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Introduction
Taste is generally classified into five flavors: salty, sweet, bitter, umami, and sour [1]. The detection of sweetness

is a survival strategy as it is necessary to determine which foods can be used as an energy source [2]. Bitter taste
detection has evolved as a way to distinguish whether a food is poisonous [3]. In this way, the ability to taste flavors
has evolved for the purpose of gaining information necessary for human survival. For example, sour taste evolved
to enable us to distinguish whether food is rotten or not [4]. The ability to recognize and distinguish flavors is also
an important factor in satisfying our appetite, which is indispensable for happiness. However, the mechanism
behind how we determine taste has not been revealed.

Since Dr. Charles Zuker characterized his five taste receptors in the 2000s [5-7], research on taste receptors has
gained traction. The genes involved in the five major tastes were discovered and announced as follows:.sour taste
[4] binds to the PKD2L1 membrane protein, and signals are transmitted to TAS1R1/TAS1R3 for sweet taste [8],
TAS1R2/TAS1R3 for umami taste [9], TAS2R16 for bitter taste [10, 11], and ENaC for salty taste [12]. Using these
genes, researchers focused more deeply on each taste, and studies on taste receptors for representative foods are
also being conducted. However, no study so far has analyzed the taste of the active ingredients in kimchi through
the taste receptors.

Kimchi is a traditional Korean fermented food that has been recognized for its health benefits since ancient
times. In addition, metabolites produced by fermentation through lactic acid bacteria are known to play a leading
role in health [13]. In fact, various studies involving animal experiments have been published and showed that the
active ingredients in kimchi have antioxidant activity [14], help in cognitive improvement [15], and exert
anticancer effects [16-18]. However, it has not been revealed at the cellular and molecular level what kind of taste
these ingredients of kimchi represent.

L-Pyroglutamic acid (LPGA) is one of the active ingredients of kimchi When Thermophilic lactobacillus is
inoculated, more LPGA is produced [19]. LPGA is a metabolite of the glutathione cycle that is converted to
glutamate by 5-oxoprolinase and is a natural amino acid derivative that has been rarely studied due to its high cost
[20, 21]. It has a moisturizing function and is used as a moisturizer component [22, 23]. In addition, LPGA is
known to have salty, umami, and sour flavors [24]. The molecular mechanism of the salty taste and the umami
taste was confirmed by activating each taste receptor [25, 26]. However, it has not been found how LPGA acts on
sour taste receptors.

In the present study, we investigated whether L-pyroglutamic acid binds to hPKD2L1, a human sour taste
receptor, and produces a sour taste at the molecular level. As a result, LPGA interacted with hPKD2L1, and the
concentration gradient characteristics and the binding site could be specified. Through these results, we revealed
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for the first time at the molecular level that LPGA has a sour taste, and the degree of signal intensity change
according to the amount is shown as an objective value.

Material and Methods
Materials

L-Pyroglutamic acid (Merck Korea, Korea) was dissolved in a dimethyl sulfoxide (DMSO) solvent and diluted
to prepare a recording solution for the next experiment (less than 0.01% DMSO in the final recording solution).
Fig. 1A shows the chemical structure of L-pyroglutamic acid. The human PKD2L1 cDNAs (GenBank Accession
No. NM_016112) were purchased from OriGene (USA). All other compounds were supplied by Sigma (Merck
Korea).

Xenopus Oocyte Culture and Microinjection
Surgery was performed to manually collect oocytes of Xenopus, which were then separated into single cells by

treatment with 0.5 μg/ml of collagenase within 2 h. Stage V or VI oocytes in good condition were selected from
single oocytes using Ringer's solution (82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES; pH 7.35).
Afterward, the oocytes were stored in ND96 incubation solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM
MgCl2, 5 mM HEPES, 2.5 mM sodium pyruvate, 50 mg/ml gentamicin solution; pH 7.35) at 15°C. According to
the Chonnam National University Guidelines for Animal Care (CNUIACUC-YB-2016-07), X. laevis were cared
for and handled in adherence to the Korean Xenopus Resource Center for Research (KXRCR000001) manual. All
the incubation solutions were changed daily. Aliquots of 40 nL mRNA solutions were prepared, and the mRNAs
were pulled with glass capillary tubing (1.5–2.0 mm in diameter) by using a 10-nL nanoinjector (VWR Scientific,
USA). Then, 50 ng/50 nl of hPKD2L1 mRNA was injected per one oocyte to make hPK2L1-injected oocytes.
After that, 50 ng/50 nl of hPKD2L1 R299A mRNA was injected per one oocyte to make hPK2L1-R299A-injected

Fig. 1. Confirmation of interaction between LPGA and hPKD2L1. (A) The chemical structure of LPGA. (B)
Confirmation of proton concentration-dependent activity of hPKD2L1. (C) By applying proton and LPGA to non-injected
oocyte, it was confirmed that no activity was shown in non-injected oocytes. (D) In oocytes injected with hPKD2L1 and
expressed, activity by proton and LPGA is shown. The scaling bar and each applied pH are displayed at the top side of the
current in the figures. All experiments were performed at room temperature, and the holding potential of the protocol used in
the experiments was -80 mV. (n = 6-8, obtained from four different oocytes)
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oocytes. Finally, 50 nl of mRNA-free PBS was injected per one oocyte to make non-injected oocytes. The
electrophysiological recording was performed within 2–7 days of the oocyte isolation.

Human PKD2L1 Receptor Mutation and In Vitro Transcription of cDNAs
MAX QuikChange Site-Directed Mutagenesis kits (Stratagene, USA) were used for mutating PKD2L1 subunits

prior to amplification by PCR. The success of PCR was evaluated using DNA sequencing analysis by Cosmo
Gentech Inc. (Korea) after the PCR product was transfected into XL1-Blue super-competent cells, followed by
screening. The identified DNA was linearized using the restriction enzyme PmeI, and then transcribed into RNA
using T7 In Vitro Transcription kits (Ambion, USA). The final RNA products were resuspended in diethyl
pyrocarbonate (DEPC) and stored as aliquots at a final concentration of 1000 ng/μl at –80oC for the next experiment.

Molecular Docking Study with Three-Dimensional (3D) Modeling 
For the molecular docking study of the PKD2L1 and LPGA interaction, the protein structure was obtained from

the (PDB) https://www.rcsb.org/; the PDB ID of the selected protein structure was 5Z1W. The 3D structure of
LPGA was referenced in PubChem (CID code: 57339449). The docking study was performed in a basic setting
using AutoDock Tools (Scripps Research Institute [version 4.2.6], USA). The performance state of the protein was
enhanced by removing water molecules from the macromolecule, adding polarity and hydrogen ions, and
computing the Gasteiger charges. The models were selected on the basis of intermolecular energy, inhibition
constant, binding structures, and binding energy. The complex of LPGA and PKD2L1 was analyzed using
LIGPLOT, which calculated the binding activity between LPGA and PKD2L1. The distance between the PKD2L1
and LPGA molecule interaction site was measured using PyMol. 

Data Recording 
An oocyte clamp (OC-725C; Warner Instruments, USA) with a perfusion chamber was used for the two-

electrode voltage-clamp (TEVC) recordings at room temperature. A recording solution (ND96 bath solution) was
prepared as described [27] and applied with LPGA and glutamate during recording, according to the experiment
design. Oocytes were placed into the chamber with the ND96 bath solution, flowing at a rate of 2 ml/min. Two
electrodes filled with 3M KCl (electrolyte solution, 0.2–0.7 MW resistance) were stabbed at a random position in
every oocyte. Experiments were set with a –70 mV holding potential for the current recording and –100 to
+60 mV within 300 ms for ramping the voltage relationship of PKD2L1s. All the data were collected and analyzed
using Digidata 1320 (Molecular Devices, USA) and pCLAMP 9 software (Axon Instruments, USA). 

Data Analysis 
Voltage-clamp recording was performed to investigate how the LPGA-induced inward current (ILPGA) behaves

according to the concentration of LPGA. The results of these data recordings were analyzed using Origin19b
(Origin, USA). The relationship between the concentration of LPGA was fit by the Hill equation: y = Vmax × [x]n/
([EC50]n + [x]n), where y is the peak current at a given concentration of LPGA, Vmax is the maximal peak value,
EC50 is the half-maximal activation concentration of LPGA on ILPGA, [x] is the concentration of LPGA, and n is the
interaction coefficient. All the values are presented as the standard error of the mean. The differences between the
means of both values were determined using unpaired Student’s t-tests. p <0.05 was considered statistically
significant.

Results
Confirmation of LPGA Induced Inward-Current against Human PKD2L1

PKD2L1 is a known receptor for detecting sour taste among the five flavors that mammals, including humans,
can distinguish. To find major molecules in metabolites that can affect taste and produced as kimchi ferments, a
screening assay was conducted. We found that the LPGA in metabolites showed a significant regulation on the
activity of hPKD2L1. Therefore, physiological activity and molecular biological binding were confirmed through
TEVC experiment and molecular biological experiment method. This study shows that LPGA induced inward-
current activity and its activity as a ligand in hPKD2L1 was studied. Fig. 1A shows the chemical structure of LPGA,
which is a free amino group of glutamic acid or glutamine that is cyclized to form lactam [28]. Activity against
hPKD2L1 can be confirmed by proton [29]. As a result of applying different proton concentrations with the ND96
bath solution, it was confirmed that hPKD2L1 showed activity dependent on proton concentration. As shown in
Fig. 1C, and confirming that the activity by the above proton is specific to hPKD2L1, no activity was observed
when protons were applied on the non-injected group. The results of using LPGA in the no-injection group also
revealed no activity. In addition, Fig. 1D shows that hPKD2L1 is activated by protons and LPGA. Therefore, LPGA
was confirmed as a ligand for hPKD2L1.

Confirmation Induced-Inward Current by LPGA Has a Concentration-Dependent and Voltage-Independent
Manner to Human PKD2L1 

hPKD2L1 was confirmed to be a receptor activated by protons and a specific chemical called LPGA. To verify
this activating mechanism, LPGA was applied at different concentrations to hPKD2L1. In Fig. 2A, to confirm the
hPKD2L1 expression in oocytes, ND96 (pH 4.0) was applied using different concentrations of 10 mM, 3 mM, and
1 mM of LPGA. The result confirmed that this activity has a concentration-dependent manner. Fig. 2B shows the
results of normalizing that concentration-dependent activity in Fig. 2A. In Fig. 1, LPGA and protons did not
induce an inward current in non-injected oocytes, but did so in hPKD2L1- injected oocytes. This result shows that
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hPKD2L1 has a specific binding site with LGPA in a concentration-dependent manner. Fig. 2C shows the result of
the LPGA-inducing current expressed in numerical data and presented in a vertical error-bar chart. LPGA 10 mM
induced about 2.98 folds more activity than ND96 (pH 4.0), and 3mM induced about 1.12 folds more activity.
Fig. 2D shows whether the activity of hPKD2L1 by LPGA was voltage-dependent, with fluctuating voltages from -
100 mV to +60 mV applied. As a result, it was confirmed that it is a voltage-independent manner in which the
slope does not change due to voltage fluctuations and that the current is affected by the ligand, LPGA. The reverse
potential was between -20 mV and -10 mV.

3D Docking Modeling of Human PKD2L1 Receptor Interacting with LPGA
Fig. 3 shows the LPGA binding site on the human PKD2L1 receptor through 3D protein modeling. Unlike

ortholog PKD2, hPKD2L1 adopts an open conformation, in which the stomatal helix (PH) and transmembrane
segment 6 (S6) of PKD2L1 are involved in upper and lower gate opening. Structural comparison of PKD2L1 and
PKD2-based homology models suggests that pore domain expansion is coupled with structural changes in the
voltage sensing domain (VSD) through a series of π–π interactions as a gating mechanism [30]. In Fig. 4, in-silico
protein-ligand complex modeling was performed to confirm the interaction site of LGPA on the human PKD2L1
receptor. The interaction with LPGA was implemented as a 3D model based on the crystal structure information
of human PKD2L1 (PDB ID: 5Z1W) and indicates the position of a residue to consider as a binding pocket in the
most stable energy state. The interaction distances of LPGA with each residue of wild-type and mutant hPKD2L1
receptors are shown in Figs. 4C and 4D. The binding energy was –6.47 kcal/mol; the intermolecular energy was –
7.07 kcal/mol; the internal energy was –0.19 kcal/mol; the torsional energy was 0.6 kcal/mol; the unbound
extended energy was –0.19 kcal/mol; refRMS was 203.65; and Ki was 18.14 μM. The interatomic distances of R299
changed from 3.5, and 3.9 Å to 7.0, and 8.1 Å of mutant R299A.

Fig. 2. Confirmation of LPGA's activation manner on hPKD2L1. (A) Confirm whether this activity has
concentration-dependent by applying various concentrations of LPGA to hPKD2L1. (B) The sigmoidal graph is shown by
normalizing the current shown in 2A, the current of 10 mM LPGA was specified as 100%, and pitted using the Hill equation.
(C) The current activity of LPGA applied to hPKD2L1 is shown in a vertical bar chart. Each 'n' number is represented by a black
rhombus shape and the applied concentration was indicated at the top of the bar. (D) A ramp protocol was performed to
confirm the voltage-dependent manner, and the voltage was applied from -100 mV to +60 mV. Each applied concentration is
shown in the figure. All experiments were performed at room temperature, and the holding potential of the protocol used in the
experiments was -80 mV. (n = 6-8, obtained from four different oocytes)
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Fig. 3. Molecular docking modeling of LPGAs to hPKD2L1. (A) Side views of the docked LPGAs in complex with
hPKD2L1. (B) Top views of the docking model. (C) An enlarged view of the red dotted line in Fig. 3A. (D) An enlarged view of
the red dotted line in Fig. 3B.

Fig. 4. The binding pocket and docking results of LPGAs and hPKD2L1. (A) The binding pocket in the hPKD2L1
region of the extracellular domain membrane pocket side. (B) Two-dimensional schematic presentation of the predicted
binding mode of LPGAs in the ligand-binding pocket. The ligands and important residues are shown. (C, D) Computational
simulated binding interaction of ligand and residues in wild-type and mutants. The replaced mutants showed changes in
interaction activities at varying degrees. (C) Interaction between naringin and wild-type hPKD2L1. (D) Interaction between
LPGAs and mutant-type hPKD2L1.
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Confirmation of Binding Site of LPGA by Mutant-Type hPKD2L1
Through the results up to Fig. 4, the interaction between hPKD2L1 and LPGA and its activation mechanism

was confirmed. To confirm the binding site of LPGA in hPKD2L1, a wild-type crystal structure was obtained in
silico, and several candidate binding sites of LPGA were obtained with the most stable energy through protein-
ligand docking modeling. Among these residues, the point mutation experiment was performed to confirm the
change in the binding activity of LPGA when the amino acid of the most potent binding site was changed. In
Fig. 5A, LGPA's candidate binding site in hPKD2L1 was mutated, injected, and expressed in oocytes, and LPGA-
induced inward-current changes were confirmed by TEVC. As a result, when the R299 residue was changed to
alanine, a different inward current from the wild-type was confirmed. R229A mutant-type had a current by LPGA
that was reduced more than the wild-type. Since this reduced current showed the greatest decrease compared to
other promising mutant types, it was confirmed that the R299 residue was the binding site for LPGA. In Fig. 5B,
current normalization was performed to compare the wild-type and mutant-type by applying LPGA. In Fig. 5C,
the current activity of the wild-type and mutant-type LGPA of hPKD2L1 was compared with numerical data.
Wild-type 10 mM LPGA showed activity of about -2.17 μA, and mutant-type about -0.61 μA, while wild-type
3 mM LPGA showed about -0.82 μA, and mutant-type about -0.25 μA. As a result, in the mutant-type LPGA the
activity of hPKD2L1 was reduced by about 3.52 folds (28% current compared to wild-type) by 10mM LPGA, and
reduced 3.29 folds (30% current compared to wild-type) by 3mM LPGA. In Fig. 5D, using the ramp protocol, the
effect of the fluctuation voltage of wild-type and mutant-type was confirmed. As a result, it was confirmed that the
mutant-type had a reduced current compared to the wild-type.

Fig. 5. Confirmation of inward current change through a changing promising binding residue of LPGA in
hPKD2L1 mutant-type. (A) Result of applying ND96 (pH4.0) and LPGA to R229A mutant-type by concentration. The
scaling bar and each applied pH are displayed at the top side of the current in the figures. (B) Results of normalization of inward
current by Fig. 5A that LPGA and comparison with wild-type inward current. This sigmoid graph was pitted by the Hill
equation. (C) The inward current of wild-type and mutant-type hPKD2L1 was numerically quantified and expressed as a
vertical error-bar chart. Each 'n' number is represented by a black rhombus shape. The p-value is < 0.001 *** and < 0. 0.01 **. (D)
Current of wild-type and mutant-type according to voltage fluctuation from -100 mV to +60 mV through ramp protocol. All
experiments were performed at room temperature, and the holding potential of the protocol used in the experiments was -
80 mV. (n = 6-8, obtained from four different oocytes)
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Discussion
Our goal in the present work was to analyze the interaction mechanism between L-pyroglutamic acid (LPGA)

and human sour taste receptors at the cellular molecular level. To this end, hPKD2L1, discovered by Dr. Charles
Zuker [31], was injected into Xenopus oocytes as mRNA and expressed. We succeeded in expressing the sour taste
receptor in Xenopus oocytes and performed whole-cell recording of hPKD2L1-expressing oocytes with two-
electrode voltage clamps. LPGA was found to be an agonist activating hPKD2L1. To find the binding site,
candidates with low binding energy were derived through computer simulation, and mutants were created by
point-mutating the candidates to alanine. Similarly, among the binding site candidates mutated by whole-cell
recording, a binding site that actually reduced the binding force of LPGA was found.

This study demonstrated for the first time that LPGA, one of the active ingredients of kimchi, binds to
hPKD2L1 expressed on the human tongue to generate a sour taste signal. Of course, there is a limitation that the
data are not confirmed from actual human taste cells. This paper has no data showing that LPGA has a sour taste
through sensory evaluation. Here, through our experiments, it was confirmed that LPGA binds to hPKD2L1 at
the cellular molecular level to generate signals in taste cells. Taking these facts together, it can be seen that when
LPGA is ingested, a signal generated by combining with hPKD2L1, a membrane protein present in human taste
cells, is transmitted to the brain and recognized as a sour taste.

One of the hardest things in the food industry is keeping the taste the same. This is because taste has a strong
subjective tendency and there was no way to objectively quantify it. Attempts have been made to quantify taste.
Among them, an electronic tongue and an electronic nose that can be quantified through various sensors using a
chemical approach have been developed [32, 33]. As a method for measuring the taste of the electronic nose and
tongue, there is a method of measuring the change in current caused by the redox reaction occurring at the
electrode through an electrochemical sensor and a method of using biomaterials, such as enzyme reaction or
antibody-antigen reaction. Although it has the advantage of easy measurement and high sensitivity, it was clear
that the distortion of the result or the limitation of the durability of the sensor and the analyte were limited. So, in
this field, we are challenging research and development to develop an electronic tongue and an electronic nose
through taste receptors.

With the method used in the current study, substances that bind to taste receptors can be screened and the
activation mechanism analyzed. Using this research method, qualitative quantification is possible. The results of
the current study alone have limitations. Since the result was confirmed by expression in Xenopus oocytes instead,
it cannot be considered the same as the quantitative value felt by an actual person. However, if the data are
accumulated, it is possible to convert the comparison to be similar to the quantitative value in the human standard
through calculation. Through this study, it is also possible to see the intensity of taste as an objective value and to
know the change in intensity of taste according to the concentration.

In conclusion, through the results of the present paper, it was confirmed that R299 of hPKD2L1 is a position
involved in the binding of LPGA. We show that LPGA interacts with hPKD2L1 in a concentration-dependent and
voltage-independent manner. These results mean that LPGA, one of the active ingredients of kimchi, has a sour
taste. The findings help us understand how sour taste receptors work and suggest the possibility of modulating
them. Above all, this study suggests the possibility of objectifying the intensity of taste.
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