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LAT1 AS A RADIOTHERANOSTIC AGENT OF CANCER 
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ABSTRACT 

Objective: This study aims to obtain a good activity of radiotheranostic kit for cancer which is built by combining (S)-2-amino-4-(3,5-
dichlorophenyl) butanoic acid (ADPB) with various bifunctional chelators.  

Methods: This study was conducted through in silico method that consists of molecular docking simulation using AutoDock 4 as well as ADMET 
prediction using vNN-ADMET and Pre-ADMET. Six bifunctional chelators (i.e. CTPA, DOTA, H2CB-TE2A, H2CB-DO2A, NOTA, and TETA) were 
conjugated with ADPB as a carrier molecule and further analyzed through molecular docking and ADMET prediction.  

Results: The results showed that the ADPB-NOTA has the best affinity with the Gibbs free energy (ΔG) of-7.68 kcal/mol with an inhibition constant 
of 2.36 µM and its ability to bind with the gating residue of LAT1 (ASN258) through hydrogen interactions. Besides that, the ADPB-NOTA compound 
has a good ADME profile and is predicted to be safe for human use.  

Conclusion: This study showed that ADPB-NOTA is the most prospective candidate to be used as a radiotheranostic agent. 
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INTRODUCTION 

Cancer is the second-highest cause of death worldwide with 9.6 
million mortalities in 2018 [1]. A complex mechanism of cancer 
pathogenesis led to a cause of difficulty in determining the right 
drug target for cancer. Nowadays, the development of cancer-related 
drugs in clinical trials still lacks succession (3.4%) due to its wrongly 
targeted pathway [2, 3]. So, developing a new method of 
intervention for cancer patients is urgently needed.  

One of a prospective and valid target for cancer is the Large Amino 
Acid Transporter type 1 (LAT1) which is a Na+-independent amino 
acid transporter that can transport a large branched-chain and 
aromatic neutral amino acids (i.e. histidine, isoleucine, leucine, 
phenylalanine, tryptophan, tyrosine, methionine and valine) [4-6]. 
LAT1 and 4F2 cell-surface antigen heavy chain (4F2hc) is a 
heterodimeric protein complex bridged with a disulfide bond 
[5]. This target is overexpressed in various cancer cells including 
oral squamous cell carcinoma [7], esophageal carcinoma [8], 
gastric cancer [9], prostate cancer [10], non-small cell lung 
carcinoma [11], biliary tract cancer [12], pancreatic cancer [13], 
and breast cancer [14]. The overexpression of LAT1 in a cancer 
cell makes this protein a prospective target for radiotheranostic 
agents of cancer [15].  

Radiopharmaceutical agent is a compound that can deliver 
radioactive atoms to a cell target (mostly tumor-associated cells). 
The differences with radiotherapy are the radiation is not given 
from the outside of the body, but instead is delivered through a 
systemic or locoregional way. The cytotoxic effect to the cancer cells 
comes from the α/β radiation of its radionuclide, which has already 
been vehicled through a certain carrier molecule that can interact 
specifically with a receptor within the target cells or tumor 
microenvironment. Besides that, diagnosis functionalities are also 
used for cancer imaging conducted by the delivery of γ-emitting 
radionuclide [16]. Currently, radiopharmaceutical agents have been 
developed to be a radiotheranostic agent (a substance that has a 
function to cure and diagnose a disease through the utilization of 
radionuclide emission) [17].  

 
(a)  

(b) 

Fig. 1: Structure of (a) 2 Dimensions and (b) 3 Dimensions (S)-
2-Amino-4-(3,5-dichlorophenyl) butanoic acid, drawn using 

ChemDraw 2D and Chem3D tools 
 

One of the most prospective compounds that can be a carrier for the 
radionuclide against LAT1 is (S)-2-amino-4-(3,5-
dichlorophenyl)butanoic acid or abbreviated as ADPB (fig. 1). ADPB 
is a butanoic acid derivative that can inhibit LAT1 with an IC50 of 
0.64±0.12 M. This value is ten times stronger than its competitor, 
which is currently have been developed in the clinical trial, namely 
2-aminobicyclo-(2.2,1)-heptane-2-carboxylic acid (IC50= 6.8±0.27 M) 
[18]. Unfortunately, ADPB is unable to make a complex with a metal 
radionuclide directly. Thus, the presence of bifunctional chelator 
(BFCA) is needed to complex the radiometal in the kit of 
radiopharmaceuticals. This study aims to obtain the best 
radiopharmaceutical kit candidate using BFCA-conjugated ADPB 
through several stages of in silico research. 

MATERIALS AND METHODS 

Structure modification 

ADPB modification was carried out by conjugating 68-Ga compatible 
BFCA on the amine group of ADPB. Modification of the structure 
centered on the amine group aims to form an amide bond with a 
carboxylate group in BFCA so that it is possible to do chemical 
synthesis, one of which is through the SN1 mechanism. The 68-Ga 
compatible BFCAs used in this research are NOTA, DOTA, TETA, 
CTPA, H2Cb-DO2A, and H2Cb-TE2A. The results of the structural 
modifications are available in fig. 2. 
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ADPB (Lead Compound) 

 
  

ADPB-CTPA ADPB-DOTA ADPB-H2CB-DO2A 

 

  
ADPB-H2CB-TE2A ADPB-NOTA ADPB-TETA 

Fig. 2: The structure of ADPB derivatives conjugated with BFCA (NOTA, DOTA, TETA, CTPA, H2Cb-DO2A, and H2Cb-TE2A) 

 

Preparation of the ligand and the target 

The ligands used are six derivatives of ADPB that were conjugated 
with various chelators. The entire 2D structure of the ligands was 
built using ChemDraw which was then converted using Chem3D and 
optimized through the MM2 function. The target used is LAT1 
complexed with 4F2hc and bound to the BCH ligand as a native 
inhibitor of LAT1 (PDB ID: 6IRT) downloaded from the Protein Data 
Bank (www.rcsb.org) [20]. The water molecules present in the 
protein are removed and the BCH ligand is separated from the 
receptor using the BIOVIA Discovery Studio Visualizer 2016 Client 
program. Hence, only the receptor without the ligand will be used in 
the molecular docking process. 

Validation of molecular docking 

The validation method of molecular docking was carried out through 
a re-docking procedure of the native ligand to the pocket of the 
target with a specific grid coordinate performed by AutoDock 4.3. 
The RMSD (Root Mean Square Deviation) of the ligand position after 
re-docking procedure must be lower than 2.0 Å [21, 22]. 

Molecular docking simulation 

Ligands and LAT1 were prepared using AutoDock tools 1.5.6 prior to 
the molecular docking simulation. LAT1 is a macromolecule that is 

protonated and added to Kollman charges. Meanwhile, all ligands 
were protonated by adding hydrogen atoms and charged through 
the Gasteiger method. Best grid coordinates obtained from previous 
validation were used to determine the pocket that was addressed at 
(x=146,324; y=143,105; y=134,340). Docking parameter data is 
based on the Lamarckian Genetic Algorithm (LGA) with 1000 runs, 
2,500,000 energy evaluation, 150 population size, 0.02 gene 
mutation rate, and 0.8 rates of crossover. Then, all of the docked 
ligands were visualized using Biovia Discovery Studio 2016. 
Molecular docking results were ranked based on the series of 
docking parameters i.e. Gibbs free energy, key amino acid 
interaction, number of clusters, and inhibition constant [20-22]. 

Ligand-based ADMET prediction 

The computerized analysis of the pharmacokinetic properties of the 
ligands was obtained by using the pre-ADMET and vNN ADMET 
programs which were accessed online [22]. The analyzed 
pharmacokinetic parameters were absorption by looking at the 
value of Human Intestinal Absorption (HIA %), distribution 
performed by the value of Plasma Protein Binding (PPB %) and 
Blood-Brain Barrier (BBB), metabolism expressed by Human Liver 
Microsomes (HLM) and CYP inhibitors, as well as cardio and liver 
toxicity.

 

RESULTS 

Table 1: Validation of molecular docking method, conducted through a re-docking process of the native ligand (BCH). It showed a good 
RMSD (1.825 Å) that fulfill the requirement (<2.0 Å) [21, 22] 

Ligand Grid coordinate 
(x, y, z) 

ΔG  
(kcal/mol) 

Ki 
(μM) 

RMSD 
(Å) 

Interaction with LAT1 amino acid residue 
Hydrogen bond Van der waals 

BCH 
(Native Ligand) 

146.324, 143.10, 134.340 -5.25 142.14 
uM 

1.825 Phe252, Ser66, 
Gly67, Ile64 

Ser338, Ala253, Ile63, Gly65, 
Tyr289, Ile68, Tyr254 
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Fig. 3: The visualization of molecular interaction of BCH (native ligand) against LAT1 (PDB ID: 6IRT). BCH interacts with the key amino 
acid residue of LAT1 Phe252 (2.78 Å) and supported by other residues i.e. Gly255 (2.5 Å), Ser66 (2.56 Å), Gly67 (1.73 Å) and Ile64 (2.84 Å) 

via hydrogen bonds 
 

Table 2: Molecular docking parameters of ADFV derivatives against LAT1 (PDB ID: 6IRT). ADPB-NOTA performed as the best docked 
molecules with ∆G=-5.25 Kcal/mol, Ki= 142.14 μM, and hydrogen bond interaction with gating residue-Phe252 

Ligands ΔG 
(Kcal/Mol) 

Ki 
(μM) 

Interaction with LAT1 amino acid residue 
Hydrogen Bond Van Der Waals 

BCH (Control) -5,25 142.14  Phe252, Gly255, Ser66, Gly67, Ile64 Ser338, Ala253, Ile63, Gly65, Tyr289, Ile68, Tyr254 
ADPB  
(Lead Compound) 

-6.57 15.23  Phe252, Gly255, Ser66 Ser144, Ser338, Gly65, Ile64, Ile68, Tyr289, Ala253, 
Ile63, Tyr254, Gly256, Leu251, Asn404 

ADPB-CTPA -1,91 39,55 Gly255, Leu251, Lys204, Thr62, Ser338, 
Gly341, Gly337 

Phe252, Tyr254, Trp405, Asn404, Asn258, Phe400, 
Gly256, Asn340, Gln197, Ser342, Gly61, Gly65, Ile63, 
Ser144 

ADPB-DOTA +2,58 - Gly61(1.97), Tyr259(2.93), Thr62(3.02), 
Gly65(2.04), Ala253(2.44), Ser338(2.59) 

Glu136, Asn404, Leu260, Ile63, Phe400, Gln145, 
Ser342, Ser144, Gly255, Phe252, Gly256, Ser66, ILE64, 
Ile68, Tyr289, Gly67, Val148 

ADPB-H2CB-
DO2A 

-5,83 52,03 Thr62, Ser338, Gly255, Phe252, Leu251, 
Asn404 

Gln197, Leu260, Gly61, Ile63, Gly341, Gly65, Val148, 
Ser66, Ser342, Ser144, Gln145, Glu136, Trp405, 
Ala253, Tyr254, Gly256 

ADPB-H2CB-
TE2A 

-5,40 109,58 Thr62, Thr345, Gln145, Ser342, Gly341, 
Ser338, Ser144 

Val148, Gly255, Ile63, Gly256, Glu136, Asn404, 
Asn258, Gly65, Ser66, Phe252 

ADPB-NOTA -7,68 2,36 Ile64(2.25), Tyr289(2.42), Gly65(1.85), 
Ser342(3.09), Tyr259(2.56), Asn404(1.98), 
Gly256(2.00), Asn258(2.24), Phe252(3.35) 

Gly341, Ser338, Thr62, Ala253, Tyr254, Ile63, Gly67, 
Ser66, Gly255, Glu136, Asp116, Phe400, Ser144, 
Gln145, Val148 

ADPB-TETA 7,35 - Thr345, Ser342, Tyr259, Gly65, Ser338, 
Gly61, Gly255 

Arg141, Ser144, Gln145, Val70, Val148, Phe252, Ile147, 
Gly67, Ser66, Lys204, Ile63, Ile64, Leu260, Gly337, 
Gln197, Gly256, Lys132, Glu136, Asn258, Asn404 

 

 

Fig. 4: The visualization of ADPB-NOTA interaction against LAT1 (PDB ID: 6IRT). The hydrogen atom at the hydroxyl group of carboxylic 
site acts as a hydrogen donor to the key amino acid (Asn258) 
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Table 3: The ADMET parameters of ADPB derivatives, All ADPB derivatives have a good parameter of HIA, PPB, BBB, HLM, CYP inhibitor, 
and DILI (except ADPB-CTPA has BBB activity). Meanwhile, all ADPB derivatives have the potential to be cardiotoxic in the human body) 

Note: aHuman Intestinal Absorption (HIA): poor (0-20%), moderate (20-70), well (70-100%). bProtein Plasma Biding (PPB): weak (<90%), strong 
(>90%). cBlood-Brain Barrier (BBB): enter the CNS (Yes), can not enter the CNS (No). dHuman Liposomal Metabolism (HLM): Compounds that have 
a half-life of 30 min or more expressed as>,<30 min. eDrug Induced Liver Injury (DILI) 

 

DISCUSSION 

In the validation process, the RMSD shows the deviation of the bond 
pose between the ligand that is docked with the reference bond pose 
(obtained from PDB). Table 1 showed that the validation process 
obtained 1.825 Å of RMSD that fulfilled the threshold (<2.0 Å) [21, 22].  

In addition, BCH interacts with the key amino acid residue of LAT1 
Phe252 (2.78 Å) and supported by other residues i.e. Gly255 (2.5 Å), 
Ser66 (2.56 Å), Gly67 (1.73 Å), and Ile64 (2.84 Å) via hydrogen 
bonds (fig. 3). In this study, BCH (as a native ligand) interacted with 
Ser66, Gly255, and Phe252 in the LAT-protein, the result is coherent 
with previous research conducted by Yan et al. (2019) [19]. This 
validation showed that the grid coordinates (x=146.324, y=143,105, 
z= 134,340) which are performed during the re-docking process can 
be used to dock the testing ligands (ADPB derivatives). 

The molecular docking results showed that of the six ADPB 
derivatives, ADPB-NOTA performed as the best docked ligand with 
(∆G=-7.68 Kcal/mol, Ki= 2.36 μM) and can interact with the key 
amino acid residue that has a function as a gating agent of 
transportation functionalities of the LAT1 (table 3, fig. 4). The ability 
of ADPB-NOTA to interact with the key amino acid residue on the 
active site of the LAT1 protein (Asn25) through a strong hydrogen 
bond interaction (r= 2.24 Å) have the potency to be a stable ligand-
receptor complex in the inhibition process.  

Based on molecular docking parameters (table 3), ADPB-NOTA has a 
better characteristic compared to BCH as the control (∆G= -5.25 
Kcal/mol, Ki= 142.14 μM, hydrogen bond with gating residue-Phe252) 
as well as ADPB, which acts as the lead compound ( ∆G=-6.57 Kcal/mol, 
Ki= 15,23 μM, hydrogen bond with gating residue-Phe252). 
Meanwhile, there are two compounds that have positive ∆G (ADPB -
DOTA and ADPB-TETA) indicating that the ligands are unable to make 
a receptor-complex spontaneously (endothermic reaction) [20-22]. 

Prediction Absorption (HIA), distribution (PPB and BBB), metabolism 
(HLM and CYP Inhibitor), and toxicity (DILI and Cardiotoxicity) are 
important to avoid the pharmacokinetics and toxicity problem for 
human use. The absorption parameter was expressed as a percent of 
HIA which indicates drug absorption in the human intestine. This is 
important because it determines the amount of bioavailability and 
how much is absorbed in the human gut. All ADPB derivatives ranged 
at a well-absorbed molecule (table 3). 

PPB and BBB reflect as the parameters of drug distribution. The PPB 
distribution profile determines the degree of drug binding to plasma 
proteins. Table 3 showed that the PPB value of all ADPB derivatives 
is less than 90% which indicates that all ADPB derivatives are 
weakly bound to plasma proteins so that the drug is easily 
partitioned in the blood to reach its target [23, 24]. Another 
distribution parameter is the Blood-Brain Barrier (BBB) which 
shows the distribution of the drug to the CNS. Drugs intended to 
interact with their molecular targets in the CNS must pass through 
the BBB to be used as therapeutic agents. Conversely, drugs that are 
not intended to enter the CNS should not pass through the BBB to 
avoid unwanted side effects [25]. This BBB prediction can give the 
information of drug distribution of the CNS which ADPB-CTPA can 
enter the CNS and the rest are unable. 

Human Liver Microsomal (HLM) and cytochrome P450 (CYP) are 
parameters used to predict drug metabolism profile by the liver. A 
drug must not be metabolized too quickly by the liver to reach an 
effective therapeutic concentration. HLM is a parameter to identify 
and eliminate compounds that are rapidly metabolized by the liver. 
A stable drug concentration in the human body expressed by t1/2 

greater than 30 min and a drug with t1/2 lower than 30 needs to be 
excluded [26]. Based on table 3, the ADPB derivatives have good 
HLM parameters to be considered stable. 

Besides that, CYP has an important role in metabolizing drugs. Most 
of drug-drug interactions (DDI) are associated with CYP inhibition. 
Therefore, if a drug can inhibit a certain CYP, it needs further 
investigation (in vitro and in vivo) to understand the possibility of 
drug-drug interaction with a molecule that is metabolized with a 
certain CYP enzyme. The five most important human CYP isoforms 
associated with drug metabolism are 1A2, 2C9, 2C19, 2D6, and 3A4 
[27]. The CYP enzymes, particularly isoforms 1A2, 2C9, 2C19, 2D6 
and 3A4, are responsible for about 90% of oxidative metabolic 
reactions. Drugs that do not inhibit these isoforms are unlikely to be 
involved in DDI with many other drugs [28]. Based on table 3, ADPB 
derivatives are not inhibitors of CYP enzymes. Prediction of the 
toxicity of the test compound was carried out by looking at the 
parameters of DILI (Drug-Induced Liver Injury) and human Ether-à-
go-go-Related Gene (hERG). DILI is an adverse reaction to a drug that 
occurs either as a predictable event when a person is exposed to a 
toxic dose of some compound or an unpredictable event with many 
commonly used drugs [29]. The DILI parameter represents the liver 
damage caused by the use of drugs. Table 3 showed that the ADPB 
derivatives predicted will have no DILI event in the body. Another 
toxicity parameter is the cardiotoxicity performed by hERG status. 
Drug-induced blockade of hERG function can lead to long QT 
syndrome, leading to arrhythmias and death [30]. Table 3 showed that 
the six test compounds ADPB-BFCA were predicted to be cardiotoxic. 
So, a further analysis (in vitro and in vivo) needs to be conducted to 
obtain the toxic dose of those compounds. 

CONCLUSION 

Based on the results, it was found that the ADPB-NOTA compound 
had the best interaction with LAT1 protein with a Gibbs free energy 
value of-7.68 kcal/mol, inhibition constant of 2.36 M, and hydrogen 
bonding with the key amino acid residue of LAT1 (Asn258) at the H 
atom of the COOH group. In addition, ADPB-NOTA also has a good 
ADME profile, but the cardiotoxicity of this molecule needs to be 
further analyzed to obtain data on the safety for human use. 
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HIAa (%) PPBb (%) BBBc HLMd (Min) CYP Inhibitor DILIe Cardiotoxicity 
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