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Abstract 

Organic cation transporter 2 (OCT2) mediates the first step in the renal secretion of many 

cationic drugs:  basolateral uptake from blood into proximal tubule cells.  The impact of this 

process on the pharmacokinetics of drug clearance as estimated using a physiologically-based 

pharmacokinetic (PBPK) approach relies on an accurate understanding of the kinetics of 

transport because the ratio of the maximal rate of transport to the Michaelis constant (i.e., Jmax/ 

Kt) provides an estimate of the intrinsic clearance (Clint) used in in vitro-in vivo extrapolation of 

experimentally determined transport data.  Although the multispecificity of renal organic cation 

(OC) secretion, including that of the OCT2 transporter, is widely acknowledged, the possible 

relationship between relative affinity of the transporter for its diverse substrates and the maximal 

rates of their transport has received little attention.  Here we determined the Jmax and apparent 

Michaelis constant (Ktapp) values for six structurally distinct OCT2 substrates and found a strong 

correlation between Jmax and Ktapp; ‘high affinity’ substrates (Ktapp values <50 µM; including 1-

methyl-4-phenylpyridinium, or MPP, and cimetidine) displayed systematically lower Jmax values 

(<50 pmol cm
-2

 min
-1

) than did ‘low affinity’ substrates (Ktapp >200 µM; including choline and 

metformin).  Similarly, preloading OCT2-expressing cells with low affinity substrates resulted in 

systematically larger trans-stimulated rates of MPP uptake than did preloading with high affinity 

substrates.  The data are quantitatively consistent with the hypothesis that dissociation of bound 

substrate from the transporter is rate limiting in establishing maximal rates of OCT2-mediated 

transport.  This systematic relationship may provide a means to estimate Clint for drugs for which 

transport data is lacking. 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 14, 2017 as DOI: 10.1124/jpet.117.242552

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #242552  page 4  

 

Introduction 

At physiological pH about 40% of prescribed drugs carry a net positive charge (Neuhoff 

et al., 2003; Ahlin et al., 2008), and the kidney is the principal site of clearance of these ‘organic 

cations’ (OCs) (Hagenbuch, 2010).  Renal OC clearance is supported by the two-step process of 

active secretion that occurs in the proximal tubule:  uptake of OC from the blood into proximal 

tubule cells across the peritubular (basolateral) membrane, followed by efflux into the tubular 

filtrate across the luminal (apical) membrane.  The sequential activity of these two processes 

effectively defines the pharmacokinetics of many cationic drugs.  In humans, basolateral OC 

transport is dominated by the Organic Cation Transporter, OCT2, whereas apical OC transport 

involves the combined influence of the Multidrug And Toxin Extruders, MATE1 and 

MATE2/2-K (Pelis and Wright, 2011; Motohashi and Inui, 2013).  Although MATE-mediated 

OC/H
+
 exchange represents the ‘active’ step in net OC secretion, the process is initiated by the 

electrogenic, albeit passive, accumulation of OCs by the uniporter, OCT2, (Pelis and Wright, 

2011).  

Efforts to predict pharmacokinetic profiles of drug clearance increasingly rely on 

physiologically-based pharmacokinetic (PBPK) models that take into account the contribution of 

the individual metabolic events that influence drug clearance (Harwood et al., 2013), including 

renal transport (Posada et al., 2015; Burt et al., 2016).  Mechanistically-based PBPK models 

require knowledge of the kinetic parameters of the underlying mediated transport processes 

(Harwood et al., 2013), including the Michaelis-Menten parameters, Jmax (maximal rate of 

transport) and Kt (concentration of substrate resulting in half-maximal transport).  Importantly, 

the scaling of transport activity determined in vitro to that occurring in vivo often uses the ratio 

Jmax/Kt to provide an estimate of the intrinsic clearance (Clint) supported by a particular 
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transporter  (Sjogren et al., 2009; Harwood et al., 2013).  But despite insights into the 

contribution of a transport process to clearance of a target drug that are provided by the 

relationship between Jmax and Kt, little attention has been given to the basis for different rates of 

transport that a multidrug transporter, such as OCT2, can exhibit for its structurally diverse suite 

of substrates. 

Here we determined the kinetics of OCT2-mediated transport for a structurally diverse set 

of known substrates and found a strong positive correlation between Jmax and apparent Kt; in 

other words, substrates for which the transporter had low apparent affinity (i.e., high Ktapp) 

systematically displayed the highest maximal rates of transport.  We also noted a similar 

correlation between IC50 values for inhibition of OCT2-mediated transport and the degree of 

trans-stimulation arising from pre-incubating cells in the inhibitory test agent; whereas 

preloading cells with low affinity substrates resulted in high levels of trans-stimulation, high 

affinity ligands (i.e. low IC50 values) produced no stimulation or even a trans-inhibition of 

transport activity.  In light of these results we suggest that dissociation of a substrate from OCT2 

is likely the predominant influence in defining its maximal rate of flux. 
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Materials and Methods 

Chemicals and Reagents:  CHO cells containing the Flp-In target site, as well as hygromyocin, 

and Zeocin, were acquired from Invitrogen (Carlsbad, CA). [
3
H]Tetraethylammonium ([

3
H]TEA; 

54 Ci/mmol) and [
3
H]cimetidine (80 Ci/mmol) were purchased from American Radiolabeled 

Chemicals (St. Louis, MO).  [
3
H]1-Methyl-4-phenylpyridinium ([

3
H]MPP; 80 Ci/mmol), 

[
3
H]N,N,N-trimethyl-2-[methyl(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino]ethanaminium 

([
3
H]NBD-MTMA; 80 Ci/mmol; (Belzer et al., 2013)) and [

3
H]choline (66.7 Ci/mmol), as well 

as unlabeled MPP and NBD-MTMA (Aavula et al., 2006), were prepared by the Synthesis Core 

of the Southwest  Environmental Health Sciences Center/Department of Chemistry of the 

University of Arizona (Tucson, AZ).  Additional [
3
H]MPP (80 Ci/mmol) was purchased from 

Perkin-Elmer (Waltham, MA).  [
14

C]Metformin was purchased from Moravek Biochemicals 

(Brea, CA).  Diphenidol was purchased from Santa Cruz Biotechnology (Dallas, TX), and all 

other chemicals were purchased from Sigma-Aldrich unless otherwise specified (St. Louis, MO).  

Cell Culture:  CHO cells were stably transfected at a single Flp-In recombinase site with the 

open reading frame for OCT2 in pcDNA5/FRT/V5-His TOPO (Pelis et al., 2007).  Cells were 

cultured at 37°C with 5% CO2.  Culture medium contained Ham's F-12 Nutrient Mixture with 

10% fetal bovine serum (Fisher Scientific, Pittsburg, PA).  Hygromyocin (100 µg/ml) or Zeocin 

(100 µg/ml) was added to the culture medium of CHO-OCT2 cells or CHO-wild type (WT) 

cells, respectively, to maintain cell line expression profiles.  Cells were passed every 2-4 days. 

When seeded into 96-well plates (Greiner; VWR Intl., Arlington Heights, IL) for transport 

assays, they were grown to confluence in antibiotic-free media. 

Transport Assays:  Wild type CHO cells and cells expressing hOCT2 were typically plated at 

densities sufficient to reach confluence within 24 hours (50,000 cells in 96-well cell culture 
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plates), after which they were used in transport experiments.  For time course and kinetics 

experiments plates containing culture media were placed in an automatic fluid 

aspirator/dispenser (Model 406, BioTek, Winooski, VT) and automatically rinsed/aspirated three 

times with Waymouth’s buffer (WB, in mM: 135 NaCl, 13 HEPES-NaOH, 28 D-glucose, 5 KCl, 

1.2 MgCl2, 2.5 CaCl2, and 0.8 MgSO4) pH 7.4 at room temperature, after which transport buffer 

(60 μl) containing substrate and any additional required test agents were automatically 

introduced into each well.  Following the experimental incubation the transport reaction was 

stopped by the rapid addition (and simultaneous aspiration) of ~750 μl of cold (4
o
C) WB.  

Following final aspiration of the cold stop, 200 μl of scintillation cocktail (Microscint 20, Perkin-

Elmer, Waltham, MA) was added to each well and the plates were sealed (Topseal-A; Perkin-

Elmer) and allowed to sit for at least 2 hrs before radioactivity was assessed in a 12 channel, 

multiwell scintillation counter (Wallac Trilux 1450 Microbeta, Perkin-Elmer).  Accumulated 

substrate is expressed as picomoles per cm
2
 of nominal cell surface or, in some cases, as a 

clearance in µl cm
-2

.  For the purpose of comparison to literature values that express rates of 

transport per mg of cell protein we find the conversion factor of 0.035 mg protein cm
-2

 to be 

reasonably accurate (Schomig et al., 2006). 

To determine the effect on rates of substrate uptake of preloading cells with a test agent, 

cells were rinsed and then exposed for 20 minutes to WB containing the test agent (or just WB as 

a control).  Following this preincubation, uptake of radiolabeled substrate was measured (in the 

absence of the preloaded compound) as outlined above.   

Data Analysis:  Uptake in OCT2-expressing cells was corrected for transport measured in wild-

type CHO cells determined under the same experimental conditions and reported as a mean + SE 

or mean + SD as indicated for each data set.   The significance of observed differences used 
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simple t-tests or ANOVA (with Tukey's multiple comparisons test), as appropriate, with 

differences at the 0.05 level considered to be significant. Analyses used either Excel 2007 

(Microsoft, Redmond, WA) or Prism 6 (GraphPad, La Jolla, CA). 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 14, 2017 as DOI: 10.1124/jpet.117.242552

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #242552  page 9  

 

Results 

Figure 1 shows the time course of uptake (expressed as clearance) of three ‘probe substrates’ for 

OCT2 (MPP, TEA and NBD-MTMA), two commonly used drugs (cimetidine and metformin) 

and one endogenous OC (choline).  Over the course of two minutes, uptake of all six substrates 

was adequately described as an exponential increase toward a constant, i.e., steady state 

accumulation.  Extrapolated rates of transport at time zero for each compound were calculated 

from their first order rate constants and plateau (‘steady state’) values.  For five of the six 

substrates these estimates of the ‘initial rate’ were within 30% of the rates of transport estimated 

from net accumulation at 30 seconds, whereas the rate of MPP transport was within 45%.  

Consequently, 30 sec uptakes were used for subsequent kinetic experiments.  

 Figure 2 shows representative examples of the kinetics of OCT2-mediated transport of 

the six test substrates.  Mediated transport of each was a saturable function of increasing 

substrate concentration that was adequately described by the Michaelis-Menten equation: 

 max

tapp

J [S]
J

K [S]



  Eq. 1 

where J is the rate of mediated transport from a substrate concentration of [S], Jmax is the 

maximal rate of mediated substrate transport, and Ktapp is the apparent Michaelis constant, i.e., 

the substrate concentration in the bulk medium that resulted in half maximal mediated transport.  

The kinetic values determined in five to nine separate experiments for each substrate are 

summarized in Table 1.  Jmax values ranged from ~30 pmol cm
-2

 min
-1

 (for MPP, cimetidine and 

NBD-MTMA) to as high as ~1000 pmol cm
-2

 min
-1

 (for metformin).  

In addition to reflecting Clint (Sjogren et al., 2009), the ratio of Jmax to Ktapp has been used 

as a measure of Transport Efficiency (TE; Schomig et al., 2006) because it is roughly analogous 

to enzymatic catalytic efficiency (kcat/Km) and, as such, it provides a useful means to compare the 
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relative influence of a transporter to the flux of its structurally distinct substrates (Eisenthal et al., 

2007).  Cimetidine had the lowest TE at 1.3 x 10
-3

 cm min
-1

 (or expressed as a ‘clearance,’ ~40 

µl mg
-1

 min
-1

), whereas MPP had the highest at 6.5 x 10
-3

 cm min
-1

 (~200 µl mg
-1

 min
-1

) (Table 

1).  Indeed, Schomig et al. (2006) found that OCT1, OCT2 and OCT3/EMT all display higher 

TEs for MPP transport than the other substrates they reviewed.  But it was noteworthy that of the 

six substrates studied here, the only TE values found to be different from one another were those 

for MPP and cimetidine (P < 0.05); the other values were neither different from one another nor 

from the other two substrates.  In other words, in our cells the average transport efficiency of 

OCT2 for its substrates was about ~3.2 (±0.8) x 10
-3

 cm min
-1

. 

The similarity of transport efficiency over a broad range of substrate structure and 

absolute rates of transport is evident in the relationship between increases in Jmax and 

corresponding increases in the apparent Kt for transport, shown in Figure 3.  For the six test 

substrates, there was a strong correlation (r = 0.93) between a decrease in the apparent affinity of 

OCT2 for a substrate and the maximal rate of transport of that compound (expressed as the log of 

each parameter).  At one end of the range, the Jmax for cimetidine transport of ~28 pmol cm
-2

 

min
-1

 was associated with a Ktapp of ~21 µM, whereas at the other extreme, metformin’s Jmax of 

~1000 pmol cm
-2

 min
-1

 was associated with a Ktapp of 500 µM.   

The correlation between low affinity of substrate for OCT2 and high rate of substrate 

uptake proved to be true for efflux, as well.   As a uniporter, OCT2 can support an electrogenic 

flux of organic cations (its normal mode of operation) or, alternatively, an electroneutral 

exchange of these charged substrates (Budiman et al., 2000).  When operating as an exchanger, 

trans-oriented substrate gradients can stimulate transport from the cis compartment, resulting in 

classical trans-stimulation, or counterflow (e.g., Stein, 1986).  In light of the correlation between 
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maximum transport rate and apparent affinity of OCT2 for its substrates evident in Figure 3, we 

reasoned that oppositely oriented substrate gradients would stimulate transport of a probe 

substrate to a degree that was proportional to the trans compound’s affinity for the transporter.  

To test this, we assembled eight known substrates of OCT2, and four inhibitors of OCT2-

mediated transport, and assessed their relative affinity for the transporter by determining their 

IC50 values for inhibition of MPP transport.  As expected, increasing concentrations of each 

compound resulted in increasing inhibition of OCT2-mediated MPP transport (Fig. 4), which 

was described by the relationship: 

 

*

*

MPP *

appMPP

50

J [MPP ]
J

IC [I]



  eq. 2 

where [I] is the concentration of inhibitor, J
MPP*

 is the rate of OCT2-mediated transport of 

[
3
H]MPP from a concentration equal to [MPP*] (~10 nM); IC50 is the concentration of inhibitor 

that reduces mediated (i.e., inhibitable) substrate transport by 50% (note: MPP uptake at each 

inhibitor concentration was corrected for uptake measured in wild type CHO cells); and 
*MPP

appJ is a 

constant that includes the maximal rate of MPP transport times the ratio of the inhibitor IC50 and 

the Ktapp for transport of MPP (Groves et al., 1994).  Because the nM concentration of [
3
H]MPP 

was much less than its Ktapp (6.5 µM), the IC50 values represent a reasonable approximation of 

each inhibitor’s Ki.  Resulting IC50 values were as low as 0.8 µM (for ethidium) to as large as 

435 µM (for choline) (Table 2).     

We then determined the effect on [
3
H]MPP uptake of preincubating the cells in 

concentrations of each compound at least 2-fold, and generally >5-fold, larger than its IC50 (Fig. 

5).  There was a significant correlation between apparent affinity for OCT2 (i.e., IC50) and the 
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rate of [
3
H]MPP uptake produced by preloading the cells with the six test substrates; the degree 

of trans stimulation increased as apparent affinity for the transporter decreased (black circles in 

Fig. 5).  This correlation was extended by the influence on MPP uptake of preloading the cells 

with two other known OCT substrates:  ethidium and TMA.  Whereas the high affinity substrate 

ethidium (IC50 of 0.8 µM and Ktapp of ~2 µM; Lee et al., 2009) had comparatively little effect on 

the rate of MPP uptake, the low affinity substrate TMA (Dresser et al., 2000) supported a marked 

stimulation of MPP transport (gray filled circles in Fig. 5).  Two compounds shown previously to 

be non-transported inhibitors of OCT2, quinidine (Arndt et al., 2001) and diphenidol (Harper and 

Wright, 2012), and the known OCT2 inhibitor imipramine (Zolk et al., 2009), trans-inhibited 

MPP uptake (open circles in Fig. 5).  Preincubating cells with tramadol, a substrate for OCT1 

(Stamer et al., 2016), resulted in a modest, though not significant, stimulation of MPP transport.  
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Discussion 

 The ‘multisubstrate specificity’ of renal organic cation secretion was established by Karl 

Ullrich (1994), and since his seminal studies (Ullrich et al., 1991; Ullrich et al., 1992; David et 

al., 1995; Ullrich and Rumrich, 1996) the ability of the underlying molecular processes, i.e., the 

OCTs and MATEs, to transport compounds of broadly diverse structure has been clearly 

established (Nies et al., 2011; Pelis and Wright, 2011).  The first step in renal secretion – 

substrate uptake from blood into proximal tubule cells – is mediated by OCTs, and in humans 

OCT2 is the dominant process.  Over the last 20 years, the kinetics of OCT2-mediated transport 

have been reported for a structurally diverse range of compounds (Nies et al., 2011).  But 

interstudy comparisons of kinetic parameters are rife with caveats.  Indeed, marked differences 

in kinetic values obtained by different lab groups (that often use different experimental and 

analytical methodologies) have plagued the study of membrane transport (e.g., Bentz et al., 

2013).  Nevertheless, the comparatively large database for such studies (see Nies et al., 2011, and 

Supplemental Table 1) invites examination of the relationship between reported values for Jmax 

for different OCT2 substrates and their associated apparent Kt values.  As shown in Figure 6, 

these data suggest that there is an inverse correlation between the apparent affinity of OCT2 for a 

substrate and its maximal rate of transport.  The results of the current study confirmed this 

general observation (the gray shaded data points in Fig. 6) and support the hypothesis that there 

is a systematic relationship between the affinity of OCT2 for a substrate and the maximal rate of 

that substrate’s transport. 

 However, it should be noted that increases in apparent Kt values are an expected 

consequence of increases in Jmax simply owing to the influence of unstirred waters layers 

(UWLs; Winne, 1973; Barry and Diamond, 1984).  For carrier-mediated uptake into cells, 
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transport activity reduces the concentration of substrate in the layer of effectively static fluid 

immediately adjacent to the extracellular face of the membrane, the UWL, thereby establishing a 

gradient of substrate concentration between the surface of the membrane and the (well-stirred) 

bulk medium.  Consequently, the concentration of substrate in the experimental solution is 

greater than that actually available to the transporter, so ‘apparent’ Kt values (Ktapp) determined 

experimentally overestimate the actual concentration of substrate required to half-saturate the 

transporter.  The ‘bias’ that an UWL introduces into measured values of Ktapp is directly 

proportional to the Jmax of the transport process (Winne, 1973).  We recently showed that simply 

changing the number of transporters expressed in the plasma membrane, thereby changing Jmax, 

can result in 5 to 10-fold changes in the measured Ktapp values for OCT2-mediated transport of 

TEA and MPP (Shibayama et al., 2015).  At steady state, the influence of UWLs and Jmax on an 

experimentally determined Kt value is given by: 

tapp t maxK K J
2D

 
   

 
 eq. 3 

where Ktapp is the experimentally determined Michaelis constant, Kt is the ‘true’ Michaelis 

constant of the transporter, Jmax is the maximal rate of mediated transport, D is the diffusion 

coefficient of the transported substrate (approx. 6 x 10
-6

 cm
2
 sec

-1
 for molecules the size of MPP 

or other small organic cations; Avdeef et al., 2004), and δ is the thickness of the UWL.  The 

effective thickness of UWLs in unstirred multi-well plates has been measured using a variety of 

techniques with average values being on the order of 1500 microns (Korjamo et al., 2009).  

Using that value and a Jmax of 1000 pmol cm
-2

 min
-1

 (the value we measured for metformin 

transport and the upper end of Jmax values reported in the literature for OCT2-mediated transport; 

Fig. 6), the ‘bias’ introduced to steady state estimates of Kt is on the order of 200 µM.  By this 
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reasoning, our measured value of ~500 µM for the Ktapp for metformin transport could reflect a 

‘true’ Kt of ~300 µM.  By similar logic, the smaller Jmax for MPP transport (~35 pmol cm
-2

 min
-1

) 

suggests that measured Kt values should overestimate the true value by ~7 µM.  However, these 

calculations assume the concentration of substrate at the membrane is at steady state during the 

entire course of measurement, reflecting the impact of the UWL on establishing a constant 

gradient in concentration between the membrane surface and the bulk medium.  In fact, this is 

not the case.  The substrate concentration at the membrane immediately following addition of an 

experimental solution is actually zero, owing to the presence of substrate-free medium at the 

membrane surface that remains even after thorough aspiration of pre-incubation media.  

Although substrate quickly diffuses through this layer, the ensuing activity of the transporter 

begins to influence the concentration.  The steady state condition was assumed in all previous 

assessments of the impact of UWLs on transport kinetics (Winne, 1973; Thomson and Dietschy, 

1977; Balakrishnan et al., 2007), but it takes several minutes of unabated transport activity 

before the ‘steady state’ condition reflected in the relationship derived by Winne (1973) is 

established.  Our modeling of this effect indicates that, during the course of the 30 sec uptakes 

we used in our studies, the concentration of substrate at the membrane was both constantly 

changing and, on average, higher than expected at steady state, thereby blunting the influence of 

UWLs on the measured Kt (unpublished observations).  Consequently, at the low end of the Jmax 

range (e.g., MPP, cimetidine), Kt values may have been overestimated by 1-3 µM (rather than 7 

µM), whereas at the high end (metformin, choline), the overestimate was likely on the order of 

100 µM (rather than 200 µM).  Thus, although the ubiquitous presence of UWLs will contribute 

to the relationship between Jmax and Ktapp apparent in Figures 3 and 6, it cannot account for the 

bulk of this correlative effect.  Supporting this conclusion we to point to the trans stimulation of 
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MPP uptake produced by preloading cells with OCT2 substrates.  Despite the fact that there 

would have been no substantive UWL at the cytoplasmic face of the protein to influence the 

interaction of the preloaded substrate with the transporter, the correlation between maximal rate 

of transport and the apparent affinity of substrate for the transporter was observed. 

 It is also worth commenting on the influence of preloading cells with non-transported 

inhibitors of OCT2 on the rate of substrate uptake.  Diphenidol was an effective inhibitor of 

OCT2 (IC50 of 34 µM), but is not itself transported by OCT2 (Harper and Wright, 2012).  As a 

weak base (pKa of 9.2), a modest rate of diffusion of the uncharged species would, however, be 

expected to occur, leading to its gradual intracellular accumulation during the 20 min 

preincubation in 500 µM diphenidol.  Intracellular diphenidol would likely bind to the 

cytoplasmic face of the transporter, and its failure to support the conformational changes 

required for translocation would be expected to result in a trans inhibition of MPP uptake, as 

noted in Figure 5.  Although the transportability of quinidine by OCT2 has not been clearly 

established, its enantiomer, quinine, is a non-transported inhibitor of OCT2 (Arndt et al., 2001), 

so the trans inhibition produced by preincubating cells in a 500 µM concentration this weak base 

was also expected. 

 The Jmax of substrate transport into a cell is the product of the number of functional 

transporters expressed at the membrane and the turnover number (TN) of each transporter (the 

number of substrate molecules it can translocate from one side of the membrane to the other per 

unit time under saturating conditions).  Assuming that the transport process is adequately 

described by the ‘alternating access’ model (Kaback et al., 2011), the TN is influenced by the 

rate of interconversion of the outward- and inward-facing forms of the carrier and/or the rate of 

dissociation of substrate from the carrier (Stein, 1986).  Our observation that the line of stably 
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expressing CHO cells that supported OCT2-mediated transport of different substrates at maximal 

rates that varied by almost 40-fold suggests that the TN of OCT2 can vary by that amount, 

depending on substrate identity. That TNs varied inversely with apparent affinity of OCT2 for 

substrate invites the suggestion that substrate dissociation may be rate-limiting to the rate of 

transport.  But identifying the basis for transporter TN is difficult because we lack information 

on rates of substrate association (kon; M
-1

 sec
-1

) with, and dissociation (koff; sec
-1

) from, the 

carrier. However, Stein (1986) described a method that permits a tentative test of the hypothesis 

that substrate dissociation is the rate-limiting element of transporter turnover.  The argument 

makes the temporary assumption that TN is given by koff.  Given that the dissociation constant 

for substrate binding to the transporter, KD, is equal to koff/kon, one calculates an estimate for kon 

from koff/KD, identified tentatively as TN/Kt, and then compares the estimated kon to a range of 

‘likely’ values for that parameter.  This comparison takes advantage of the existing database for 

small ligand interactions with their binding partners.  Rates of association for ligands can range 

from 10
4
 to 10

9
 M

-1
 sec

-1
.  However, the applicable range can be narrowed markedly by 

considering a range of measured kon values for low molecular weight ligands with their protein 

binding partners; from about 1 x 10
5
 M

-1
 sec

-1
 to about 1 x 10

7
 M

-1
 sec

-1
 (e.g., Stein, 1986; 

Bloom et al., 1987; Wright et al., 1992; Kapur and Seeman, 2000).  Moreover, there is evidence 

that large differences in KD values observed for a range of structurally distinct ligands generally 

reflect changes in koff, rather than kon, which tend to be relatively constant (Tummino and 

Copeland, 2008).  For the current purpose, we use 10
5
 to 10

7
 M

-1
 sec

-1
 for the range of likely kon 

values for OCT2 substrates.  The TN of OCT2 for transport of atenolol at 37
o
C has been 

estimated from the kinetics of its transport and measurement of the number of (total) OCT2 

transporters expressed in the HEK 293 expression system used in the study (Yin et al., 2015); the 
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resulting TN was ~3 sec
-1

.  The range of TN values for transporters is generally reported as 10 – 

2000 sec
-1

 (Stein and Litman, 2015), and for the current purpose we will use the range 1 to 1000 

sec
-1

.  As shown in Figure 6, Michaelis constants reported in the literature for OCT2-mediated 

transport range from ~1 µM to ~1000 µM, and we will use this range.  Figure 7 shows a matrix 

of estimated kon values for physiologically relevant pairs of TN and Kt values, and values lying 

within the ‘likely’ range of association rates are highlighted.  In fact, those highlighted values 

represent the majority of those in the matrix and, as expected, show a clear correlation between 

high TN (i.e., high Jmax) and high Kt (i.e., low affinity), consistent with the observed correlation 

between those parameters and supporting the hypothesis that dissociation of substrate from the 

carrier is rate-limiting for establishing maximal rates of OCT2-mediated transport. 

 Jmax and Kt values for drug transporters determined from in vitro experiments are playing 

an increasingly important role in physiologically-based pharmacokinetic modeling (PBPK; 

Harwood et al., 2013; Burt et al., 2016).  When interpreted as a measure of Clint, the ratio of Jmax 

to Kt is an element of the scaling factors used for the in vitro-in vivo extrapolation (IVIVE) 

required for mechanistic PBPK (Harwood et al., 2013).  If future work confirms the rate-limiting 

impact of apparent affinity of OCT2 for substrate on the maximal rate of transport, then 

establishing Clint of an in vitro system for several substrates may provide scaling factors that are 

common for a wide range of OCT2 substrates for which direct transport data are not available. 

In summary, maximal rates of OCT2-mediated uptake for an array of structurally distinct 

substrates were inversely correlated with the apparent affinity of the transporter for these 

compounds. Similarly, the rate of trans stimulation of transport activity produced by preloading 

cells with a structurally diverse range of known OCT2 substrates was inversely correlated with 

the apparent affinity of the transporter for the preloaded compound.  The correlation between 
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affinity of OCT2 for a substrate and the maximal rate of transport of that compound was 

consistent with the hypothesis that the rate limiting step in OCT2-mediated transport is 

dissociation of substrate from the transporter (rather than differences in the rate of 

conformational changes associated with translocation of structurally distinct substrates).  These 

observations may provide useful insights for applying scaling factors for OCT2 activity required 

for mechanistic PBPK modeling of novel compounds for which direct transport data is lacking. 
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Figure Legends 

Figure 1.  Time course of OCT2-mediated transport of six structurally diverse substrates, 

expressed as clearance.  Each point is the mean (±SE) of two separate experiments each 

performed in quintuplicate.  The substrate concentrations of [
3
H]labeled MPP, TEA, cimetidine, 

NBD-MTMA and choline ranged from 10 to 12 nM; [
14

C]metformin concentration was ~12 µM.  

Each uptake was corrected for substrate accumulation measured in non OCT2-expressing cells.  

Lines reflect best fits of first order association (Prism, GraphPad, San Diego, CA). 

 

Figure 2.  Kinetics of OCT2-mediated uptake of the six structurally distinct test substrates.  Each 

plot shows data from a representative experiment (see Table 1 for compiled data).  The data 

points reflect mean uptake (±SE) from 5 to 6 replicate wells.  The lines reflect best fits of the 

Michaelis-Menten equation (Prism). 

 

Figure 3.  Relationship between Jmax and apparent Kt for the six test substrates.  Each point is the 

mean value (±SE) for 5 to 9 separate determinations of the kinetics of OCT2-mediated transport. 

 

Figure 4.  Determination of IC50 values for inhibition of OCT2-mediated MPP transport 

produced by eight OCT2 substrates and four inhibitors of OCT2-mediated transport.  Each figure 

shows inhibition of [
3
H]MPP transport (~10 nM; 30 sec uptake), expressed as % of control 

uptake, averaged for 2 to 4 separate experiments for each inhibitor (see Table 2).  The listed IC50 

values reflect the average of the values obtained in the individual experiments with each test 

agent. 
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Figure 5.  Relationship between IC50 values for inhibition of OCT2-mediated MPP transport and 

the degree of stimulation of MPP uptake resulting from preloading cells with test compound.  

Each point is the average (±SE) of trans-stimulation measured in 4 to 7 separate experiments 

with the test compounds, plotted as a function of their respective IC50 values (from Table 2). * 

indicates a difference (relative to control uptake) significant at P <0.05. 

 

Figure 6.  Relationship between Jmax and apparent Kt values for OCT2-mediated transport of 23 

distinct substrates.  Solid black circles show values reported in the literature (see Supplemental 

Table 1 for a list of these values and the corresponding references).  Solid red circles show the 

values for the six substrates used in the present study.  The line is simple linear regression of 

these data (Prism). 

 

Figure 7.  Calculated association rates (kon; M
-1

 sec
-1

) for a range of likely Kt (µM) and Turnover 

Number (sec
-1

) values for substrate interaction with OCT2.  The bold/highlighted values 

represent kon values considered most likely relevant for low molecular weight interactions of the 

type anticipated to occur between OCT2 and its substrates. (See text for discussion) 
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Table 1.   

Kinetics of OCT2-mediated transport of the indicated substrates.  Transport efficiency reflects 

the ratio Jmax/Ktapp. 

 

 

 

 

 

 

 

 

 

 

  

Substrate Jmax (±SE) 

(pmol cm
-2

 min
-1

) 

Ktapp (±SE) 

(µM) 

Transport Efficiency 

(10
-3

 cm min
-1

) 

n 

MPP 35.2 ±9.1 5.1 ± 0.8 6.5 ± 1.4 9 

NBD-MTMA 36.2 ± 5.5 14.5 ± 4.0 3.0 ± 0.3 9 

Cimetidine 27.7 ± 7.5 20.8 ± 2.8 1.3 ± 0.3 6 

TEA 276 ± 125 71.9 ± 9.9 4.7 ± 2.8 6 

Choline 673 ± 116 465 ± 116 1.6 ± 0.1 5 

Metformin 1046 ± 171 518 ± 45 2.0 ± 0.2 8 
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Table 2.  

IC50 values for inhibition of OCT2-mediated transport of MPP.  In each experiment rates of 

transport were based on 30 sec uptakes of 10-20 nM 
3
H]MPP in the presence of increasing 

concentrations (typically eight concentrations) of test inhibitor (n=4-6 wells of a 96 well plate for 

each concentration).  ‘n’ refers to the number of separate experiments performed.   

 

  
Inhibitor IC50 (µM) n 

Ethidium 0.8 ± 0.1 2 

MPP 7. 1 

Imipramine 28.9 ± 15.7 3 

Diphenidol 34.3 ± 7.9 5 

NBD-MTMA 46 ± 20 2 

TEA 77 ± 3 2 

Quinidine 92.6 ± 29.1 6 

Cimetidine 113 ± 53 2 

Tramadol 140.1 ± 31.9 3 

Metformin 223 ± 30 4 

TMA 301 ± 15 2 

Choline 435 ± 153 2 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Supplemental Table 1 

Literature values for the kinetics of OCT2-mediated transport (included in Figure 7) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

†Jmax values reported in pmols mg
-1

 min
-1

 were converted 

rates per unit area using the factor 0.035 mg/cm
2
. 

  

Substrate Jmax 
(pmol cm-2 min-1)† 

Ktapp 
(µM) 

reference 

Agmatine 403 1400 (7) 

Aminoguanidine 154 4100 (12) 

Amisulpride 3.5 168 (5) 

Atenolol 64.3 280 (31) 

Berberine 6.8 4.4 (19) 

Berberine 3.2 1.0 (24) 

Cimetidine 76.0 73.0 (25) 

Creatinine 823 4000 (29) 

Cyclo(His-Pro) 105 74.0 (26) 

Guanfacine 456 96.2 (15) 

Lamivudine 273 1900 (17) 

Lamivudine 38.5 248 (10) 

Metformin 700 1050 (8) 

Metformin 417 1380 (13) 

Metformin 412 3356 (32) 

Metformin 350 1066 (14) 

Metformin 143 2399 (17) 

Metformin 67.2 215 (30) 

Metformin 0.77 660 (1) 

MPP 102 10.0 (17) 

MPP 101 29.4 (11) 

MPP 87.5 24.5 (27) 

MPP 32.4 23.9 (20) 

MPP 22.8 9.4 (3) 

MPP 13.0 7.8 (7) 

MPP 4.5 22.2 (6) 

MPP 2.8 40.7 (1) 

Nadolol 1.8 122 (18) 

NBD-MTMA 3.8 9.6 (3) 

Paraquat 6.1 114 (4) 

Ranitidine 9.3 65 (25) 

Rhodamine 1.4 0.61 (9) 

Salsolinol 94.5 130 (26) 

Serotonin 94.5 278 (30) 

Sulpride 15.4 187 (5) 

TEA 805 500 (27) 

TEA 132.0 431 (28) 

TEA 48.5 20 (21) 

TEA 15.9 46 (23) 

TEA 4.00 109 (22) 

TEA 3.9 28.5 (2) 

Veliparib 13.4 44.6 (11) 

YM155 11.3 2.7 (16) 

Zalcitabine 21 232 (10) 



 
References 

 

1. Bachmakov I, Glaeser H, Endress B, Morl F, Konig J, and Fromm MF. Interaction of beta-blockers with 

the renal uptake transporter OCT2. Diabetes Obes Metab 11: 1080-1083, 2009. 

2. Barendt WM, and Wright SH. The human organic cation transporter (hOCT2) recognizes the degree of 

substrate ionization. J Biol Chem 277: 22491-22496, 2002. 

3. Belzer M, Morales M, Jagadish B, Mash EA, and Wright SH. Substrate-dependent ligand inhibition of the 

human Organic Cation Transporter, OCT2. J Pharmacol Exp Ther 346: 300-310, 2013. 

4. Chen Y, Zhang S, Sorani M, and Giacomini KM. Transport of paraquat by human organic cation 

transporters and multidrug and toxic compound extrusion family. J Pharmacol Exp Ther 322: 695-700, 

2007. 

5. Dos Santos Pereira JN, Tadjerpisheh S, Abed MA, Saadatmand AR, Weksler B, Romero IA, Couraud 

PO, Brockmoller J, and Tzvetkov MV. The poorly membrane permeable antipsychotic drugs amisulpride 

and sulpiride are substrates of the Organic Cation Transporters from the SLC22 family. The AAPS journal 

16: 1247-1258, 2014. 

6. Dudley AJ, Bleasby K, and Brown CD. The organic cation transporter OCT2 mediates the uptake of beta-

adrenoceptor antagonists across the apical membrane of renal LLC-PK(1) cell monolayers. Br J Pharmacol 

131: 71-79, 2000. 

7. Grundemann D, Hahne C, Berkels R, and Schomig E. Agmatine is efficiently transported by non-neuronal 

monoamine transporters extraneuronal monoamine transporter (EMT) and organic cation transporter 2 

(OCT2). J Pharmacol Exp Ther 304: 810-817, 2003. 

8. Ito S, Kusuhara H, Yokochi M, Toyoshima J, Inoue K, Yuasa H, and Sugiyama Y. Competitive 

inhibition of the luminal efflux by multidrug and toxin extrusions, but not basolateral uptake by organic 

cation transporter 2, is the likely mechanism underlying the pharmacokinetic drug-drug interactions caused 

by cimetidine in the kidney. J Pharmacol Exp Ther 340: 393-403, 2012. 

9. Jouan E, Le VM, Denizot C, Da VG, and Fardel O. The mitochondrial fluorescent dye rhodamine 123 is a 

high-affinity substrate for organic cation transporters (OCTs) 1 and 2. Fundam Clin Pharmacol 2012. 

10. Jung N, Lehmann C, Rubbert A, Knispel M, Hartmann P, van Lunzen J, Stellbrink HJ, 

Faetkenheuer G, and Taubert D. Relevance of the organic cation transporters 1 and 2 for antiretroviral 

therapy in human immunodeficiency virus infection. Drug Metab Dispos 2008. 

11. Kikuchi R, Lao Y, Bow DA, Chiou WJ, Andracki ME, Carr RA, Voorman RL, and De Morais SM. 

Prediction of clinical drugdDrug interactions of veliparib (ABT-888) with human renal transporters (OAT1, 

OAT3, OCT2, MATE1, and MATE2K). J Pharm Sci 102: 4426-4432, 2013. 

12. Kimura N, Masuda S, Katsura T, and Inui K. Transport of guanidine compounds by human organic 

cation transporters, hOCT1 and hOCT2. Biochem Pharmacol 77: 1429-1436, 2009. 

13. Kimura N, Okuda M, and Inui K. Metformin transport by renal basolateral organic cation transporter 

hOCT2. Pharm Res 22: 255-259, 2005. 

14. Kusuhara H, Ito S, Kumagai Y, Jiang M, Shiroshita T, Moriyama Y, Inoue K, Yuasa H, and 

Sugiyama Y. Effects of a MATE protein inhibitor, pyrimethamine, on the renal elimination of metformin at 

oral microdose and at therapeutic dose in healthy subjects. Clin Pharmacol Ther 89: 837-844, 2011. 

15. Li X, Sun X, Chen J, Lu Y, Zhang Y, Wang C, Li J, Zhang Q, Zhao D, and Chen X. Investigation of 

the role of organic cation transporter 2 (OCT2) in the renal transport of guanfacine, a selective alpha-

adrenoreceptor agonist. Xenobiotica 1-7, 2014. 

16. Minematsu T, Iwai M, Umehara K, Usui T, and Kamimura H. Characterization of human organic cation 

transporter 1 (OCT1/SLC22A1)- and OCT2 (SLC22A2)-mediated transport of 1-(2-methoxyethyl)-2-

methyl-4,9-dioxo-3-(pyrazin-2-ylmethyl)- 4,9-dihydro-1H-naphtho[2,3-d]imidazolium bromide (YM155 

monobromide), a novel small molecule survivin suppressant. Drug Metab Dispos 38: 1-4, 2010. 

17. Minuesa G, Volk C, Molina-Arcas M, Gorboulev V, Erkizia I, Arndt P, Clotet B, Pastor-Anglada M, 

Koepsell H, and Martinez-Picado J. Transport of lamivudine [(-)-beta-L-2',3'-dideoxy-3'-thiacytidine] and 

high-affinity interaction of nucleoside reverse transcriptase inhibitors with human organic cation 

transporters 1, 2, and 3. J Pharmacol Exp Ther 329: 252-261, 2009. 



18. Misaka S, Knop J, Singer K, Hoier E, Keiser M, Muller F, Glaeser H, Konig J, and Fromm MF. The 

Nonmetabolized beta-Blocker Nadolol Is a Substrate of OCT1, OCT2, MATE1, MATE2-K, and P-

Glycoprotein, but Not of OATP1B1 and OATP1B3. Mol Pharm 2016. 

19. Nies AT, Herrmann E, Brom M, and Keppler D. Vectorial transport of the plant alkaloid berberine by 

double-transfected cells expressing the human organic cation transporter 1 (OCT1, SLC22A1) and the 

efflux pump MDR1 P-glycoprotein (ABCB1). Naunyn Schmiedebergs Arch Pharmacol 376: 449-461, 2008. 

20. Otter M, Oswald S, Siegmund W, and Keiser M. Effects of frequently used pharmaceutical excipients on 

the organic cation transporters 1-3 and peptide transporters 1/2 stably expressed in MDCKII cells. Eur J 

Pharm Biopharm 112: 187-195, 2017. 

21. Pelis RM, Dangprapai Y, Wunz TM, and Wright SH. Inorganic mercury interacts with cysteine residues 

(C451 and C474) of hOCT2 to reduce its transport activity. Am J Physiol Renal Physiol 292: F1583-F1591, 

2007. 

22. Pelis RM, Suhre WM, and Wright SH. Functional influence of N-glycosylation in OCT2-mediated 

tetraethylammonium transport. Am J Physiol Renal Physiol 290: F1118-1126, 2006. 

23. Suhre WM, Ekins S, Chang C, Swaan PW, and Wright SH. Molecular determinants of 

substrate/inhibitor binding to the human and rabbit renal organic cation transporters hOCT2 and rbOCT2. 

Mol Pharmacol 67: 1067-1077, 2005. 

24. Sun S, Wang K, Lei H, Li L, Tu M, Zeng S, Zhou H, and Jiang H. Inhibition of organic cation 

transporter 2 and 3 may be involved in the mechanism of the antidepressant-like action of berberine. Prog 

Neuropsychopharmacol Biol Psychiatry 49: 1-6, 2014. 

25. Tahara H, Kusuhara H, Endou H, Koepsell H, Imaoka T, Fuse E, and Sugiyama Y. A species 

difference in the transport activities of h2 receptor antagonists by rat and human renal organic anion and 

cation transporters. J Pharmacol Exp Ther 315: 337-345, 2005. 

26. Taubert D, Grimberg G, Stenzel W, and Schomig E. Identification of the endogenous key substrates of 

the human Organic Cation Transporter OCT2 and their implication in function of dopaminergic neurons. 

PLoS ONE 2: e385, 2007. 

27. Umehara KI, Iwatsubo T, Noguchi K, and Kamimura H. Comparison of the kinetic characteristics of 

inhibitory effects exerted by biguanides and H2-blockers on human and rat organic cation transporter-

mediated transport: Insight into the development of drug candidates. Xenobiotica 37: 618-634, 2007. 

28. Urakami Y, Akazawa M, Saito H, Okuda M, and Inui K. cDNA cloning, functional characterization, and 

tissue distribution of an alternatively spliced variant of organic cation transporter hOCT2 Predominantly 

Expressed in the Human Kidney. J Am Soc Nephrol 13: 1703-1710, 2002. 

29. Urakami Y, Kimura N, Okuda M, and Inui K. Creatinine transport by basolateral organic cation 

transporter hOCT2 in the human kidney. Pharm Res 21: 976-981, 2004. 

30. Wang K, Sun S, Li L, Tu M, and Jiang H. Involvement of organic cation transporter 2 inhibition in 

potential mechanisms of antidepressant action. Prog Neuropsychopharmacol Biol Psychiatry 53: 90-98, 

2014. 

31. Yin J, Duan H, Shirasaka Y, Prasad B, and Wang J. Atenolol renal secretion is mediated by human 

Organic Cation Transporter 2 and Multidrug and Toxin Extrusion proteins. Drug Metab Dispos 43: 1872-

1881, 2015. 

32. Zolk O, Solbach TF, Konig J, and Fromm MF. Structural determinants of inhibitor interaction with the 

human organic cation transporter OCT2 (SLC22A2). Naunyn Schmiedebergs Arch Pharmacol 379: 337-

348, 2009. 

 


