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A B S T R A C T   

Recently published cryo-EM structures of human organic cation transporters of the SLC22 family revealed seven, 
sequentially arranged glutamic and aspartic acid residues, which may be relevant for interactions with positively 
charged substrates. We analyzed the functional consequences of removing those negative charges by creating 
D155N, E232Q, D382N, E390Q, E451Q, E459Q, and D478N mutants of OCT3. 

E232Q, E459Q, and D478N resulted in a lack of localization in the outer cell membrane and no relevant 
uptake activity. However, D155N and E451Q showed a substrate-specific loss of transport activity, whereas 
E390Q had no remaining activity despite correct membrane localization. In contrast, D382N showed almost 
wild-type-like uptake. D155 is located at the entrance to the substrate binding pocket and could, therefore be 
involved in guiding cationic substrates towards the inside of the binding pocket. For E390, we confirm its critical 
function for transporter function as it was recently shown for the corresponding position in OCT1. Interestingly, 
E451 seems to be located at the bottom of the binding pocket in the outward-open confirmation of the trans
porter. Substrate-specific loss of transport activity of the E451Q variant suggests an essential role in the transport 
cycle of specific substances as part of an opportunistic binding site. 

In general, our study highlights the impact of the cryo-EM structures in guiding mutagenesis studies to un
derstand the molecular level of transporter-ligand interactions, and it also confirms the importance of testing 
multiple substrates in mutagenesis studies of polyspecific OCTs.   

1. Introduction 

Solute carrier membrane transporters regulate the movement of 
hydrophilic endogenous and exogenous substances across lipid bilayers 
of biological membranes. The organic cation transporters (OCT) 1, 2, 
and 3 are polyspecific transporters with broad substrate selectivity [1]. 
They transport mainly hydrophilic, positively charged substances with a 
molecular weight between 150 and 450 Da [2–4], although uptake has 
been described in exceptional cases for uncharged or even negatively 
charged substances [5]. All three OCTs transport most substrates but 

with a varying degree of preference [4]. 
OCT1 and OCT2 are mainly expressed in liver [6,7], and kidneys [8], 

respectively. OCT3 has a broad expression pattern found in the brain 
[9], the heart [10], the liver [7] and the lungs [11]. The most relevant 
physiological role of OCT3 is not well understood, although there is 
evidence that OCT3 is involved in monoamine neurotransmitter medi
ated signal transmission in the brain [12], contractility of the heart [13], 
and also thermogenesis in adipose tissue [14]. Besides this, OCT3 may 
be involved in liver fibrosis [15] and the progression of hepatocellular 
carcinoma [16]. It may also be involved in different psychiatric diseases 
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[17]. 
OCTs are proteins with 12 membrane-spanning helices and intra

cellular N- and C-terminal loops. According to the current understanding 
of the transport mechanism, OCTs follow an alternating cycle of 
outward-open via outward- and inward-occluded to inward-open states 
[18]. Until 2022, studies on OCT function were mainly based on ho
mology modelling and thereof based targeted mutagenesis studies [19]. 
Most studies were on OCT1, and many studied the rat orthologue 
[20–22]. The profound polyspecificity is a characteristic of OCTs, 
particularly of OCT1, and impedes the understanding of OCT-ligand 
interactions [23]. One explanation for OCTs polyspecificity would be 
that structurally different substrates might bind to different sites within 
the transporter. Indeed, multiple studies suggest different partially 
overlapping binding sites for different substrates [19,24,25]. Most 
studies also agreed on a critical role of a negatively charged aspartate 
(D474, codon numbering of OCT1) in transmembrane domain 11 
[5,22,26–28]. This conception was supported by the fact that this 
aspartate is conserved between all OCTs whereas for the related zwit
terion (OCTNs, organic cation transporters novel) and anion trans
porters (OATs, organic anion transporters), a positively charged 
arginine is located at this position [1]. 

Recently published studies using cryogenic electron microscopy 
(cryo-EM) provided the first experimentally derived structures for OCTs 
[29–31]. Generally, they support the alternating access model of OCTs 
and have additionally pointed out the critical role of other negatively 
charged amino acids for the transport via OCTs. As shown for OCT1 

[30], E386A (corresponds to E390 in OCT3) was even more disruptive 
for transporting a model substrate as the D474A mutation. A study on 
OCT3 revealed that several negatively charged amino acids are located 
along the translocation pathway, contributing to an anionic surface 
which likely attracts the cationic ligand: D155, E232, D382, E390, E451, 
E459, and D478 (Fig. 1A) [29]. Moreover, they illustrated that in the 
anion transporter OAT1, the opposite was the case. Models of OAT1 
were characterized by a cationic surface in the corresponding area 
which aligns with its substrate specificity for anionic substrates [29]. So 
far, there is no functional data on the role of these amino acids available. 
Except E451, all of these amino acids are conserved among the three 
OCTs, and some are even conserved for the related zwitterionic trans
porters OCTNs or even the organic anion transporters (OATs) of the 
SLC22 gene family (Fig. 1B). 

In this study, we selectively mutated those amino acids, aspartate to 
asparagine and glutamate to glutamine, to remove the negative charges 
proposed to be relevant for substrate binding and transport. We 
analyzed the membrane localization and then performed functional 
characterization of the uptake by and inhibition of these transporter 
variants. This study sheds light on several non-studied amino acids and 
by this, should improve the molecular understanding of ligand-OCT3 
interactions. 

Fig. 1. OCT3 structure and here investigated amino acids. A: The apo structure of human OCT3 in an outward-open confirmation according to the study of 
Khanppnavar et al. [29] deposited in the protein data bank (ID: 7ZH0). The structure and the amino acids studied here were visualized with Pymol. B: Sequence 
alignment of SLC22 transporters. Sequence alignment with sequences from UniProt [32] was done using the MUSCLE algorithm [33]. Visualization was performed 
with Jalview [34], and positions were colored using the Clustal color scheme. 
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2. Materials and methods 

2.1. Site-directed mutagenesis 

The cDNA of OCT3 (pDONR221-SLC22A3_STOP) was purchased 
from RESOLUTE Consortium & Giulio Superti-Furga (Addgene plasmid 
#161190; https://n2t.net/addgene:161190; RRID: Addgene_161190). 
OCT3 was re-cloned into the pcDNA5/FRT vector (Thermo Fisher Sci
entific, Darmstadt, Germany) via restriction enzyme digestion cloning 
using NheI-HF and NotI-HF (New England Biolabs, Frankfurt am Main, 
Germany). The primers used for amplification of OCT3 are listed in 
Table 1 and they have integrated the restriction sites for NheI and NotI. 
After the transformation into OneShot TOP10 electrocompetent E. Coli 
(Thermo Fisher Scientific, Darmstadt, Germany) via electroporation, the 
correct sequence of the reading frame was validated via Sanger 
Sequencing. 

The introduction of point mutations (D155N, E232Q, D382N, 
E390Q, E451Q, E459Q, and D478N) into the plasmid pcDNA5::hOCT3 
was performed individually for each mutation by site-directed muta
genesis using a protocol designed with two single-primer reactions in 
parallel [35]. This was done to avoid primer-primer annealing. The PCR 
was composed of 2.5 µl 10 × KOD buffer (KOD Hot Start DNA Poly
merase Kit; Merck, Darmstadt, Germany), 5 µl Q-solution (Qiagen, Hil
den, Germany), 2.5 µl dNTPs (each 2 mM; Thermo Fisher Scientific, 
Darmstadt, Germany), 1 µl MgSO4 (25 mM; Merck, Darmstadt, Ger
many), 0.65 µl of the respective forward or reverse mutagenesis primer 
(Table 1), 0.5 µl HotStart KOD polymerase, 6.25 µl DNA (80 ng/µl) and 
6.6 µl double-distilled water. After heating the PCR mixture to 95 ◦C for 

3 min, a PCR cycle of 95 ◦C for 30 s, 66 ◦C for 30 s and 72 ◦C for 4 min 
was repeated 30 times and then held at 72 ◦C for 10 min. Then, the PCR 
products of the matching forward and reverse primers were mixed. After 
denaturing the mixture at 95 ◦C for 5 min, it was slowly cooled down at 
90 ◦C for 1 min, 80 ◦C for 1 min, 70 ◦C for 30 s, 60 ◦C for 30 s, 50 ◦C for 
30 s and 40 ◦C for 30 s. Next, the PCR products were digested with 2 µl 
DpnI (20 U/µl; New England Biolabs, Frankfurt am Main, Germany) 
using 6 µl rCut smart buffer (New England Biolabs) and they were 
incubated at 37 ◦C overnight. On the next day, the digested product was 
dialysed and transformed into OneShot TOP10 electrocompetent E. Coli 
(Thermo Fisher Scientific, Darmstadt, Germany) via electroporation 
using a Gene Pulser II (Bio-Rad Laboratories, Hercules, California, USA). 
The correct sequence was validated via Sanger Sequencing and cloned 
into a new pcDNA5/FRT vector via restriction enzyme digestion cloning 
before stable transfection into HEK293 cells. 

2.2. Stable transfection of wild-type and mutated OCT3-overexpressing 
cell lines 

The HEK293 cells overexpressing OCT3 WT or with a mutation were 
generated via stable transfection using the recombinant site-specific 
FlpIn system (Thermo Fisher Scientific, Darmstadt, Germany). Empty 
vector-transfected control cells were generated as described previously 
[36]. Twenty-four hours before transfection, 1 × 106 HEK293 T-REx 
cells were seeded on a 6-well plate with standard cell culture medium 
consisting of Dulbecco’s Modified Eagles Medium (DMEM) supple
mented with 10 % FBS as well as penicillin (100 U/ml) and streptomycin 
(100 µg/ml); purchased from Thermo Fisher Scientific, Darmstadt, 

Table 1 
Primers used for the generation and validation of OCT3 variants.  

Primers for restriction enzyme cloning of OCT3 into pcDNA5/FRT vector 

Enzyme Direction Sequence (5→3) with restriction site 
NheI 

NotI 
forward 
reverse 

AAAAAGCAGCTAGCACCATGCCTAGCTTTGACGAG 
GCTGGGTCGCGGCCGCTTACAGGTGAGAGCGGGA 

Primers for site-directed mutagenesis 
OCT3 Mutation Direction Sequence (5→3) 
D155N forward 

reverse 
GAACGCCTGGATGCTGAATCTGACACAGGCCATCC 
GGATGGCCTGTGTCAGATTCAGCATCCAGGCGTTC 

E232Q forward 
reverse 

TACGTGATCGTGACCCAGATCGTGGGCTCCAAGCAG 
CTGCTTGGAGCCCACGATCTGGGTCACGATCACGTA 

D382N forward 
reverse 

GCAACCTGTATATCAATTTCTTTATCAGCGGAGTG 
CACTCCGCTGATAAAGAAATTGATATACAGGTTGC 

E390Q forward 
reverse 

ATCAGCGGAGTGGTGCAGCTGCCAGGCGCCCTGCTG 
CAGCAGGGCGCCTGGCAGCTGCACCACTCCGCTGAT 

E451Q forward 
reverse 

ATCACAATGGCCTTTCAGATCGTGTACCTGGTG 
CACCAGGTACACGATCTGAAAGGCCATTGTGAT 

E459Q forward 
reverse 

TACCTGGTGAACTCCCAGCTGTATCCCACCACACTG 
CAGTGTGGTGGGATACAGCTGGGAGTTCACCAGGTA 

D478N forward 
reverse 

GTGCTCTGGCCTGTGCAATTTCGGCGGCATCATCG 
CGATGATGCCGCCGAAATTGCACAGGCCAGAGCAC 

Primers for genomic validation 
PCR Primer Sequence (5→3) Amplicon size [bp] 
Integration PCR PSV40 

PHyg_r2 

AGCTGTGGAATGTGTGTCAGTTAGG 
ACGCCCTCCTACATCGAAGCTGAAA 

519 

Multiple Integration PCR PFRT_f 

PHyg_r2 

AATCGGGGGCTCCCTTTAGGGTTCC 
ACGCCCTCCTACATCGAAGCTGAAA 

214 

Gene-of-interest PCR PCMV 

PLacZ 

CCATGGTGATGCGGTTTTGGCAGTA 
CCTTCCTGTAGCCAGCTTTCATCAA 

3131 

Primers for quantitative real-time PCR 
Gene Direction Sequence (5→3) Amplicon size [bp] 
HPRT1 forward 

reverse 
TGACACTGGCAAAACAATGCA 
GGTCCTTTTCACCAGCAAGCT 

94 

OCT3 forward 
reverse 

TCGGCGGCAACCTGTATATC 
TCTCTCGATGGTCAGCAGGA 

86 

Primers for eGFP-OCT3 fusion protein 
Gene Direction Sequence (5→3) 
eGFP forward 

reverse 
AAAAAGCAGCTAGCACCATGGTGAGCAAGGGCGAGG 
TCAAAGCTAGGCATCTTGTACAGCTCGTCCATGCCG 

OCT3 forward 
reverse 

GACGAGCTGTACAAGATGCCTAGCTTTGACGAGGCCC 
GCTGGGTCGCGGCCGCTTACAGGTGAGAGCGGGA  
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Germany. For transfection, one tube contained 12 µl FuGene6 trans
fection reagent diluted in 100 µl pure DMEM. In a second tube, 0.4 µg 
plasmid DNA, as well as 3.6 µg pOG44 helper plasmid, were added to 
100 µl pure DMEM. After 5 min, the DNA mixture was added to the 
transfection reagent and incubated for another 15 min. Meanwhile, the 
cells were washed once with cell culture DMEM medium supplemented 
with 10 % FBS. Then, the transfection mixture was added dropwise to 
cells covered in 1.8 ml cell culture medium with 10 % FBS and incubated 
overnight. After 24 h, the transfection medium was exchanged to stan
dard cell culture medium consisting of DMEM, 10 % FBS and penicillin/ 
streptomycin. Further 24 h later, the cells were transferred to a 100 mm 
cell culture dish by careful resuspension with medium and incubated 
overnight. The next day, the selection antibiotic Hygromycin B (Thermo 
Fisher Scientific, Darmstadt, Germany) was added to the cells dropwise 
to a concentration of 300 µg/ml. Single colonies were selected after nine 
to ten days, transferred to a 24-well plate and incubated with a reduced 
concentration of Hygromycin B of 50 µg/ml. The cells were transferred 
to 6-well and further to T25 flasks when a confluence of 70–80 % was 
reached. Cell samples for DNA and RNA isolation were collected during 
the early passages of the cells. 

2.3. Genomic validation of generated cell lines 

The vector’s correct integration into overexpressing-cell lines was 
validated via three independent PCRs (Fig. 2A and B). The integration 
PCR confirmed the integration of the vector into the host genome (519 
bp), and the multiple-integration-PCR ensured that the vector has not 
inserted multiple times (214 bp). The presence of gene-of-interest was 
verified with a third PCR (3131 bp). 

Genomic DNA was isolated from 2 × 106 cells using the QIAGEN 
DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to 
the manufacturer’s protocol. The integration and the multiple integra
tion PCR were performed with the QIAGEN Multiplex PCR Kit (Qiagen, 
Hilden, Germany) consisting of 5 µl of 2 × QIAGEN Multiplex PCR 
master mix, 2 µl of Q-solution, respectively 0.25 µl of 10 µM forward and 
reverse primer (Table 1), 1 µl of isolated genomic DNA (100 ng/µl) and 
1.5 µl double-distilled water. After heating the PCR mixture to 95 ◦C for 
15 min, a cycle of 95 ◦C for 30 s, 62.7 ◦C for 1:30 min and 72 ◦C for 1:30 
min cycled for 35 times before a temperature of 72 ◦C was held for 10 
min to complete the reaction. As positive control for the PCR, a cell clone 
was used that showed an integration and multiple integration of the 
respective plasmid into the genome. For a correct integration of a 
plasmid, a positive outcome is expected for the integration PCR but a 
negative outcome for the multiple integration PCR. 

The gene-of-interest PCR is used to detect the presence of the gene- 
of-interest using gene-unspecific primers surrounding the gene locus. 
For this, the Expand Long Template PCR-system (Roche Diagnostics, 
Mannheim, Germany) was used containing 2.8 µl 10 × Expand Long 
buffer, 5.6 µl Q-solution (Qiagen, Hilden, Germany), 4.5 µl dNTPs (each 
2 mM; Thermo Fisher Scientific, Darmstadt, Germany), 1.5 µl MgSO4 
(25 mM; Merck, Darmstadt, Germany), 0.5 µl of 10 µM forward and 
reverse primer respectively (see Table 1), 0.3 µl Expand Long poly
merase mix, 3 µl DNA (80 ng/µl) and 9.3 µl double-distilled water. The 
PCR protocol included 94 ◦C for 2 min, a cycle of 96 ◦C for 10 s, 60 ◦C for 
20 s and 68 ◦C for 5 min for 35 rounds, and finally 68 ◦C for 7 min. The 
empty pcDNA5 vector was used as a negative control of the gene-of- 
interest PCR. 

2.4. Quantification of gene expression 

The gene expression of OCT3 was quantified using quantitative real- 
time PCR with isolated RNA from cells at three different passages. RNA 
was isolated from 2 × 106 cells using the QIAGEN RNeasy Plus Mini Kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. In 
preparation for this, cells were centrifuged at 400 × g for 4 min, and the 
cell pellet was resuspended in 350 µl RLT lysis buffer supplemented with 

1 % beta-mercaptoethanol (v/v; Sigma-Aldrich, Darmstadt, Germany). 
After RNA isolation, the Superscript II Reverse Transcriptase Kit 
(Thermo Fisher Scientific, Darmstadt, Germany) was used for cDNA 
synthesis of 3 µg RNA diluted in 17.75 µl RNase free water. After addi
tion of 1 µl of 10 µM anchored dT primer (5′ 
-TTTTTTTTTTTTTTTTTTVN-3′; Thermo Fisher Scientific, Darmstadt, 
Germany), the RNA was incubated at 72 ◦C for 10 min for initiation of 
primer annealing. Afterwards, the reverse transcription was initiated 
with addition of 11.25 µl of a mixture containing 6 µl of 5 × Superscript 
RT buffer, 3.5 µl of 0.1 M dithiothreitol (DTT), 1 µl of dNTPs (each 2 
mM), 0.5 µl RNase inhibitor (40 U/µl) and 0.25 µl Superscript II Reverse 
Transcriptase (200 U/µl). After an incubation period at 42 ◦C for 1 h, 
enzyme denaturation was performed at 75 ◦C for 15 min. Finally, the 
newly synthesized cDNA was diluted with 70 µl of RNA-free water. 

Quantitative real-time PCR was performed in triplicates with 2 µl of 
1:10 diluted cDNA (6 ng cDNA) and the HOT FIREPol EvaGreen qPCR 
Mix Plus Kit (Solis BioDyne, Tartu, Estonia) consisting of 2 µl of 5 ×
EvaGreen qPCR Mix, 0.4 µl of primer mixture with 10 µM of each for
ward and reverse primer, and 5.6 µl double-distilled water in a 384-well 
plate using a Taqman 7900 T (Applied Biosystems, Darmstadt, Ger
many). The utilized primers are listed in Table 1. The SDS 1.2 software 
(Applied Biosystems) was used for analysis of qPCR results. The gene 
expression of OCT3 and its mutants was normalized to the housekeeping 
gene HPRT1. Additionally, the expression level of mutants was 
normalized to the wild-type transporter. The cycle threshold values were 
evaluated using the following equation [37]: 

relative gene expression = 2− (ctmutant − ctmutant,HPRT1)− (ctWT − ctWT,HPRT1)

The selection of mutant clones was made based on a comparable RNA- 
expression level of all mutants (Fig. 2C). 

2.5. Generation of eGFP-hOCT3 fusion proteins and subcellular 
localization 

The fusion eGFP-OCT3 protein was generated for visualization of the 
subcellular localization of the transporter (Fig. 2D). First single frag
ments with overlapping ends were generated by PCR and then fused in a 
two-step assembly PCR. 

The single fragment PCRs for eGFP (Clontech Takara Bio, California, 
USA) and OCT3 were composed of 5 µl of 10 × KOD buffer (KOD Hot 
Start DNA Polymerase Kit; Merck, Darmstadt, Germany), 10 µl Q-solu
tion (Qiagen, Hilden, Germany), 5 µl dNTPs (each 2 mM; Thermo Fisher 
Scientific, Darmstadt, Germany), 3 µl MgSO4 (25 mM; Merck, Darm
stadt, Germany), each 1.5 µl of 10 mM forward and reverse primer, 1 µl 
HotStart KOD, 1 µl DNA (100 ng/µl) and 22 µl double-distilled water. 
The PCR mixture was heated to 95 ◦C for 2 min, then, a 35x cycle of 95 
◦C for 30 s, 64.3 ◦C for 30 s, and 72 ◦C for 30 s and 1:30 min, for 
elongation of eGFP and OCT3, respectively. Lastly, the samples were 
held at 72 ◦C for 10 min. Afterwards, the first part of the assembly PCR 
consisting of 5 µl of 10 × KOD buffer, 10 µl Q-solution, 5 µl dNTPs (each 
2 mM), 2 µl MgSO4 (25 mM), 5 µl of the eGFP and OCT3, 1 µl HotStart 
KOD polymerase and 17 µl double-distilled water was initiated using the 
following PCR conditions: 95 ◦C for 2 min, a cycle of 95 ◦C for 30 s, 50 ◦C 
for 45 s and 72 ◦C for 2 min with 20 repetitions, and 72 ◦C for 10 min. 
The second part of the assembly PCR was composed of 5 µl of 10 × KOD 
buffer, 10 µl Q-solution, 5 µl dNTPs (each 2 mM), 2 µl MgSO4 (25 mM), 
each 1.3 µl of the forward eGFP primer and the reverse OCT3 primer, 1 
µl HotStart KOD polymerase, 2 µl of PCR product of first-step assembly 
PCR, and 22.4 µl double-distilled water. The PCR was performed under 
the following conditions: 95 ◦C for 2 min, a cycle of 95 ◦C for 30 s, 64.3 
◦C for 45 s and 72 ◦C for 2:30 min with 35 repetitions, and 72 ◦C for 10 
min. The PCR products were digested with the NheI-HF and NotI-HF 
(both New England Biolabs, Frankfurt am Main, Germany) and re- 
cloned into the pcDNA5/FRT vector. 

HEK293 T-REx were transiently transfected for visualization of 
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Fig. 2. Validation of generated cell lines. A: Scheme of genomic integration of expression vectors. Shown is a single integrated expression vector and the unwanted 
event of two sequentially integrated vectors. The three PCRs are highlighted, which were used to validate the correct integration of a single expression vector. B: 
Results of the validation PCRs. Selected clones demonstrated single vector integration. PCR confirmed the presence of the gene of interest (GOI). C: Gene expression 
analysis of OCT3 mutants. Gene expression analysis was done by mRNA quantification by real-time quantitative PCR and normalized to gene expression of wild-type 
transporter-overexpressing cells. Data is shown as mean ± SEM of three independent mRNA quantifications of different cell passages. D: Immunofluorescence 
localization of OCT3 mutants. eGFP-tagged OCT3 mutants were transiently transfected into HEK293 cells, and membrane localization was determined after staining 
with an anti-eGFP antibody and comparison to the Na+/K+-ATPase as marker of the plasma membrane. Co-localization of the eGFP and Na+/K+-ATPase indicates 
correct membrane localization of the transporter. 
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subcellular localization using a transfection mixture of FuGene and DNA 
of eGFP-OCT3 (wild-type and mutants) in a ratio of 3:1. For this, 
125,000 cells per well were plated on 4-well Nunc Lab-Tec II Chamber 
slides (Thermo Fisher Scientific, Darmstadt, Germany) 24 h in advance. 
For transient transfection, 4.8 µl FuGene6 transfection reagent was 
diluted in 25 µl pure DMEM in one tube. In a second tube, 1.6 µg plasmid 
DNA was added to 25 µl pure DMEM. After incubation of 5 min, the tube 
containing DNA was added to the transfection reagent and incubated for 
another 15 min. Meanwhile, the cells on the slides were washed once 
and then covered with 450 µl with cell culture DMEM medium supple
mented with 5 % FBS. Finally, the transfection mixture was added 
dropwise to cells and incubated overnight. 

In preparation of immunofluorescence staining, cells were washed 
twice with Dulbecco’s phosphate buffered saline (D-PBS; Thermo Fisher 
Scientific) and incubated then with 1 µM SYTO Deep Red Nucleic Acid 
Stain (Thermo Fisher Scientific) dissolved in D-PBS at 37 ◦C for 30 min. 
After this, cells were washed twice with D-PBS and fixation was done 
with 4 % paraformaldehyde for 20 min at room temperature. After
wards, cells were washed three times with D-PBS and then per
meabilised with D-PBS/0.1 % Triton-X (Carl Roth, Karlsruhe, Germany) 
for 15 min. After two washing steps with D-PBS/0.1 % Tween-20 
(Sigma-Aldrich, Darmstadt, Germany), cells were blocked with 0.1 % 
Tween-20, 1 % bovine serum albumin (BSA) and 20 % normal goat 
serum (NGS) diluted in D-PBS for 60 min. Next, the primary antibody 
against eGFP (anti-GFP IgG Alexa Fluor® 488 conjugate, Invitrogen, 
Thermo Fisher Scientific) and monoclonal mouse anti-Na+/K+-ATPase 
antibody (ab283318; Abcam, Cambridge, United Kingdom) were diluted 
1:500 and 1:100, respectively, in D-PBS with 0.1 % Tween-20, 1 % BSA 
and 5 % NGS and incubated on cells overnight at 4 ◦C. On the next day, 
cells were washed four times for 5 min with D-PBS/0.1 % Tween-20 
before the secondary antibody polyclonal Alexa Fluor® 594 goat anti- 
mouse IgG (H + L) (Thermo Fisher Scientific, Darmstadt, Germany) 
was diluted 1:500 in D-PBS with 0.1 % Tween-20, 1 % BSA and 1.5 % 
NGS and incubated on cells for 60 min at room temperature. Subse
quently, cells were washed again four times for 5 min with D-PBS/0.1 % 
Tween-20. Finally, the slides were mounted with Roti-Mount FluorCare 
(Carl Roth) and covered with coverslips. Cells were imaged with a Leica 
DMi8 microscope (Leica Microsystems, Wetzlar, Germany) that was 
equipped with a STEDYcon module (Abberior instruments, Göttingen, 
Germany). Images were taken in confocal mode using a 63 × oil im
mersion objective with identical acquisition settings for all images. 

2.6. In vitro transport experiments 

All test compounds for cell experiments were purchased from Sigma- 
Aldrich (Taufkirchen, Germany), Toronto Research Chemicals (Toronto, 
ON, Canada) and Santa Cruz Biotechnology (Darmstadt, Germany). 
General culture conditions for the HEK293 cells used for transport and 
inhibition experiments were standard cell culture containing Dulbecco’s 
Modified Eagles Medium (DMEM) supplemented with 10 % (v/v) FBS as 
well as the antibiotics penicillin (100 U/ml) and streptomycin (100 µg/ 
ml). For in vitro transport and inhibition experiments, HEK293 cells 
overexpressing OCT3 wild type (without eGFP), generated mutants and 
empty-vector transfected control cells were used. 

For in vitro transport experiments, 300,000 cells were plated in 24- 
well plates pre-coated with poly-D-lysine 48 h in advance. All steps of 
the transport experiment were performed at 37 ◦C. Firstly, cells were 
washed with pre-warmed HBSS+ (Hank’s balanced salt solution sup
plemented with 10 mM HEPES; Thermo Fisher Scientific, Darmstadt, 
Germany) adjusted to pH 7.4. Then, they were incubated for exactly 2 
min with the substrates diluted in pre-warmed HBSS +. The uptake was 
stopped by adding ice-cold HBSS +. Then, cells were washed twice with 
ice-cold HBSS + and lysed for 15 min with 80 % (v/v) acetonitrile 
containing the respective internal standard for eventual mass spec
trometry. For each cell line, two wells of cells were lysed in RIPA buffer 
and total protein content was measured with a bicinchoninic acid assay 

[38] and compared to standard curves of bovine serum albumin. This 
was used to normalise uptake data to intraday variations in the number 
of seeded cells of different cell lines. 

2.7. In vitro inhibition experiments 

In vitro inhibition experiments were also performed with 300,000 
cells in poly-D-lysine pre-coated 24-well plates that were plated 48 h in 
advance. After a washing step with pre-warmed HBSS+, the 2 µM ASP+

was incubated simultaneously with and without 20 µM inhibitor for 5 
min. Concentration-dependent inhibition of 2 µM ASP+ were carried out 
with inhibitor concentrations of 0.01 – 100 µM corticosterone or 
decynium-22 respectively. A control for passive uptake with empty- 
vector transfected cells and an un-inhibited control with OCT3- 
overexpressing cells were incubated with the substrate without inhibi
tor for the same time. After two washing steps with ice-cold HBSS+, cells 
were lysed with 80 % (v/v) acetonitrile for 15 min and fluorescence of 
ASP+ was measured using a Tecan Ultra Microplate Reader (Tecan 
Group AG, Männedorf, Switzerland). All ASP+ measurements were 
carried out in technical duplicates. 

2.8. Concentration analysis 

The intracellular drug concentrations of non-fluorescent substances 
were determined using high-performance liquid chromatography 
coupled to tandem mass spectrometry (HPLC-MS/MS) analysis. Chro
matography was accomplished using a Shimadzu Nexera HPLC System 
consisting of a CBM-20A controller, a LC-30AD pump, a CTO-20AC 
column oven and an SIL-30AC autosampler (Shimadzu, Kyoto, Japan). 
The separation of compounds was performed on a Brownlee SPP RP- 
Amide column with 4.6 × 100 mm inner dimensions and a particle 
size of 2.7 µm as well as a preceding Phenomenex C-18 guard column. 
The mobile phase of reversed-phase chromatography consisted of 0.1 % 
(v/v) formic acid and an acetonitrile:methanol 6:1 (v/v) organic addi
tive in total concentrations between 3 % and 50 % (v/v) individual for 
each substance. Detailed chromatographic conditions and mass spec
trometric detection parameters were described previously [4,5,39]. 
Chromatography was carried out at 40 ◦C with a flow rate of 300 or 400 
µl/min. Substances were detected with an API 4000 tandem mass 
spectrometer (AB SCIEX, Darmstadt, Germany) and quantification of 
results was performed using the Analyst software (AB SCIEX, version 
1.6.2). 

Racemic norphenylephrine was separated on a CHIRALPAK CBH 
HPLC column (100 × 3 mm inner dimensions, 5 μm particle size; Sigma- 
Aldrich) with a mobile phase of 10 mM ammonium acetate (pH 5.8) 
supplemented with 10 % (v/v) 2-propanol. Chromatography was carried 
out at 22 ◦C with a flow rate of 300 µl/min. Salbutamol and terbutaline 
were analysed on an Astec chirobiotic T column (150 × 2.1 mm, 5 μm 
particle size; Sigma-Aldrich) with the corresponding guard column. For 
salbutamol separation, 20 mM ammonium acetate (pH 4.5) supple
mented with 95 % (v/v) methanol was used as mobile phase. Flow rate 
was set to 400 µl/min and column temperature was kept at 40 ◦C for 
both substances. The order of elution of salbutamol enantiomers was 
obtained from available reference literature [40]. For norphenylephrine 
and terbutaline, no order of elution was available, and the enantiomers 
only termed as E1 and E2 for the first and second eluting enantiomer, 
respectively. 

2.9. Calculations 

Uptake ratios were determined as fold-increase in uptake into 
transporter-overexpressing cells over empty-vector transfected controls. 
For concentration-dependent uptake experiments, net uptake of OCT3 
was calculated by subtraction of total uptake into empty-vector trans
fected cells from total uptake in OCT3-overexpressing cells. Net uptake 
was then plotted against the substrate concentration [S] and analyzed by 
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non-linear regression following the Michaelis-Menten equation with v =
vmax × [S]/(Km + [S]) using GraphPad Prism (Version 5.01 for Windows, 
GraphPad Software, La Jolla, CA, USA). Vmax is the maximum transport 
velocity, Km defines the substrate concentration required to reach half 
vmax. The intrinsic clearance Clint is defined as ratio of vmax over Km. 

For inhibition analysis, transporter activity was calculated as ac
cording to the following formula: 

% OCT3 activity =
[Substrateinhibited] − [SubstrateEV]

[Substratenon− inhibited] − [SubstrateEV]

Substrateinhibited is the uptake of ASP+ into transporter-overexpressing 
cells in presence of an inhibitor whereas substratenon-inhibited describes 
the ASP+ uptake without co-incubation with an inhibitor. SubstrateEV 
refers to the passive ASP+ uptake into empty-vector transfected control 
cells. Percent inhibition values where then calculated as in the 
following: 

% transporter inhibition = 100% − transporter activity  

For analysis of concentration-dependent inhibition experiments, the 
transporter activity was plotted against the log10 of inhibitor concen
trations. The data was then fitted by the following formula to determine 
IC50 values: 

Y = Ymin +
(Ymax − Ymin)

1 + 10log10(IC50− x)•Hill slope  

Y is to the transporter activity, whereas Ymax refers to the maximum and 
Ymin to the minimal transporter activity. X is the log10 of inhibitor 
concentrations, IC50 characterizes the half-maximal inhibitory concen
tration, and hill slope describes the slope factor. The regression was done 
using GraphPad Prism (Version 5.01 for Windows, GraphPad Software). 

3. Results 

3.1. Generation of transporter mutants 

OCT3 variants were constructed by site-directed mutagenesis and 
stably transfected for functional characterization. The cell clones 
selected for functional experiments showed genomic integration of a 
single copy expression plasmid (Fig. 2B) and similar mRNA gene 
expression (Fig. 2C). When analyzing the subcellular localization with 
eGFP-OCT3 constructs, the E232Q, E459Q, and D478N showed severely 

impaired membrane localization and were retained mainly in cyto
plasmic compartments (Fig. 2D). Nevertheless, we also performed 
transport experiments in these cell lines, although, based on our trans
port assays, we cannot assess if the substrates are interacting with the 
altered amino acid during the translocation, i.e. if the mutated amino 
acid has a substrate-specific function. 

The functional (transport and transport inhibition) experiments were 
performed with HEK293 cells overexpressing wild type and mutant 
OCT3 (without the eGFP). In the following, first, the effects of removing 
the negative charges in the presumed substrate translocation path are 
described concerning transport activity and then concerning suscepti
bility to inhibition. 

3.2. Uptake of fluorescent ASP+ and other typical OCT3 substrates 

For all generated mutants, the uptake of the OCT model substrate 
ASP+ were analysed (Fig. 3). E390Q showed negligible net uptake of 
ASP+, which was reflected by overall low intrinsic clearances for ASP+

Fig. 3. Effects of mutating the negatively charged amino acids presumed to be most relevant for substrate translocation by OCT3. ASP+ (4-(4-(dimethy
lamino)styryl)-N-methylpyridinium) was used as the fluorescent model substrate of OCT3. HEK293 cells overexpressing wild type OCT3, generated mutants and 
empty-vector transfected control cells were incubated with increasing concentrations of ASP+ for 2 min. Intracellular ASP+ was then quantified by fluorescence 
measurement. Shown is the net uptake of three independent experiments as mean ± SEM. 

Table 2 
Kinetic parameters of ASP+ transport by wild-type and mutated OCT3.  

OCT3 
Mutation 

Vmax (±SEM) 
[pmol × mg 
protein–1 ×

min− 1] 

KM 

(±SEM) 
[µM] 

Clint (±SEM) 
[µL × mg 
protein–1 ×

min− 1] 

Subcellular 
Localization 

WT 6410 ± 854 82.8 ±
33.7 

77.4 ± 41.8 Membrane 

D155N 2975 ± 382* 44.7 ±
20.7 

66.6 ± 39.4 Membrane 

E232Q 367 ± 282*** 686 ±
859 

0.53 ± 1.08 Cytosol 

D382N 6078 ± 722 98.9 ±
34.35 

61.5 ± 28.7 Membrane 

E390Q 8.05 ± 15.9*** 3.88 ±
73.4 

2.08 ± 43.4 Membrane 

E451Q 652 ± 44.6*** 19.3 ±
6.18 

33.8 ± 13.1 Membrane 

E459Q 744 ± 7802 2812 ±
34720 

0.26 ± 6.04 Cytosol 

D478N 675 ± 172*** 156 ±
103 

4.32 ± 3.97 Mainly 
Cytosol 

Asterisks indicate statistical significance of the differences between the param
eters of wild type and mutant transporter (Student’s t-test; *p < 0.05, **p <
0.01, ***p < 0.001). 
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transport compared to the wild-type variant (Table 2). Similarly, the 
uptake by E232Q, E459Q, and D478N was minor, which was expected as 
a consequence of improper membrane localization. 

The D382N mutant of OCT3 showed wild type-like transport of 
ASP+. In contrast, mutation of D155 resulted in reduced transport of 
activity to almost 50 %. The E451Q mutant showed even more strongly 
reduced transport and reached only 10 % of the transporter capacity of 
wild type OCT3. 

To analyse whether the functional effects of the introduced muta
tions may be substrate-dependent, we further investigated the uptake of 
15 structurally diverse OCT3 substrates (Fig. 4). Like the ASP+ transport, 
E232Q, E390Q, E459Q, and D478N showed almost no uptake of the 
tested substrates (Fig. 4B). Among those, only the D478N mutant 
showed relevant uptake of MPP+ and meta-Iodobenzylguanidine. How
ever, uptake ratios for both were still only at 23 % and 16 % of the wild- 
type uptake, respectively. The D382N mutant showed uptake ratios 
similar to wild-type OCT3; only methylnaltrexone was less efficiently 
transported by the D382N mutant. 

Interestingly, D155N and E451Q had strong substrate-specific effects 
(Fig. 4A). In particular, uptake via the D155N variant ranged from full 
wild-type-like activity for histamine and MPP+ to a complete lack of 
transport for emtricitabine, thiamine and terbutaline. Also, transport via 
the E451Q variant differed strongly for the investigated substrates. 
Benzyltriethylammonium, MPP+ and salbutamol were transported 
almost with full activity, whereas other substrates such as famotidine 
and methacholine showed only 9 % and 11 % uptake of the wild type, 
respectively. Among the racemic substrates, norphenylephrine showed 
no stereoselective uptake whereas salbutamol and terbutaline were 
transported stereoselectively. This was not changed for the mutants with 
remaining activity except for E451Q, which showed total selectivity for 
terbutaline transport with no net uptake of the second enantiomer. 

3.3. Inhibition of ASP+ by structurally diverse inhibitors 

To test whether the mutated residues might also affect the binding of 
OCT3 inhibitors, we analyzed the inhibition of OCT3 variants by several 
substances at a single concentration using ASP+ as a model substrate 
(Fig. 5A). In addition, we characterized inhibition potencies of the well- 
established OCT3 inhibitors corticosterone and decynium-22 (Fig. 5B). 
We could only investigate those OCT3 variants which showed relevant 
ASP+ transport activity – D155N and D382N. Inhibition studies with 
E451Q using ASP+ as model substrate were not possible due to insuffi
cient ASP+ uptake. 

The D155N mutant was inhibited more strongly than the wild type. 
This was reflected by 4.6- and 3.6-fold lower IC50 values for cortico
sterone and decynium-22, respectively (Table 3), but also by the inhi
bition data for a single concentration by 20 additional substances. For 
D382, inhibition by corticosterone and decynium-22 differed not 
significantly from the inhibition of the wild-type transporter. However, 
the single concentration inhibition was on average less strongly 
compared to the wild type (Fig. 5C). 

Wild-type OCT3 and both mutants showed highly stereoselective 
inhibition by quinine/quinidine and verapamil enantiomers in favor of 
quinine and (S)-verapamil, respectively. 

4. Discussion 

Negatively charged amino acids have been identified early as 
responsible for the interaction of positively charged substrates of 
organic cation transporters [1]. Out of those, the conserved D478 
(numbering consistent with hOCT3) in OCTs was the main center of 
attention [27] until the recently published cryo-EM structures-guided 
experimental studies on OCT1 [30] revealed an even more critical role 
of E386 (E390 for OCT3) for the transport of different substrates. 

In our study, we could demonstrate that, also for OCT3, E390 seems 
to be a most important anionic amino acid for transporting cationic 

substrates. Despite correct membrane localization of the E390Q mutant, 
all tested substrates showed no remaining transport activity (Fig. 4B). 
This was expected given the high homology of OCT3 to OCT1 with about 
50 % amino acid identity [41]. Although there is no experimental proof 
available yet, it appears very likely that this amino acid might then also 
crucial for the function of OCT2 since it is conserved for all three OCTs. 
However, since this glutamic acid residue is also conserved for the 
OCTNs and a negatively charged amino acid is also located at this po
sition for the OATs (Fig. 1B), it might be interesting to study the function 
of this residue for the transport of organic anions via those transporters. 
Right now, there is no functional data available for the OCTNs and OATs 
but computational modelling suggests indeed a relevant role of the 
corresponding E381 in OCTN1, but so far only for interaction with the 
positive charged nitrogen in carnitine and tetraethylammonium but also 
for the interaction with sodium ions [42]. 

E232 and E459 are not only conserved among the three OCTs, but 
also for OCTNs and the OATs (Fig. 1B). The here generated mutated 
versions of these residues led to an impairment of the subcellular 
localization and were strongly retained in cytoplasmatic compartments 
(Fig. 2D). Accordingly, E232 and E459 seem to have a critical role in 
protein folding and, based on our data, we can neither proof nor exclude 
that they might be also involved in transporter-ligand interactions. 
Unexpectedly, the D478N mutant showed also a strongly impaired 
membrane localization which is in contrast to the corresponding D474N 
mutant of OCT1 which showed proper localization previously [5]. 
Nevertheless, the here generated D478N mutant showed uptake of 
MPP+ and meta-iodobenzylguanidine which indicates that a minor 
portion of the transporter might still reach the plasma membrane. 

The probably most interesting insights from our study might be the 
substrate-specific effects of D155N and E451Q mutants. Both amino 
acids have been rarely studied in the context of organic cation trans
porters. Only for the E451Q mutant in OCT3, a stronger inhibition of 
MPP+ uptake has been described for several polyamines such as sper
mine and spermidine [43]. Here we could show that transport activity 
varied strongly for different substrates and ranged from full transport 
activity to almost no uptake (Fig. 4). This further substantiates what was 
proposed by the recent cryo-EM studies [30] that polyspecific transport 
by OCTs might be achieved by substrate binding to an orthosteric site, 
which is formed by E390 together with several aromatic amino acids, 
and several opportunistic binding sites which are only engaged by 
distinct substrates. E451Q might be an integral part of such an oppor
tunistic binding site. 

The limited number of investigated substrates limits conclusions 
regarding molecular features of ligands which might engage this binding 
site. Nevertheless, transport was mostly reduced for large substrates 
such as famotidine, methylnaltrexone, and thiamine. Based on their size, 
it is reasonable that parts of the molecules interact with other sites 
within the transporters binding pocket in addition to the orthosteric site 
around E390. D155 is located rather at the entrance to the substrate 
binding pocket (Fig. 1A) and could therefore function as first contact of a 
substrate or an inhibitor with the transporter, before the substrates en
gages the main binding site required for translocation. The affinity to all 
inhibitors was increased in the D155N mutant (Fig. 5A and B). As 
expressed by the IC50 values, the elimination of the negative charge at 
OCT3 codon 155 increased affinity to corticosterone by about 4.5-fold 
and to decynium 22 by about 3.5-fold (Table 3). This is plausible 
considering that D155 is localized at the entrance site of the protein 
([29] supplementary Figure 11) and the negative charge of aspartic acid 
155 might even decrease access for both inhibitors to their optimum 
binding site or weaken their binding. 

The D382N mutant showed no altered transport compared to the 
wild type (Fig. 4). However, several non-transported inhibitors such as 
chlorhexidine, cimetidine, and crizotinib showed reduced inhibition 
compared to the wild type (Fig. 5C). Accordingly, even though this 
amino acid seems to be not involved in the interaction with the here 
tested substrates, it might be important for the binding of certain 
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Fig. 4. Differential uptake of structurally diverse substrates by OCT3 mutants. A: Localization of the studied negatively charged amino acids in the OCT3 
structure [29] and substrate-dependent effects of the D155, D382, and E451 “neutralization”. HEK293 cells overexpressing wild-type OCT3, generated mutants and 
empty-vector transfected control cells were incubated with 2.5 µM substrate for 2 min. Intracellular substrate concentration was quantified by HPLC-MS/MS analysis. 
Uptake in wild-type OCT3 is expressed as the fold-increase in transporter-overexpressing cells over empty vector (EV)-transfected control and represented as mean ±
SEM of three independent experiments. Activity in the 3 mutants shown below is expressed relative to the activities of wild-type OCT3. Asterisks indicate statistical 
significance of the differences between the uptake ratio of wild type and mutant transporters (Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001). As illustrated, 
with almost all substrates, the D155N and E451Q variants resulted in (differently strong) reduction of transport activity. With some exceptions, the wild-type 
transport activity was maintained in the D382N mutation. B: Correlation of uptake data for full active, substrate-specific and inactive mutants. Mutant uptake 
ratios are shown on the Y-axis, whereas uptake of the wild-type transporter is shown on the X-axis. The dashed lines indicate the bisection and equal transport. 
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inhibitors. 
A final consideration might be to what extent the insights we ob

tained here for OCT3 might be translatable onto the related OCT1 or 
OCT2. In a recent work, the full landscape of OCT1 mutations was 
created by characterizing the functional impact of all possible mutations 
[44]. Many of our conclusions for OCT3 were also demonstrated for 
OCT1 (Table 4). Moreover, the authors provide several, reasonable ex
planations for the phenotypes we observed here for OCT3. For the 
D149N mutant in OCT1 (corresponds to D155N in OCT3), molecular 

dynamics simulations suggested a severe destabilization of the cycling of 
the transporter between outward and inward states, thereby limiting 
efficient substrate translocation. This is well reflected by our data for 
OCT3, since the D155N mutant showed a substrate-dependent reduction 
of transporter but not a complete loss of activity (Fig. 4). Interestingly, 
for E226 and E455 in OCT1 (correspond to E232 and E459 in OCT3, 
respectively), the authors proposed critical functions for protein folding. 
This aligns well with the impaired membrane localization of the 
respective generated OCT3 mutants in our study (Fig. 2D). Finally, they 
also highlight the critical role of E386 in OCT1 (corresponds to E390 in 
OCT3) for substrate interaction and any mutation at this position (except 
E386D) resulted in almost complete loss of transport activity, which we 
could also observe for the OCT3 E390Q mutant. 

Altogether, our study complements the insights recently gained by 
cryo-EM studies on a biochemical level, and moreover, transferred many 
insights so far known for OCT1 towards OCT3. Our study also shows that 
testing structurally different substrates, as done here, on generated 
transporter mutants might be important to further decipher the poly
specific nature of organic cation transporters. 

Fig. 5. OCT3 inhibition and comparison to D155N and D382N mutants. A: HEK293 cells overexpressing wild-type OCT3, generated mutants and empty-vector 
transfected control cells were incubated with 2 µM ASP+ and a single concentration of 20 µM substrate or increasing concentrations of corticosterone and decynium- 
22 (panel B) for 5 min. Intracellular ASP+ was then quantified by fluorescence measurement. Data is presented as mean ± SEM of three independent experiments. 
Asterisks indicate statistical significance of the differences between the inhibition of the wild type and mutant transporters (Student’s t-test; *p < 0.05, **p < 0.01, 
***p < 0.001). C: Correlation of inhibition data. The dashed line indicates the bisection and, thereby equal transporter inhibition. Statistical significance in the 
inhibition of the wild-type and mutant transporters was determined by Student’s t test. 

Table 3 
IC50 of corticosterone and decynium-22 inhibition of OCT3.  

OCT3 Mutation IC50 (95 % confidence intervals) [µM] 

Corticosterone Decynium-22 

WT 2.60 (1.95 to 3.46) 0.941 (0.745 to 1.19) 
D155N 0.570 (0.397 to 0.818) 0.261 (0.189 to 0.361) 
D382N 3.34 (2.58 to 4.34) 1.31 (1.00 to 1.71)  
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