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Abstract

Previous studies point to quaternary assembly of dopamine transporters (DATs) in oligomers. 

However, it is not clear whether the protomers function independently in the oligomer. Is each 

protomer an entirely separate unit that takes up dopamine and is inhibited by drugs known to 

block DAT function? In this work, human embryonic kidney 293 cells were co-transfected with 

DAT constructs possessing differential binding affinities for the phenyltropane cocaine analog, 

[3H]WIN35,428. It was assessed whether the binding properties in co-expressing cells capable of 

forming hetero-oligomers differ from those in preparations obtained from mixed singly transfected 

cells where such oligomers cannot occur. A method is described that replaces laborious “mixing” 

experiments with an in silico method predicting binding parameters from those observed for the 

singly expressed constructs. Among 5 pairs of constructs tested, statistically significant 

interactions were found between protomers of wild-type (WT) and D313N, WT and D345N, and 

WT and D436N. Compared with predicted Kd values of [3H]WIN35,428 binding to the non-

interacting pairs, the observed affinity of the former pair was increased 1.7 fold while the latter 

two were reduced 2.2 and 4.1 fold, respectively. This is the first report of an influence of protomer 

composition on the properties of a DAT inhibitor, indicating cooperativity within the oligomer.
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Introduction

Abundant evidence points to the quaternary assembly of biogenic amine transporters into 

oligomers as studied with radiation inactivation, co-immunoprecipitation, Ni2+-

chromatography, cross-linking, and FRET (Berger et al. 1994; Milner et al. 1994; Hastrup et 

al. 2001; 2003; Sitte and Freissmuth 2003; Sorkina et al. 2003; Sitte et al. 2004; Just et al. 

2004; Chen and Reith 2008; Li et al. 2010). Additional support for oligomerization in this 

family of proteins has come from dominant-negative mutants. Indeed, Kitayama et al. 

(1999) showed that a splice variant at the 3′-region of the norepinephrine transporter was 

functionally inactive and interfered with the wild-type (WT)-like transport activity of 

another splice variant. Similarly, Torres et al. (2003) reported a dominant-negative effect on 

WT dopamine transporter (DAT) activity by co-expression of WT with the inactive mutant 

Y335A or D79G. For Y335A, there is the caveat of possible channel-like properties, as 

discussed by Sitte et al. (2004), in which mutation-induced effects could impair 

electrochemical gradients and thereby the function of WT DAT. The present work reduces 

possible effects of mutant DAT constructs from electrochemical gradient changes by 

studying binding of the phenyltropane cocaine analog CFT ((−)-2-β-carbomethoxy-3-β-(4-

fluorophenyl)tropane = WIN 35,428) (Li et al. 2010; Schmitt and Reith 2011) which is 

independent of membrane potential (Billaud et al. 1993; Chen and Reith 2004; Zhen et al. 

2005). This measure is used here to assess whether protomers in an oligomeric DAT 

assembly can affect each other’s function. To that end, we co-transfected human embryonic 

kidney (HEK) 293 cells with DAT constructs possessing differential binding affinity for 

[3H]CFT. The main objective was to determine whether the formation of DAT hetero-

oligomers in co-transfected cells results in inhibitor binding properties that differ from 

singly transfected cells. The present results document instances of protomer interactions 

altering the resultant CFT binding properties.

Materials and methods

Expression of DAT cDNA constructs, cell culture and transfection

Human embryonic kidney cells (HEK-293, ATCC CRL1573) were maintained in Dulbecc’s 

modified Eagle’s medium supplemented with 10% fetal calf serum at 37°C and 5% CO2. 

For transient expression, total 16 μg of plasmid(s) and 40 μL of Lipofectamine 2000 

(Invitrogen, Grand Island, NY) were used for transfection per 10-cm culture Petri dish of 

cells. To study whether protomers interacted, we co-transfected cells with two full-length 

DAT cDNA constructs, at 1:1 ratio (8 μg each) or with each construct (16 μg). Binding 

assays were performed approximately 48 hours after transfection. For “mixing” experiments 

(see below), stably expressing cell lines were used and prepared as described previously 

(Chen et al. 2001; Chen et al. 2004a; Chen et al. 2004b; Liang et al. 2009; Li et al. 2010).

Binding assays and data analysis

Saturation analysis of [3H]WIN35,428 (CFT) binding to intact cells was measured in 96-

well plates with modified Krebs–Ringer–HEPES buffer in triplicate as described in our 

previous work (Liang et al. 2009; Schmitt and Reith 2011). Increasing concentrations of 

non-radioactive CFT were included in the assay mixture to generate final CFT 
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concentrations of 2, 6, 14, 30, or 100 nM. Nonspecific binding was defined with 1 μM CFT. 

The equilibrium dissociation constant (Kd) for CFT binding, and the maximal CFT-binding 

capacity (Bmax) were estimated by nonlinear regression fitting of data with RADLIG 

software (KELL program; Biosoft, Cambridge, UK). To detect the interaction between the 

promoters, Kd and Bmax for [3H]CFT binding were determined with whole cell suspensions 

prepared from hDAT stably-transfected (table 1) or transient-transfected HEK-293 cells 

(table 2) as indicated in text.

In the notation used by Rosenthal (Rosenthal 1967), [b1] and [b2] denote the concentration 

of ligand bound to population 1 and 2 of binding sites, i.e. [3H]WIN35,428 bound to the two 

hDAT constructs. Thus,  in which [u] is 

the concentration of free ligand (free [3H]WIN35,428). For a graphical representation in a 

Scatchard plot, one can calculate for each concentration of CFT the x and y value of each 

data point as ([b1] + [b2]) and  (Rosenthal 1967). The predicted specific values of 

[3H] WIN 35,428 binding to non-interacting protomers were computed for each combination 

of WT and mutant DAT (simple mixing or co-transfection) from the observed Kd and Bmax 

of each construct from the same set of one-site binding experiments. Since the total amount 

of DNA in co-transfection was kept the same as in single-transfection, half of each hDAT 

construct was used under the co-transfection conditions. Thus, in these cases, observed 

Bmax1 and Bmax2 values were divided by 2 in the above equations. The in silico generated 

data points (for 2, 6, 14, 30, or 100 nM CFT) were then subjected to LIGAND non-linear 

computer fitting (Kurian et al. 2009) to simulate a binding experiment on co-expressed DAT 

constructs forming hetero-oligomers consisting of non-interacting protomers. The results of 

this simulated experiment were then compared with observations on co-expressed DAT 

constructs or cell mixtures of cultures expressing each construct individually. Observed 

binding parameters were statistically compared with the corresponding predicted values by 

one-sample Student’s t-test (two-sided); the null hypothesis (i.e., the observed binding 

parameter is equal to the predicted value) was rejected when P < 0.05. For graphical 

presentation, Scatchard plots were generated for constructs expressed separately and 

together, and for “mixing” experiments.

Surface DAT studied by biotinylation

In separate experiments, the effect of co-expressing one construct with another on surface 

DAT was assessed by biotinylation with SulfoLink NHS-SS-biotin (ThermoScientific, 

Rockford, IL). Methods used were as described by us previously (Chen and Reith, 2008 and 

Li et al., 2010). Primary antibodies (mouse) were anti-MYC 9E10 (Santa Cruz 

Biotechnology, Dallas, TX; 1:500), anti-FLAG M2 antibody (Sigma-Aldrich, St. Louis, 

MO; 1:200), and anti-tubulin (Millipore, Temecula, CA; 1:5000). Secondary anti-mouse IgG 

antibody was from Thermoscientific (Rockford, IL). Immunoreactive protein bands were 

visualized with autoradiography film (Denville Scientific, South Plainfield, NJ). Films were 

scanned and band intensities were analyzed by densitometry using Image J software 

(National Institutes of Health, Bethesda, MD). To examine the amount of surface Myc- or 

Flag-tagged DAT compared to total DAT expression, the densitometric value for surface 
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DAT was divided by the densitometric value for total DAT normalized to tubulin. Flag-

DAT WT was set as 100% for normalization.

In preparing the present work for publication, the guide for ethical behavior in publishing 

research was followed as described in the COPE Report 2003 (available from the Committee 

on Publication Ethics (COPE)).

Results and Discussion

Co-expression experiments for studying DAT oligomers

For detecting a change in the phenotype of DAT oligomers upon changing the protomer 

composition, we combined DAT constructs displaying different affinities for [3H]CFT: 

W84L and D313N which have a lower Kd than WT; D345N and D436N which have a 

higher Kd than WT (Chen et al., 2001; 2004a; 2004b). Please see our previous report 

showing the formation of oligomers between these DAT constructs by co-

immunoprecipitation and cross-linking approaches (Li et al., 2010). In the present 

experiments, as in our previous work, cells were transiently co-transfected with 

differentially tagged DAT constructs by the application of 1:1 ratios of cDNA amounts. 

Previously, we showed that Flag- and Myc-DAT were equally expressed in total lysates of 

preparations co-transfected in this manner (Li et al., 2010). Here we show that co-expression 

of WT DAT and W84L does not affect expression of each other at the cell surface (Figs. 1A 

and B). The same conclusion can be drawn for all paired constructs in this work by 

examining the Bmax values of [3H]CFT binding for separately and dually transfected cells 

(see below). As we have reported previously, the Bmax value of [3H]CFT binding to intact 

cells is a measure of binding primarily to surface DAT because CFT binds poorly in the 

intracellular milieu at high K+ and low Na+ and because intact cell [3H]CFT binding can be 

completely inhibited by the impermeant substrate MPP+ (Chen et al., 2004b). The 

conclusion that surface DAT expression is similar for the different constructs is obviously 

important in the present analysis because of the need to avoid having the oligomer 

phenotype dominated by one of the two constructs used for pairing. One could argue it is 

also important in view of reports that inhibitor potency to some extent is a function of DAT 

expression at the surface (Surratt et al., 2007; Chen and Reith, 2007). However, this 

phenomenon is observed only in functional transport experiments and not in radioligand 

binding experiments such as those conducted here (Surratt et al., 2007; Chen and Reith, 

2007).

Validation of approach for detecting interacting DAT protomers: mixing experiments

The goal of the present study was to assess whether the binding properties in co-transfected 

cells (where oligomers containing the two different constructs can occur) differ from those 

in preparations obtained by mixing cells that had been separately transfected (where such 

oligomers cannot occur). Here we describe a method that replaces laborious “mixing” 

experiments with an in silico method predicting binding parameters from those observed for 

the singly expressed constructs. In the first set of experiments, a HEK-293 cell suspension 

stably expressing a single-type construct was mixed with a suspension expressing another 

single-type construct and assayed for [3H]CFT binding alongside the single-construct 
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suspensions. For a given combination of DAT constructs, the total binding predicted to 

occur to non-interacting protomers at each concentration of CFT (2, 6, 14, 30, or 100 nM) 

was computed from the average binding parameters (Kd and Bmax) of the singly expressed 

constructs as described in Materials and Methods. For graphical representation in a 

Scatchard plot, the bound over free values for these points were also calculated and can be 

seen for the example of mixing WT and W84L expressing cell suspensions (see solid red 

squares on “predicted non-interacting” curve in Fig. 1C). The same example includes the 

entire predicted non-interacting Scatchard plot (red line) calculated for numerous binding 

points with bound ligand values between 0 and 0.65 pmol/mg protein, as well as the lines 

(black) representing the binding for WT and W84L (along with their average data points, 

Fig. 1C; please note that the straight lines represent the average Kd and Bmax obtained by 

nonlinear computer fitting of separate experiments whereas the data points are average 

values for bound/free and bound). The in silico generated data points for 2, 6, 14, 30, and 

100 nM CFT (red squares) were subjected to RADLIG analysis to simulate an actual 

binding experiment on co-present DAT constructs forming hetero-oligomers consisting of 

non-interacting protomers, giving a predicted Kd of 4.72 nM and a Bmax of 0.60 pmol/mg 

(one-site binding; RADLIG analysis did not indicate a statistically better fit for 2 sites; see 

Table 1). When cell suspensions singly expressing WT and W84L were mixed and then 

assayed for binding, a one-site binding Kd of 5.33 nM and Bmax of 0.54 pmol/mg protein 

was observed (Table 1), yielding a line (green, along with green averaged data points, Fig. 

1C) in the Scatchard plot similar to the line (red) representing the in silico calculation for 

separate non-interacting constructs. In this combination of constructs with relatively high 

and low affinity of [3H]CFT binding, the Scatchard curve predicted for the two binding 

components together displayed a slight hint of curvature (Fig. 1C, red line). The separation 

between high and low affinity was too small to generate two-site binding results with 

statistical significance in the RADLIG analysis. It remains to be seen whether increasing the 

number of data points beyond the current five would allow a two-site resolution for the pairs 

of constructs chosen here. It should be noted that the literature reporting two-site binding 

with curved Scatchard plots generally addresses nanomolar high-affinity binding in the 

presence of micromolar low-affinity binding, or binding components that are at least 10-fold 

or more different in their affinity (see Reith, 1986; Reith and Coffey, 1994). The present 

findings for all combinations tested were similar to the example shown in Fig. 1C, in that 

data points for combined or co-expressing cells essentially fell on a straight line describing 

homogeneous binding with one Kd value (see Figs. 1C and 2, red solid squares). It was also 

evident that the one-site binding predicted (or observed upon “mixing”) for a given 

combination always had an affinity closer to that of the high-affinity population than to the 

numerical average of the co-present high- and low-affinity Kd.

To further validate the approach chosen to compare observed with predicted binding 

parameters, we mixed WT with D436N, and W84L with D345N, again pairing a higher with 

a lower affinity, respectively, with the expectation that mixing the different constructs yields 

a final binding pattern not different from that predicted in silico from the sum of the 

individually observed binding patterns. Indeed, as shown in Table 1, the observed values of 

Kd and Bmax upon mixing were not statistically different from those predicted from 

combining the binding properties of the individual constructs in silico.
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Detection of interacting DAT protomers: co-expression experiments

The above results establish the in silico prediction method as a valid approach for arriving at 

the binding parameters to be expected if hetero-oligomers consist of non-interacting 

protomers. The advantage of this method is that any combination of constructs can now be 

tested without having to simultaneously perform laborious mixing experiments with cell 

suspensions expressing the single-type constructs. Thus in the following, cells were co-

transfected with various pairs of constructs with different binding affinities, and, in parallel, 

cells were transfected with single-type construct. In these experiments, transiently 

transfected cells were used. Predicted binding patterns for non-interacting protomers were 

calculated with the methods described above, and compared with binding observed upon co-

expression. Fig. 2a shows the Scatchard plots for the pair WT with D436N, and Fig. 2b the 

pair WT with W84L. In comparing “predicted noninteracting” curves with “observed co-

expressed” curves, one perceives a greater disparity between the prediction for non-

interacting protomers and the observed result for the pair WT-D436N than for WT-W84L 

(compare Figs. 2a and b). All pairs tested are shown in Table 2, indicating statistically 

significant interactions between protomers of WT and D313N, WT and D345N, and WT and 

D436N. The statistically significant differences occurred in the Kd, not Bmax, values with 

one exception (the latter showing a difference for WT with D345N) (Table 2). For each of 

the three pairs, the affinity changes were 1.7-, 2.2- and 4.1-fold, respectively. These results 

importantly indicate cooperativity within the hetero-oligomer.

Functional role of oligomers of biogenic amine transporters

The results obtained so far indicate that, under some, but not all, circumstances one 

protomer can influence the properties of another protomer of DAT. Available evidence 

suggests that DAT, as the related serotonin transporter (SERT), can exist as a tetramer (Kilic 

and Rudnick 2000; Milner et al. 1994; Hastrup et al. 2003). It is reasonable to think that 

interactions between protomers occur within each of the two dimers in the tetramer. The 

mutants that showed interactive effects in the present experiments were all conformationally 

biased: D313N has a greater proportion of outward-facing states than WT (Chen et al. 

2004b; Liang et al. 2009), whereas D345N and D436N display a greater proportion of 

inward-facing states than WT (Chen et al. 2004a; Li et al. 2010). It is intriguing to note that 

the outward bias of D313N, causing its higher CFT binding affinity (Chen et al. 2004b; 

Schmitt et al. 2008), also resulted in a higher affinity under conditions allowing oligomers 

containing D313N with WT as compared with conditions where D313N and WT were 

present without interacting with each other. Conversely, the inward bias of D345N and 

D436N, causing their lower CFT binding affinity, was accompanied by a lower affinity 

when oligomers containing these constructs could be formed (Table 2). Such 

correspondence, however, was not ubiquitous as oligomers with WT and W84L, which has 

an outward bias, displayed intermediate WT-W84L affinity. We also do not have enough 

knowledge regarding the interfaces between DAT protomers to predict how conformational 

changes in one protomer affect the structure of the associated protomer. The size of the 

oligomer may also affect the protomer interactions. In this regard, a recent study shows the 

co-existence of different degrees of oligomerization at the cell surface for SERT (Anderluh 

et al., 2014a). The distribution of oligomeric states may be defined by some unknown 
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mechanism in the endoplasmic reticulum, and experiments tracking single SERT molecules 

in the ER have begun (Anderluh et al., 2014b).

This is the first report of an influence of protomer composition on the properties of a DAT 

inhibitor. If the observed effects are indeed related to conformational changes, one can 

consider the possibility that transport activity in one protomer with accompanying changes 

from outward to inward states (and back) influences the affinity of the other protomer for 

inhibitors. It is also possible that activity in one protomer shuts down transport by the 

associated protomer as suggested for the serotonin and norepinephrine transporters (Kilic 

and Rudnick 2000; Kocabas et al. 2003; Larsen et al. 2011), and the inhibitor changes 

observed in this work may just be indicators of structural changes in the associated protomer 

related to this shutdown.
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Fig. 1. 
Method validation experiments for pairs of WT with W84L DAT. Panel A: Expression of 

WT DAT, W84L DAT, or both upon transient transfection. HEK 293 cells were transiently 

transfected with 5μg of plasmid DNA for Flag-WT or Myc-W84L DAT or vector 

(pcDNA3.1), or cotransfected with Flag-WT and Myc-W84L. 15 μg of total lysate was used 

to detect DAT and tubulin expression. WT, W84L, and tubulin were detected with anti-Flag 

antibody (AB), anti-Myc AB, and anti-tubulin AB, respectively. Blots are representative of 

experiments averaged in next panel. Panel B: Quantification of the data set that includes the 

gels shown in panel A. The densitometric value for surface Flag- or Myc-tagged DAT was 

divided by the densitometric value for total DAT expression normalized to tubulin. Flag-

DAT WT was set as 100% for normalization. Results shown are average ± SEM for 3 

experiments. Panel C: Saturation analysis of [3H]CFT binding to WT and W84L DAT 

presented as Scatchard plots. Black lines depict the binding parameters for cells expressing 

the single-type constructs (see Table 1 for values), and the green line represents the binding 

parameters observed upon mixing cells singly expressing WT and W84L. The red line 

depicts the binding parameters computed from the average parameters of the singly 

expressed constructs for the case of non-interacting protomers. The solid red squares on this 

curve indicate the predicted binding at 2, 6, 14, 30, and 100 nM CFT, and, in mimicking a 

mixing experiment in silico, these values were used for the prediction of Kd and Bmax given 

in Table 1. The straight black and green lines represent the average Kd and Bmax obtained by 

nonlinear computer fitting of separate experiments whereas the black and green data points 

are average values for bound/free and bound.
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Fig. 2. 
Saturation analysis of [3H]CFT binding to WT and W84L DAT (panel A) and to WT and 

D436N DAT (panel B) presented as Scatchard plots. Black lines depict the binding 

parameters for cells expressing the single-type constructs (see Table 2 for values), and the 

green line represents the binding parameters observed in cells co-expressing two different 

constructs. The red line depicts the binding parameters computed from the average 

parameters of the singly expressed constructs for the case of non-interacting protomers. The 

solid red squares on this curve indicate the predicted binding at 2, 6, 14, 30, and 100 nM 

CFT, and, in mimicking a mixing experiment in silico, these values were used for the 

prediction of Kd and Bmax given in Table 2. Otherwise details are as for Fig. 1C.
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