organic cation transporters (OCT), belonging to the solute carrier 22 family (SLC22) of membrane proteins that play a crucial role in the drug’s absorption, distribution, and renal excretion (Markowicz-Piasecka et al., 2016; Pascale et al., 2018; Santoro et al., 2018).
Metformin’s binding and transport mechanism has not been completely determined, mostly because of the absence of any trace of a crystal structure. Membrane proteins, such as OCT, participate in almost all cell activities. Therefore, defining its 3D structure would help to explain its biological function (Lin et al., 2015).
The known crystal structures from transmembrane proteins have been used to predict the 3D structures of other proteins sharing common structural properties for a long time. OCT2 structure in rats was predicted using the crystal structure of LacY permease (Escherichia coli) (Abramson et al., 2003; Zhang et al., 2005) and the oxalate transporter of Oxalobacter formigenes (Ubarretxena-Belandia et al., 2003) as a template. For OCT1, there is a structural model, recorded in the protein model database (PMD) with ID PM0080367, developed by Dakal et al., 2017 using structure prediction techniques, which facilitated the modeling and prediction of tertiary structures of proteins such as OCT1 transporters (Dakal et al., 2017) through theoretical structural biology approaches. Other studies used computer simulation techniques, such as molecular docking, to predict the affinity of OCT transporters to their tRet molecules and visually examine the impact of genetic variants on metformin transport, as proposed by Green (Green, 2015). Nevertheless, these methods fail to provide accurate predictions of the effects of mutations on the pharmacodynamics of antidiabetic treatments (Schlessinger et al., 2013; Chen et al., 2017).
In humans, the OCT1 transporter is codified by the SLC22A1 gene, located on chromosome 6q26, composed of 11 exons and comprising ∼37 kb (Wang et al., 2002). This gene is highly polymorphic and certain variants have an effect on the transporter’s function in ethnically diverse populations (Mahrooz et al., 2015; Mato et al., 2018). Previously, studies reported that people with reduced-activity variants of this gene may exhibit a decrease in the amount of metformin available in the liver and a reduced therapeutic response (Shu et al., 2007; Yang et al., 2014).
Giacomini et al. pioneered several of these studies and showed that the presence of at least one of the four reduced-function variants (R61C, G401S/rs34130495, M420/rs72552763 and/or G465R/rs34059508) mitigates metformin’s glycemic effects (Shu et al., 2007), probably because an alteration in intracellular metformin transport, thus resulting in higher peak plasma concentrations and area under the curve (AUC) of the drug (Shu et al., 2008). Furthermore, a study on the secondary effects of metformin on 251 metformin-intolerant and 1951 tolerant individuals by Genetics of Diabetes and Audit Research Tayside Study (GoDARTS) researchers in Tayside, Scotland, demonstrated that the presence of two additional reduced-function alleles of G401S increases the likelihood of metformin intolerance, thus inducing the accumulation of metformin in enterocytes (Dujic et al., 2015). Another variant associated with decrease in metformin absorption is S189L (rs34104736) (Mato et al., 2018). Both M420 and S189L have been primarily identified among populations of the European ancestry (Song et al., 2008; Chen et al., 2010). However, Chen et al. (2010) while the non-synonymous R206C variant, although rare among Chinese and Japanese populations, contributes to an altered metformin response in individuals carrying the mutation by reducing significantly OCT1 expression and function (Chen et al., 2010).
The OCT-family proteins are a potential therapeutic target. Therefore, identifying the mechanism by which metformin interacts with this transporter is crucial because the information obtained may contribute to advances in personalized medicine. In recent years, studies have focused on understanding the effect of genetic polymorphisms in the pharmacokinetic modulation of metformin transporters. However, the molecular mechanism of interaction between the drug and transporter is still unclear; therefore, this study proposes a potential structural model for the diffusion and interaction of this drug with the hOCT1 transporter, as well as the identification of the effect G401S, S189L, and R206C at the topological and electron structure levels, as well as explore the presence of these rare functional variants in a sample of T2DM patients from Colombia.
METHODOLOGY
hOCT1-Mediated Metformin Transport Modeling
Characterization of α Fractions of Metformin
To identify the different pH-dependent structural forms, the percentage of microspecies was calculated for metformin, for a physiological pH scale, using the Chemicalize software and the data produced is complemented with the information from the literature for the alpha fractions of metformin (Atlassian Confluence; Ciarimboli et al., 2015).
Metformin Geometry Optimization
The structural model for metformin was developed using Spartan 18’ software (Wavefunction) purchased license (Wavefunction, 1991). The molecular optimization was conducted following minimum geometric and global energy parameters using the Hartree–Föck method with a 3–21G* basis set in water, considering a solvation shell [SM8].
Metformin Density Surfaces and Electrostatic Potential Maps
The density and electrostatic potential map were calculated using the Spartan 18’ software surface tool (Wavefunction, 1991). The computation work generated an output file with an illustrative image of the density surface based on the load distribution and electrostatic potential map for an energy sweep in a range between −200 and 200 kJ/mol.
Characterization of the hOCT1 Channel in Databases
Initially, a search was performed in the RCSB Protein Data Bank databases for the hOCT1 organic cation transporter; however, no crystallized structure could be identified by experimental techniques such as X-ray diffraction, cryogenic electron microscopy, or solid-state nuclear magnetic resonance. After conducting a comprehensive literature search, channel modeling was conducted using I-TASSER using the GLUT3 template with PDB ID:5C65 (Quality, 2007; Zhang, 2008; Yang et al., 2015; Dakal et al., 2017). The hypothetical model was validated and refined using stereochemistry and energy minimization. The results for the seven organic cation transporters predicted were published in the Protein Model database (http://srv00.recas.ba.infn.it/PMDB/main.php), and assigned the code PM0080367, followed by an assessment using the SAVES server, which was specifically downloaded for this study.
hOCT1 Hydropathy Index
The chemical environment was characterized using polarity by comparing metformin diffusion with respect to hOCT1 under its native structure and the variants that alter diffusion of the drug. To understand this interaction, Protscale (Swiss ExPASY suite) was implemented to calculate the modifications of the Kyte and Doolittle coefficients in proteins, which are related to the description of the native and mutant protein environments (Artimo et al., 2012). For this procedure, the primary sequence in FASTA format was used; the hydropathy index was then estimated with Kyte and Doolittle coefficients, commonly used for this type of calculation. This software allocates a score for each amino acid of hOCT1, within a range of integers considering both positive and negative signs. The amino acid is considered to be hydrophobic, if positive, and hydrophilic, if negative, with a threshold value of zero (Gasteiger et al., 2005).
Metformin and hOCT1 Structural Visualizers
To achieve a 3D idea of the system and understand the spatial distribution of the diffusion model in the hOCT1 channel, Deepview/Swiss-PdbViewer, version 3.7 (Guex and Peitsch, 1997) was used to facilitate the preliminary approach of the diffusion path based on the channel’s nature. The structures were subsequently visualized using UCSF Chimera v1.11 (Pettersen et al., 2004) because it allows the model to be configured as an atomic display with density belts or surfaces.
Topological and Functional Effect of the hOCT1 Organic Cation Transporter for S189L, R206C, and G401S Variants
Energy Optimization of hOCT1 Mutations
S189L (rs34104736), G401S (rs34130495), and R206C (616C > T) mutations, reported in the literature, were selected because of their functional effect on the decrease in metformin uptake (Takane, 2008; Chen et al., 2010; Yoon et al., 2013; Mato et al., 2018). After selecting the variants, their effect was evaluated from a chemical viewpoint using Spartan14’ (Wavefunction, 1991). The Z-matrix was selected for regions close to the mutation and potential interaction areas, whereas geometric optimization was calculated based on a semi-empirical method considering the macromolecular system and the effects relating to atomic variants in the electronic structure. The Austin model1 (AM1) base was used with 10,000 iteration cycles. Considering this computational methodology, the bond length, angle changes, and measurement of the dihedral angles were calculated, in addition to the areas or volumes of ionization potential surfaces.
Density Surface and Electrostatic Potential Maps
The mutations assessed have different characteristics. To understand the changes in the electronic structure and anchoring ability, or lack thereof, the density and electrostatic potential map calculation were applied, using the Spartan 18’ software surface tool (Wavefunction, 1991). This tool was used to measure total surface areas for the potentials in Å2 and surface volumes in Å3 for the relevant regions.
Structural Visualizers
Deepview/Swiss-PdbViewer software was used to obtain a 3D idea of the system and understand the spatial distribution of the mutations assessed, as well as how they may affect metformin translocation or the structural changes that hinder interaction with metformin in the hOCT1 channel (Guex and Peitsch, 1997). The interaction lines of the hydrogen bonds for the structure of mutated hOCT1 channels were calculated and images were gathered and visualized using UCSF Chimera (Pettersen et al., 2004) because it allows the configuration of the structural model in belts, atoms, tangent spheres, or density surfaces.
Hydropathy Index of the Effect of the Variants on the hOCT1 Organic Cation Transporter
The behavior of the channel in terms of polarity is crucial toward understanding the effects of these variants with regard to the development of pathologies, because it can affect the net increase or decrease of anchor points that change the structure or spatial distribution (Cardona et al., 2018; Cardona-Pemberthy et al., 2018). Protscale, was used to calculate the modifications in proteins and the Kyte and Doolittle coefficients, related to the description of the native and mutant protein environments (Artimo et al., 2012). The primary sequence of the organic cation channel was used with a score assigned for each amino acid comprising the channel and which, in function of the size and sign of the value, may represent hydrophobic or hydrophilic interactions, thus confirming many of these changes based on the effect of translocation of the system or diffusion and affinity between the hOCT1 channel and metformin (Gasteiger et al., 2005).
Frequency of Functional Variants on the SLC22A1 Gene in a Colombian Population
Colombian Study Population
Three hundred and ninety-three patients who had been diagnosed with T2DM were included in the study, 294 of which were treated with metformin and 99 treated with other drugs. These participants were part of the studies previously conducted at the Molecular Genetics Laboratory (GENMOL) at the University of Antioquia (Duque, 2011; Parra, 2012; Caro, 2018). The participants provided information regarding their socio-demographic data, personal history of metabolic syndrome diseases, lifestyle (such as diet and physical exercise), other medication anthropometric measurements (such as height, weight, and body mass index), waist circumference, hip circumference and waist-to-hip ratio, and biochemical values (such as glycosylated hemoglobin, blood glucose, total cholesterol, triglycerides, and high-density lipoprotein). This information was obtained from the studies conducted by Fernandez (2007), Duque (2011), Parra (2012), and Caro (2018), and approved by the Bioethics Committee of the Cooperative University of Colombia (Medellín-Antioquia), Approval no. 800-053 of 2014.
Genotyping
The non-synonymous variants G401S (rs34130495), S189L (rs34104736), and R206C (616C > T) on the SLC22A1 gene were genotyped by LGC Genomics Ltd. (Beverly, United States) using KASP-PCR (Kompetitive Allele Specific PCR).
RESULTS
Metformin Characterization with Software Chemicalize
In this first part, the distribution of metformin microspecies was characterized with respect to physiological pH in different environments (such as saliva, stomach, small intestine, and blood) based on alpha fractions (Supplementary Figure S1). The microspecies’ values for the abovementioned biological pHs are listed in Table 1. Consequently, dicationic microspecies 4 was reported to be more predominant (100%) for pHs ranging from 1 to 8, considering the entire pH range within the human soma.
TABLE 1 | Biological environment for metformin and percentage for each microspecies.
[image: Table 1]After identifying the predominant microspecies that best represented metformin in a biological environment, a possible passive diffusion path was studied and proposed in which tyrosine, phenylalanine, tryptophan, and histidine were optimized as a possible route of interaction between the metformin dication and the OCT1 channel under a π-stacking interaction because of the aromaticity of the side chain.
Proposal for the hOCT1 Organic Cation Transporter Model
The protein model database (Protein data bank) search currently shows no experimentally obtained crystallized structure for the cation transporter. However, it has been modeled using homology modeling based on structure predictors, which was refined and validated with energy and stereochemical tools by Dakal et al. (2017). As shown in Figure 1A, this model was downloaded from the protein model database with ID PM0080367.
[image: Figure 1]FIGURE 1 | Organic cation transporter hOCT1: (A) Modeled by structure predictors with lateral and top-plane vision; (B) Top-view of the aromatic amino acid pocket; the magnified image identifies the aromatic amino acids present in the cation diffusion channel.
Characterization of the Diffusion Path in hOCT1
After analyzing this model using the UCSF Chimera visualizer according to the bioinformatic characterization for the secondary structure (Dakal et al., 2017), there is an extracellular loop that has potential sites for N-glycosylation because of asparagines Asn71, Asn96, and Asn112. These are conformational changes that may generate the extracellular loop in the channel, thus inducing possible spatial transformations of TMH2, TMH4, TMH5, and TMH7, which allow metformin entry. Figure 1B shows the interior of the organic cation channel, formed by aromatic amino acids such as F, W, H and Y, which can intervene in metformin dication’s diffusion. The following is the visualization of the channel and the proposed passive diffusion path of interaction.
Topological Localization of hOCT1 in the Lipid Membrane Based on the Hydropathy Index
To understand the presence of a diffusion path with aromatic amino acids in the interaction pocket, polarity was calculated using the molecule’s hydrophobic and hydrophilic forces of interaction (Supplementary Figure S2). As shown in the magnified image of Figure 1B, there is a pathway led by aromatic functional groups that protruded throughout the helices that intervene in the channel’s translocation diffusion path, which was confirmed with the hydropathy index analysis of the chemical environment of the helices and the helices themselves. This analysis suggests an interaction between the dication and each of the aromatic groups present in the side chain of the alpha helices, as shown in Figure 2A. Energetic and geometric optimization of the system (metformin-aminoacid aromatics), produces a periplanar coupling by non-covalent interactions between the cation and the resonance of the orbitals π of the aromatic ring, as proposed in Figure 2B.
[image: Figure 2]FIGURE 2 | Proposed interaction between the metformin cation and the amino acids p orbitals with aromatic functional groups that do not participate in hybridization: (A) Molecular representation of the interaction model between the metformin dication and the electronic delocalization of the aromatic amino acid; (B) Geometric optimization for the interaction between metformin and the aromatic amino acids considered: Y, H, F, and W.
Metformin-Aromatic Amino Acid Interaction of the Channel Diffusion
After performing the respective couplings considered in the previous figure, these geometric optimization values generated energy values for the system composed of the metformin dication and the aromatic cloud. These energy values are indicated in Table 2. Using the results obtained, the greatest stability, considering the lowest energy values, was obtained for the metformin–tryptophan adducts, followed by metformin–tyrosine and metformin–phenylalanyl and lastly by metformin–histidine.
TABLE 2 | Interaction energy for deprotonated metformin and the aromatic amino acids.
[image: Table 2]The following analysis of the results obtained, histidine was the only amino acid that did not present favorable periplanar coupling, which evidences that this interaction is less probable, because, in addition to the acid–base effect, histidine generates a steric impairment that moves it away from periplane. The remaining three aromatic amino acids did present perpendicular interaction with the metformin dication. The calculation of the distance from an imaginary plane demonstrated the lowest coupling distance for metformin–tyrosine at a point in the plane with a value of 3.575 Å and metformin–phenylalanine with the greatest value for a point in the plane with a value of 4.719 Å.
Electrostatic Potential Map of the Metformin-Aromatic Amino Acid Interaction
Continuing with the analysis of the interaction between the drug and the aromatic amino acids, additional explanation of a plausible interaction in the diffusion of the drug in the hOCT1 transporter is required. Therefore, a quantum mechanics-based calculation was performed with the Hartree–Föck method to obtain the interaction surfaces of the previously energetically and geometrically optimized structures, all from an electrostatic potential map, to visualize metformin’s anchor points to the transporter, based on the electronic distributions, which may indicate points of greater or lower potential, as shown in Figure 3A.
[image: Figure 3]FIGURE 3 | Chemical characterization and proposal for passive diffusion: (A) Electrostatic potential surfaces between metformin and aromatic amino acids considered: tyrosine, histidine, phenylalanine, and tryptophan; (B) Interaction sequence and translocation movement of metformin in the hOCT1 organic cation channel.
After obtaining the computational results and metformin’s migration path, it was necessary to determine how the drug is retained and how this interaction favors the conformational change, which leads to the subsequent translocation of the transporter. These cation-aromatic amino acid interactions are mediated by the π-electron cloud, thus facilitating drug absorption by the small intestine. Then, images were created, illustrating the drug transport process, at 30° and 60° from the extracellular region as a dication to the intracellular region in the intestine as shown in Figure 3B, which becomes a proposed mechanism for the passive diffusion and subsequent retention of metformin from a biochemical visualization, for translocation purposes.
A literature search was conducted after the determination of a possible mechanism of interaction and translocation in drug diffusion, to conduct a functional analysis of the mutations associated with the hOCT1 channel and to observe the structural and chemical effects on the transporter’s topology and electronic structure.
Modeling of the Functional Effects of Mutations in the hOCT1 Organic Cation Channel
To understand the functional effects of similar mutations in the channel, a search was conducted in the databases and literature by selecting non-synonymous, missense mutations, which despite their low frequencies across different populations, affect the pharmacokinetic parameters related to metformin absorption, thus resulting in bioaccumulation in the intestine, liver, and kidneys (Shu et al., 2003; Chen et al., 2010; Zhou et al., 2017; Mato et al., 2018). They were identified in the literature mutations S189L, R206C, and G401S, which are responsible for changing the chemical polarity and topology of the structure (Dakal et al., 2017), altering the function (Shu et al., 2003; Chen et al., 2010; Deanna et al., 2010)
G401S Mutation Results
The mutated channel and its environment were modeled to compare them to the reported wild type channel modeling (Dakal et al., 2017), to record any changes using computational methods. Figures 4A,B shows the channel’s structural fragment and the ability to generate hydrogen bonds that may alter the structure. With molecular modeling, the measured distances are calculated for both the wild type and the mutation. Figure 4A shows that the amino acid G401 does not have an adequate interaction distance and does not have a functional group to interact. Whereas the G401S mutation (Figure 4B), only one point of interaction with hydrogen bond S401-E515 is observed at a distance of 2.052 Å. In the hydrogen bonding patterns indicated, which are indicated by the red lines, it is observed that S401 is an important anchorage point within the structure. Thus, this specific fragment was selected, aiming to characterize it with an atomic resolution from a quantum chemistry simulation, in order to improve the observable results, as well as the ionization potential surface for both systems. Similarly, the surface areas and volumes were measured based on the surfaces of their electronic structure. The G401S mutation is characterized by the change in polarity it generates because of the alcohol functional group in the side chain of serine, which can create hydrogen bond-based interactions. Accordingly, the hydrogen bonds were calculated throughout the hOCT1 channel for the wild type form and the mutated channel. After assessing the mutation effects with Quantum mechanics calculations, it was possible to observe three new hydrogen bonds corresponding to: 1) S401- R402 interactions from oxygen (–OH), to the hydrogen atom attached to nitrogen (-NH2), with a distance of 2.759 Å, 2) S401- E515 interaction of the hydrogen atom (–OH) with the oxygen atom double-bonded to the glutamic amino acid (O=) with a distance of 2.183 Å, and 3) S401- Glu515 interaction because of the bonding of the serine group’s hydrogen atom (–OH) to the oxygen of the carbonyl group (-OH) of glutamic acid, with a distance of 2.453 Å. The distances were calculated for the interaction of the optimized structures using hybrid Quantum Mechanics/Molecular Mechanics (QM/MM), based on the Austin Model1 semi-empirical method, as shown in Supplementary Figure S3. After energy optimization, the ionization potential surface was calculated for the surface area and volume of the wild type channel region in Figure 4C, with values of 1,266.37 Å2 and 553.15 Å3, respectively. When mutation occurs, the surface area and volume increase considerably to 1,298.28 Å2 and 578.64 Å3, which could show a change in the electronic structure that may block interaction with metformin, as shown for the surface highlighted in Figure 4D.
[image: Figure 4]FIGURE 4 | Comparative representation of the effect of the Gly401Ser variant: (A) 3D visualization and calculation of the hydrogen bonds in the hOCT1 wild type channel structure; (B) 3D visualization and calculation of the hydrogen bonds in the hOCT1 channel mutated by Ser401; (C) Ionization potential surface of the hOCT1 wild type channel; (D) Ionization potential surface of the hOCT1 channel mutated by Ser401.
S189L Mutation Results
For this mutation, modeling of the region in the channel was conducted in the same manner with the mutation position 189, where a considerable polarity change can be observed. The structural change is shown in Figure 5, where a loss of anchor points and hydrogen bonds affecting the structure around position 189 can be observed for a restriction of 2.7 Å, in addition to an approach based on the calculation of the effect on the surrounding polarity from the Kyte and Doolittle coefficients.
[image: Figure 5]FIGURE 5 | Comparative representation of the effect of the Ser189Leu variant: (A) 3D visualization and calculation of hydrogen bonds in the hOCT1 wild type channel structure; (B) 3D visualization and calculation of the hydrogen bonds in the hOCT1 channel mutated by Leu189; (C) Hydropathy index plot using Kyte and Doolittle coefficients for the hOCT1 wild type and mutated channels; the red box indicates the magnified characteristic around the amino acid at position 189.
As shown in Figures 5A,B, the hOCT1 channel has hydrogen bonds, represented by the red lines. S189 has a hydroxyl group and this functional group allows interactions by the hydrogen bonds with other dipoles when they are separated by a distance of <2.7 Å. When a L189 mutation occurs, this dipole point disappears, for interaction purposes. Moreover, with the quantitative values measured for the vicinity of the mutation in position 189, it can be observed that the mutation generates a closeness between the two α-helixes with a difference for the L204 residue of 3.939 Å and L208 of 1.217 Å, favoring the non-polar interactions between these residues. Figure 5C demonstrates this based on the hydropathy index score with Kyte and Doolittle coefficients for the system. In this analysis, the polarity calculation for the entire hOCT1 channel in composition is presented with the aim of determining the effect of the change on the channel’s chemical environment in the region around position 189 for positive (hydrophobic interactions) or negative (hydrophilic interactions) values, thus showing that mutation increases hydrophobicity when missense, non-synonymous substitution occurs.
In quantitative terms, to assess the topological changes produced to the hOCT1 transporter and their possible association with metformin absorption in the small intestine, the topological calculation represented by the measurement of the angle produced by the three atoms shows that, for the wild type the bonding angle was 112.87° while, for the S189L mutation this was 113.78°. Similarly, after calculating the effects on the dihedral angles involving the two planes generated by the four constituent atoms of the dihedron produced in the side chain of position 189, it was reported that, in the case of the wild type, its value was −78.82°, whereas the value for the mutation’s dihedral planes was −55.06°, as shown in Supplementary Figure S4. The effect of torque and angle favors the interaction between helices because of the increased hydrophobic forces around the mutation position, which may alter the channel’s topology.
R206C Mutation
The structural and functional study helped to identify the transmembranes involved in the 3D change and its proximities. For the wild type, R206 is located in transmembrane 3 (TM3), close to transmembrane 2 (TM2), as shown in Figure 6A, which reveals a distance of 3.492 Å from the carbon α of R206 to its neighbor TM2 with the thiol group of the C154 residue, a position that is not reactive as is the carbon of the guanidine group of the arginine aminoacid (R). Then, the R206C mutation was modeled, comparing the potential topological or non-covalent interaction effects with the regions adjacent position 206 and its potential effect on neighboring transmembranes. Figure 6B shows that the mutation occurs at position 206 of TM3, and that there is a cysteine at position 154 in the adjacent TM2, exhibiting a distance of 2.100 Å between the two thiol groups of the amino acid cysteines, which may create a disulfide bridge that may cause a 3D change that would alter the channel’s topology, thus affecting its interaction with metformin.
[image: Figure 6]FIGURE 6 | Comparative representation of the effect of the R206C variant: (A) 3D visualization of the hOCT1 wild type R206 channel structure; (B) 3D visualization of the hOCT1 channel mutated at C206; (C) Energy optimization of the neighboring amino acids for R206 and C154 in TM2 and TM3 of the hOCT1 wild type channel (left side); Energy optimization at C206 and C154 with no disulfide bridge between TM2 and TM3 (upper right side); Balanced energy optimization with a closed disulfide bridge for C206 and C154 (bottom right side).
Considering the model generated from the mutation at position 206 and the possibility of forming a disulfide bridge, the energy optimization study was conducted through hybrid simulation QM/MM for both the wild type and mutation with the formation of a disulfide bridge and open chain structures, thus observing whether the range is suitable for interaction when the bonding distance is measured, as shown in Figure 6C. The calculation for the energy value associated with the R206-C154 wild type transporter was −3,689.488 kJ/mol; moreover, for the mutation, the bonding distance was first measured between sulfur atoms, thus generating a value of 2.287 Å, a distance that is considered sufficient for forming the disulfide bridge. Similarly, the optimization energies of the channel region with no R206-C154 disulfide bond (no disulfide bridge), and the formation of an R206-C154 disulfide bond (with disulfide bridge) were measured with values of −3,765.068 and −3,700.327 kJ/mol, respectively. It is clearly evident that these values are much lower than those for wild type structures and consider a lower potential number. This process benefits from enthalpy because a more stable configuration is achieved once a mutation occurs in the structures; however, it leads to a topological alteration.
Assessment of the Frequency of SLC22A1 Mutations in Diabetic Patients
Because of the functional relevance of these mutations in metformin pharmacokinetics, the presence of G401S (rs34130495), S189L (rs34104736), and R206C (616C > T) on the SLC22A1 gene was evaluated in a sample of diabetic patients. This analysis demonstrated that these variants are monomorphic in the Colombian population sample under study.
DISCUSSION
Metformin is one of the drugs most extensively used worldwide for treating (T2DM) (Markowicz-Piasecka et al., 2016; Bailey, 2017; Sanchez-Rangel and Inzucchi, 2017). The studies on the supply of metformin demonstrate that it enters the body encapsulated in a magnesium stearate-based excipient. As soon as it reaches the intestine, the stearate is hydrolyzed and absorbed, similar to Mg such that metformin is released and with the small intestines’ main microspecies being the dication form. Because this species is positively charged, the cation channel is responsible for transporting organic molecules. To propose the diffusion model for metformin according to the values calculated from the hydropathy index, the aromatic chemical functions of the side chain move toward the path formed between transmembrane helices TMH2, TMH4, TMH5 and TMH7, as shown in Figure 1A. When considering the aromatic functional groups directed by the hydrophobic pathway, an interaction between the cation and the aromatic π system must be considered. The electronic mobility causes both orbital phases to have a high electronic distribution and negative partial charge; however, the other orbitals that form the bond have an electronic deficiency such that aromatic compounds have a quadrupole effect. After analysis of the geometrically optimized metformin dication and the amino acids capable of delocalizing electron density, only tyrosine, phenylalanine, and tryptophan had this type of periplanar interaction because histidine does not interact in that manner with the drug, as shown in the results. This assessment helped explain how metformin undergoes protonation at physiological pH in the small intestine, thus forming the dication. When the drug approaches histidine within the organic cation channel, the intermolecular proton is transferred because the double-bonded nitrogen has a higher s-orbital nature. Because of its proximity to the nucleus, it has the most localized load and easier protonation, which has a direct impact on aromaticity because there is no interaction between the π system and the cation. This phenomenon explains why histidine does not accept the interaction between the dication and the p orbitals in its calculation. Similarly, this is demonstrated by the calculation of the alpha fractions; because the pH in the small intestine is 4.90; moreover, the percentage of histidine microspecies, i.e., protonated species, in the sp2 nitrogen was 98.01. Therefore, its protonation is inevitable and does not generate the interaction for diffusion. The hOCT1 organic cation channel is 554 amino acids in length; this channel may be subject to changes associated with the low absorption of metformin, which gives rise to a response related to low drug concentration in the intestine.
The first mutation to discuss is the change at position 401 from glycine to serine. From the chemical perspective, this mutation shows a change in polarity because the side chain goes from having two hydrogens to having an alcohol functional group, therefore increasing the channel’s polarity and gaining a potential anchor point for hydrogen-bond type interactions. To better understand the electronic structure change, an analysis was conducted based on a quantum-mechanical approach, which helped to obtain ionization potential surface. Furthermore, after modeling of the mutation, an increase could be observed in the surface area and electronic volume associated around the mutation at 401. This may result in a new point of interaction with metformin, thus preventing its translocation in the small intestine. Similarly, from a molecular point of view, metformin enters the channel as a dication; however, because it mutates into an amino acid with an alcohol functional group, three new dipole points for hydrogen bond interaction develop, which are capable of interacting with the hydroxyl group dipole and forming an adduct with metformin in the said ion-dipole position, thus preventing its diffusion into the system and affecting translocation of the drug.
This mutation occurs at position 189, where a change in polarity can be noted; i.e., serine, with an alcohol functional group in its side chain, turns into leucine, an amino acid with isobutyl hydrocarbon group. A loss of points for hydrogen bond interaction can be observed in the structural modeling, because of the serine hydroxyl, which leads us to propose an approach to understand the variant from a nonpolar perspective. The hydrophobic interactions favor this change, and tend to move toward the alpha helices or, when unavailable, toward the membrane. This mutated system promotes non-polar interactions such as the London dispersion force, which occurs because of the proximity of electron densities that produce attraction. Therefore, a change in the angle of the alpha carbon and the dihedral planes of the peptide bond can be observed when implementing a hybrid QM-MM system. Consequently, the helix becomes deformed and seeks better interaction with the membrane and the adjacent helix. Moreover, the Kyte and Doolittle coefficients assign positive score values to the alpha helix structure environment, thus favoring hydrophobic characteristics. The mutation marked in green in the graph confirms the change in polarity because the values of >0, which is the threshold, are related to a hydrophobic environment.
The changes taking place in the angles are significant enough to lead to structural consequences that favor hydrophobic interactions. When the two adjacent transmembranes (TM2 and TM4) approach each other, the diffusion path is altered with regard to its interaction with metformin, which would affect absorption. Note that, when hydrophobic interactions are enhanced, the organic cation channel favors interaction with the membrane, therefore affecting translocation of the drug.
Analysis of the system shows that a change in angle may favor L189’s search for hydrophobic interactions, as shown in Supplementary Figures S4A,B. When mutation takes place, a 0.91° change in the angle can be seen at the alpha carbon; this change causes the alpha helix to bend, as shown in the belts of Figure 5A, above the mutation, bringing transmembrane 4 and transmembrane 2 cloS, which is important for metformin’s diffusion path and its subsequent translocation. Similarly, a change is observed in the dihedral angle of the wild type with respect to the dihedral angle of the mutated channel, decreasing by around −23.76°, and makes it possible to quantify the effect of mutation at the quantum mechanical level (Supplementary Figures S4C,D).
This mutation takes place at position 206 of transmembrane3, where arginine, a polar and basic amino acid, is substituted by cysteine, a polar but small amino acid. The effect on the environment is not very significant, but because of its location, it may favor the formation of a disulfide bridge because the adjacent transmembrane, transmembrane2, has a cysteine at position 154. After better assessment of the structure from the image, it was possible to observe that the proximity of the cysteine amino acids in transmembrane2 and transmembrane3 is visible at a distance of 2.287 Å; therefore, the formation of a disulfide bridge can be expected, which is a very probable and common type of interaction to take place in proteins in general, for cysteine amino acids with a sulfur-like thiol functional group on their side chain. After energy optimization and analysis of the values determined in the results, very close energy data were reported for both structures at the energy optimization level. This indicates that the formation of a disulfide bridge is plausible, which would bring transmembranes 2 and 3 cloS to each other, moving away from the diffusion and stabilization path under the dication-aromatic π system to metformin, which works against translocation.
Finally, although the modeled mutations are monomorphic in the CLM (Colombian) population of 1,000 genomes, data nonetheless, given that our sample composed exclusively of diabetic patients with several years of diagnosis and pharmacological treatment with different degrees of response to medications, we expected to detect their presence in some of them. However, this was not the case because the results obtained indicate that G401S (rs341a30495), S189L (rs34104736) and R206C (616C > T) are monomorphic among this study group. Although these mutations have been mostly reported across European populations (Maruthur et al., 2014; Dujic et al., 2015) and, to a lesser extent, Asian populations (Chen et al., 2010). we were interested, in exploring their existence/presence in the Colombian population. Our analyses showed the absence of these mutations in our sample despite being composed exclusively of Colombian diabetic patients. The inability to detect these mutations in our sample might be an indicative of allelic heterogeneity due to evolutionary and demographic differences among populations. This result suggests that there must be other variants in our population that modify the response to the drug; therefore, additional studies on metformin pharmacogenetics are required to identify genetic variants involved in the response to the drug for this population.
CONCLUSION
In this study, both structural and functional visualization and conceptualization allowed us to understand and propose a plausible diffusion and translocation model for Organic Cation Transporter hOCT1 based on a theoretical analysis of the interaction of the metformin dication with the aromatic residues of the diffusion path’s side chain. These amino acids were selected according to their aromatic nature because they were identified along the path followed by metformin and its interaction through the cation-π electronic cloud. This interaction may be important in the translocation that the hOCT1 channel undergoes to transport the drug, inducing a conformational change, facilitating the entry of the drug into the target tissues. One limitation of this study is the sample size, which may explain that could not be observed mutations in this population, due to their low frequency. Further research is highly recommended to identify mutations involved in the response to metformin in the colombian population.
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