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Abstract

Vesicular Monoamine Transporter 2 (VMAT2) is an essential component of the monoaminergic 

neurotransmission system in the brain as it transports monoamine neurotransmitters from the 

neuronal cytosol into the synaptic vesicles and thus contributes to modulation of neurotransmitter 

release. Considering the continuing interest in VMAT2 as a drug target, as well as a target for the 

design of imaging probes, we have developed a fluorescent substrate well suited for the study of 

VMAT2 in cell culture. Herein, we report the synthesis and characterization of a new fluorescent 

probe, FFN206, as an excellent VMAT2 substrate capable of detecting VMAT2 activity in intact 

cells using fluorescence microscopy, with subcellular localization to VMAT2-expressing acidic 

compartments without apparent labeling of other organelles. VMAT2 activity can also be 

measured via microplate reader. The apparent Km of FFN206 at VMAT2 was found to be 1.16 ± 

0.10 µM, similar to that of dopamine. We further report the development and validation of a cell-

based fluorescence assay amenable to high-throughput screening (HTS) using VMAT2-transfected 

HEK cells (Z'-factor of approximately 0.7–0.8), enabling rapid identification of VMAT2 inhibitors 

and measurement of their inhibition constants over a broad range of affinities. FFN206 thus 

represents a new tool for optical examination of VMAT2 function in cell culture.

INTRODUCTION

In the central nervous system, monoamine neurotransmitters (dopamine, norepinephrine, 

serotonin, and histamine) play important roles in modulating the strength of both excitatory 
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(glutamate) and inhibitory (GABA) synapses via activation of the corresponding 

receptors.(1–3) As such, monoamines contribute to modulation of neural circuits involved in 

many aspects of nervous system physiology and disease.(4) Monoamines are synthesized and 

released by the corresponding monoamine neurons (e.g. dopamine by dopamine neurons, 

serotonin by serotonin neurons), which provide synaptic inputs to diverse areas throughout 

the brain. Vesicular monoamine transporter 2 (VMAT2) is an essential component of the 

monoaminergic neurotransmission system in the brain as it transports monoamine 

neurotransmitters from the neuronal cytosol into the synaptic vesicle lumen using the proton 

gradient maintained by the vacuolar H+-ATPase (Figure 1).(5–7) Consequently, inhibition of 

VMAT2 reduces the vesicular monoamine levels and thus the amount available for 

secretion. In addition to the central nervous system, VMAT2 is also found in peripheral 

tissues such as sympathetic ganglia and pancreatic beta-cells.(5) It has been suggested that 

monoamine neurotransmitters are co-released with insulin and may form a regulatory 

feedback loop for insulin release.(8) The closely related but pharmacologically distinct 

isoform VMAT1 is predominantly expressed in the neuroendocrine cells such as chromaffin 

granule cells of the adrenal medulla.(5, 9–11) Reserpine, the classical inhibitor of both 

VMAT1 and VMAT2, has been used as an antipsychotic and anti-hypertensive agent 

(Figure 2). In vivo and in vitro studies showed that reserpine depletes monoamine content in 

both CNS and peripheral tissues.(12) Although reserpine’s clinical use was discontinued 

several decades ago due to side-effects, an interest in VMAT2 as a medicinal target has been 

renewed in recent years.(13) For example, in 2008 the FDA approved the synthetic VMAT2 

inhibitor tetrabenazine (TBZ) for treatment of chorea associated with Huntington’s 

disease.(14) Development and examination of other VMAT2 inhibitors is actively pursued in 

the context of hyperkinetic movement disorders.(15)

VMAT2 inhibitors are also of interest for treatment of psychostimulant abuse and addiction. 

The natural product lobeline and its derivatives inhibit methamphetamine-induced dopamine 

release as well as methamphetamine self-administration via the inhibition of VMAT2. These 

compounds, structurally distinct from reserpine and TBZ (Figure 2), are pursued as novel 

therapeutics in preclinical and clinical studies of methamphetamine abuse disorders.(16, 17) 

Further, high-affinity VMAT2 inhibitors represent a starting point for the development of 

diagnostic and imaging agents. A number of PET (Positron Emission Tomography) tracers 

targeting VMAT2 have been reported and examined as diagnostic tools in the context of 

neurological and psychiatric disorders.(18–21) Furthermore, VMAT2 PET probes enable 

imaging of a beta-cell mass in pancreas and thus may provide a diagnostic agent for 

monitoring progression of diabetes as well as efficacy of anti-diabetic treatments.(22, 23)

In contrast to inhibition, upregulation of VMAT2 expression and function showed 

neuroprotective effects, presumably by decreasing the cytosolic catecholamines, and 

represents a promising experimental approach to treatment of Parkinson’s disease and other 

neurodegenerative disorders.(13, 24)

There is therefore a strong rationale for the development of new approaches and assays for 

measuring VMAT2 function and inhibition. Examination of VMAT2 (as well as other 

neurotransmitter transporters) has long relied on uptake/binding assays that use radiolabeled 

endogenous substrates such as [3H]DA and [3H]5HT or radiolabeled inhibitors like 
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[3H]DTBZ.(25) On the other hand, the development of fluorescent transporter assays avoids 

the use of radioactive reagents, enables VMAT2 monitoring in intact cells and tissues, and 

provides subcellular spatial resolution.

The concept of a fluorescent substrate for neurotransmitter transporters has been 

demonstrated with ASP+, and later APP+, which are fluorescent analogs of MPP+ and 

substrates of plasma membrane transporters DAT, NET and SERT.(26–28) These compounds 

enable optical monitoring of monoamine transporter function and high throughput screening 

of inhibitors.(29, 30) The commercial kit for plasma membrane transporters, NTUA, using a 

proprietary fluorescent probe,(31) has recently been applied to the development a 

fluorescence assay for VMAT2 in a transfected cell line. However, the substrate in the 

commercial kit labels mitochondria and other cellular organelles, creating high VMAT2-

independent labeling and therefore requires separation of the VMAT2-dependent and -

independent signals by fluorescence microscopy.(32)

In recent years, we have been developing fluorescent false neurotransmitter (FFNs) as 

fluorescent tracers that enable imaging of neurotransmitter release at single synapses.(33–35) 

As the first step in the design of FFNs for dopaminergic synapses, we have been developing 

fluorescent substrates for VMAT2, to enable loading of the synaptic vesicles with the 

fluorescent probe along with the native neurotransmitters. The previously developed FFNs, 

however, have not been useful for cultured cells and HTS format.

Here we report a new probe, FFN206, optimized for the use in an intact VMAT2-transfected 

cell line system and for the high-throughput assay of VMAT2 function. FFN206 is highly 

fluorescent, its emission is pH independent, and it is taken up by VMAT2-transfected HEK 

cells with a high signal-to-background ratio. Using FFN206, quantitative characterization of 

VMAT2 inhibitors can be accomplished using a straightforward and rapid fluorometric live 

cell assay. We also report on the development of a fluorometric HTS assay and demonstrate 

its utility with a representative compound collection spanning a wide range of VMAT2 

inhibitory potency.

RESULTS AND DISCUSSION

Design, Synthesis, and Photophysical Properties of FFN206

VMAT2 exhibits considerable plasticity in its substrate scope: it transports not only different 

endogenous monoamine neurotransmitters such as dopamine, norepinephrine, serotonin and 

histamine (Figure 1C), but also exogenous synthetic compounds such as the neurotoxin 

MPP+ (Figure 1D).(6, 36, 37) In vitro experimental data suggests that a variety of 

psychostimulants including amphetamine and 3,4-methylenedioxymethamphetamine 

(MDMA) are substrates.(25) We exploit the permissiveness of VMAT2 in amine transport to 

design fluorescent substrates as potential FFN candidates, and in the present case as 

reporters of VMAT2 function.(33–35) As there is little detailed structural information about 

substrate-VMAT2 interactions,(5, 38) we based our strategy on combining the key structural 

feature of monoamine substrates (the arylethylamine fragment) and the fluorescent and 

photostable 7-amino-coumarin system. We introduce a new probe, FFN206, (Figure 1E) as a 

fluorescent VMAT2 substrate optimized for use in a heterologous cell culture system.

Hu et al. Page 3

ACS Chem Biol. Author manuscript; available in PMC 2015 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Synthesis of FFN206 was accomplished according to a short synthetic sequence with the key 

step relying on the catalytic hydroarylation of alkynoate esters developed in our group 

(Supplementary Scheme S1).(39–41) In potassium phosphate buffer (0.1M, pH 7.4), FFN206 

absorbs light at λabs, max = 368 nm and exhibits high fluorescence with a sizeable Stokes 

shift: (quantum yield=0.74, extinction coefficient = 15,000 M−1cm−1, λEx, max = 369 nm, 

λEm, max = 464). It was found that FFN206 is photostable to repeated measurements in a 

plate reader (Supplementary Figure S1). We chose to pursue studies of FFN206 as a 

potential fluorescent VMAT2 substrate while working towards a high throughput assay for 

VMAT2 function.

Examination of FFN206 uptake in VMAT2-transfected HEK cells

To examine FFN206 as a potential VMAT2 substrate, we used human embryonic kidney 

cells (HEK293) stably transfected with rat VMAT2 (VMAT2-HEK). These cells express 

VMAT2 on acidic intracellular organelles, where a vacuolar-type H+-ATPase (V-ATPase) 

provides the required driving force (primarily proton gradient) for substrate transport, and 

represent a robust cell culture experimental system.(42) FFN206 was first evaluated in 

VMAT2-HEK cells with wide-field fluorescence microscopy, which enabled visualization 

of individual cells and the intracellular distribution of the fluorescent compounds (Figures 

3,4). The VMAT2-HEK cells incubated with FFN206 (5 µM, 2 h) displayed a punctate 

fluorescent pattern consistent with accumulation of the compound in acidic organelles 

expressing VMAT2 (Figure 3A), while only background levels of fluorescence were 

observed in control HEK cells (not expressing VMAT2, Figure 3C) or in either cell type 

pretreated with the VMAT inhibitor TBZ (2 µM) (Figure 3B,D).

To test the hypothesis that FFN206 accumulates in acidic organelles as opposed to simply 

binding to the protein target, we treated the cells with chloroquine, a lipophilic base that 

crosses membranes and collapses the proton gradient between the lumen of acidic 

compartments and cytosol (the “weak base effect”).(43) We again observed nicely punctate 

fluorescence signal (Figure 4, column A) that was completely abolished within 3 minutes of 

treatment with chloroquine, although stable under control conditions over the same time 

(Figure 4, column B,C). These results indicate that FFN206 is a VMAT2 substrate, as its 

uptake by HEK cells is 1) dependent on VMAT2 expression, 2) blocked by moderate 

concentrations of TBZ, a VMAT2-specific inhibitor, and 3) dependent on the proton 

gradient that drives substrate-proton antiport by VMAT2. The observation that FFN206 does 

not considerably label other organelles renders this compound a useful imaging agent for 

subcellular localization of VMAT2 activity.

Validation of the Utility of FFN206 in a microplate assay for VMAT2 activity

In order to move towards a microplate-based assay for VMAT2 activity, a fluorometric 

assay was established to quantitatively measure VMAT2-dependent uptake in living cells, 

with null-transfected HEK cells were used as the control. The VMAT2 inhibitor TBZ was 

also used as a pharmacological tool to block VMAT2 transport. The cells were grown in 96-

well plates, incubated with the test compounds in the absence or presence of TBZ, washed, 

and the fluorescence measured in each well by a plate reader. Monitoring the fluorescence of 

FFN206 (1uM) in cells over time demonstrated that the fluorescence uptake reached a 
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plateau in VMAT2 transfected cells at ~40 min, affording approximately 7-fold increase in 

VMAT2-HEK cell fluorescence over control or inhibited cells (Supplementary Figure S2A). 

As a negative control we used cocaine (a DAT inhibitor that does not inhibit VMAT2), 

which showed no detectable inhibition of FFN206 uptake in this assay (Supplementary 

Figure S2B). These data are consistent with the results obtained by microscopy imaging and 

further supports the conclusion that FFN206 is VMAT2 substrate.

Apparent Km of FFN206 at VMAT2

To provide a quantitative measure of FFN206’s interaction with VMAT2, we next measured 

cellular uptake kinetics using fluorometry. The initial fluorescence uptake velocity of 

FFN206 in VMAT2-HEK cells remains linear for 12 min for concentrations up to 6µM, and 

the initial rates were measured in the linear interval at various FFN206 concentrations. 

Fitting the plot to the Michaelis-Menten equation provided the apparent Km value of 1.16 ± 

0.10 µM (Supplementary Figure S3). A similar Km was measured when cells were 

permeabilized with digitonin (Supplementary Figure S4), suggesting that diffusion across 

the plasma membrane or transport through a plasma membrane transporter is not the rate 

determining step of uptake in the whole cell assay (where the vast majority of VMAT2 

protein is intracellular). To confirm the apparent Km obtained by the fluorescence assay with 

intact cells, the affinity of FFN206 for VMAT2 was measured by the inhibition of [3H] 

serotonin uptake in membrane preparations obtained from VMAT2-HEK cells. An IC50 

value of 1.15 µM was obtained (Supplementary Figure S5), showing good agreement with 

the apparent Km for FFN206 determined by fluorescence. The modest affinity of FFN206 

for VMAT2 compares well with endogenous substrates such as dopamine (Km = 0.82 – 0.95 

µM(6, 37) and IC50 = 0.92 ± 0.05 µM(6)).

Quantitative fluorometric assay for VMAT2 activity

This assay was created with potential high throughput screening applications in mind. 

Accordingly, the assay workflow was optimized to accommodate the potential for 

automated screening (Figure 5). Namely, the required components were added in the 

following sequence: 180 µl experimental medium, 10 µl (20× the final concentration) 

inhibitor stock solution and 10 µl (20 µM) FFN206 stock solution to in each well of 96-well 

plate containing cultured VMAT2-HEK cells. The uptake of FFN206 was terminated by one 

wash with PBS and then measured in PBS on a plate reader.

The established VMAT2 inhibitors reserpine, TBZ, DTBZ, lobeline, fluoxetine, S(+)-

methamphetamine, ketanserin, and haloperidol were chosen for validation of the quantitative 

assay across a range of potencies (IC50s, Figure 5). Haloperidol is a potent VMAT2 inhibitor 

in addition to its well-recognized property as a high affinity ligand for the D2 receptor.(44) 

Likewise, while ketanserin is known to bind strongly to 5HT receptors,(45) it also acts as a 

potent inhibitor of VMAT2.(46) Each of these compounds was found to inhibit the uptake of 

FFN206 in a dose-responsive manner. Substitution of the apparent Km value of FFN206 

(determined above) into the Cheng-Prusoff equation (Ki=IC50(1+[S]/Km)) allows for the 

ready calculation of Ki values from the determined IC50s, assuming competitive interactions 

(Supplementary Table S1).
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The IC50 and Ki values obtained by the present assay are in excellent agreement with those 

reported in literature (Supplementary Table S1). The standard errors of the fluorescence 

measurements as well as those of the calculated IC50 values reported herein are generally 

superior to those obtained in radioactive assays, indicating higher reproducibility of the 

optical assay. Thus, FFN206 and a standard fluorescence plate reader enables rapid 

determination of quantitative inhibition parameters of VMAT2 inhibitors in intact cells.

Validation of the assay for HTS applications

High throughput assays are evaluated for robustness by determining the dynamic range of 

the assay and experimental variability (determined as standard deviations of control data 

sets), and HT assays are held to high standards as to minimize occurrences of false positives 

or negatives arising from statistical variations of the normal distributions of the data. The Z’-

factor has been introduced as an important means of quantifying this robustness; a Z’-factor 

greater than 0.5 indicates an assay is acceptable for HT screening.(47) In order to determine 

the applicability of the FFN206-based VMAT2 assay to high throughput applications, 

control experiments were conducted from which this parameter was calculated (Z’-factor = 

0.68 ± 0.07; mean ± SD, calculated from the arithmetic means determined from 5 

independent experiments, each consisting of 2 identical plates; see Supplementary Figure 

S5). Additionally, it was found that by measuring area scans of each well (versus the single-

point scans), this parameter can be further improved significantly (Supplementary Table S2), 

although area scans considerably slow the reading, making it less attractive for HT 

applications.

The fluorometric assay utilizing FFN206 is well suited for HTS as indicated by the 

statistical evaluation of its performance (Z’ > 0.5 is recommended for HTS). It should be 

noted that automation of the assay, from cell counting to automated washing and solution 

delivery, would likely improve this parameter even further.

Experimental screen of a small compound collection

In order to demonstrate utility of the assay in practice, a collection of plasma membrane 

transporter inhibitors and substrates were screened at a concentration of 10 µM, which is a 

commonly used concentration for initial screens of compound collections. The inhibitory 

effect on VMAT2 was determined by measuring FFN206 uptake, as above. DMSO (0.1% 

v/v) and reserpine (1 µM) were used in this assay as negative and positive controls, 

respectively (Figure 6). The basic parameters regarding to the quality of the assay in 

practical use were thus assessed based on 4 independent experiments. The experimental Z-

factor (a measure of the quality of a HT assay under experimental conditions, and related to 

the Z’-factor) was determined from the assay controls (DMSO and reserpine), and was 

found to be Z = 0.76 ± 0.07 (mean ± SD), indicating a robust assay in practice, well above 

the requisite minimum Z-value of 0.5.

As can be seen in Figure 6, this compound set afforded a wide spread of inhibitory effects 

(i.e., percentage of inhibition), demonstrating the range and utility of the assay. For example, 

the assay showed a large difference (>40%) between the enantiomers S(+)-amphetamine and 

R(−)-amphetamine in their ability to inhibit FFN206 uptake (Figure 6), which is consistent 
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with reported IC50 values of 3.27 µM and 29.0 µM, respectively (IC50s were determined by 

inhibiting [3H]DA uptake into rat brain vesicles).(25) Similarly, the inhibition effect differed 

by > 20% between S(+)-methamphetamine and R(−)-methamphetamine, also consistent with 

reported IC50 values of 9.10 µM and 19.3 µM respectively.(25). Comparison among the S(+)-

amphetamines with a different degree of N-methylation shows that inhibitory effects 

decrease with increasing N-methylation. Additionally, cocaine, diethylpropion, 

benzylpiperazine, and phentermine have been reported to be inactive in inhibiting vesicular 

uptake of [3H]DA by VMAT.(25) Consistently, our assay revealed no or weak inhibitory 

effects of these compounds on VMAT2 transport. Importantly, these results were highly 

reproducible from experiment to experiment, as evidenced by the small standard errors 

(Figure 6).

Chloroquine was included in the test to highlight potential false positives, in this case a 

lipophilic weak base that reduces VMAT2-dependent uptake by collapsing the pH-gradient 

of acidic organelles (weak base effect)(43) and not through inhibition of the transporter 

(Figure 6, see also Figure 4). Similarly, inhibitors of v-ATPase would also afford false 

positive hits. As is the case for all HTS campaigns, secondary assays are needed to filter the 

false positives. In this case, we suggest the same format secondary assay using a lysotracker 

probe or acridine orange, amphiphilic weak base dyes that accumulate in acidic organelles 

independent of transporters, to measure alkalinization of acidic compartments within the 

cell. Additional secondary assays would need to address potential fluorescence quenching of 

FFN206 and the possibility that a hit compound blocks a putative plasma membrane 

transporter that might be involved in FFN206 uptake. The digitonin-induced 

permeabilization of cells used in this work may serve well as a secondary assay for the latter 

case.

Using the same VMAT2-HEK cell line, Mini202/FFN202 has recently been reported as a 

pH sensitive VMAT2 substrate.(34) This probe is not well suited for HTS, however, as the 

pH sensitivity may complicate VMAT2 uptake measurements. Also, Mini202/FFN202 is not 

as bright as FFN206, yielding a smaller dynamic range. FFN511, as previously reported, is 

not well suited for cell culture applications due to a high background signal.(33)

A fluorescent VMAT2 assay has been reported recently using the Neurotransmitter 

Transporter Uptake Assay Kit (NTUA, Molecular Devices).(32) This report also 

demonstrates that the proprietary fluorescent DAT, NET, and SERT substrate in this kit is 

also a VMAT substrate. While this assay is readily applicable to HTS format, it necessitates 

microscopy image acquisition/processing/analysis of each well due to VMAT-independent 

staining of mitochondria and other cellular organelles by the NTUA probe. The FFN206 

assay described here addresses this issue and enables fluorometric measurement with a 

standard plate reader, facilitating both the high throughput screening for new hits and 

quantitative examination of identified compounds. However, the VMAT2 assay using the 

NTUA kit may be a better a choice for examination/screening of VMAT2 function in 

primary dopamine neuronal culture (or other monoamine neurons) as the uptake of the 

NTUA probe by dopamine neurons is facilitated by DAT on the plasma membrane. The 

latter point is likely to be important for experimental systems with lower endogenous 
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expression of VMAT2 in comparison to systems with high heterologous VMAT2 

expression.

Conclusions

We have introduced FFN206 as a new optical probe with several applications in the study of 

VMAT2 in cell culture. FFN206 is capable of determining subcellular location of VMAT2-

expressing organelles using fluorescence microscopy. It is also capable of reporting on 

VMAT2 activity in a fluorometric format highly amenable to high throughput screening; the 

assay is featured with simple operations amenable for automation, excellent Z’-factor, as 

well as reproducibility. As such, FFN206 represents a new probe capable of facilitating the 

search for next generations of VMAT2 modulators including inhibitors, substrates, or 

enhancers.

METHODS

Cell growth

HEK GNTI− (nonglycosylating) cell line stably expressing VMAT2 (VMAT2-HEK) and 

HEK GNTI− cell line stably transfected with TetR (HEK) to serve as a control have been 

previously described.(42) Cells were grown in complete growth medium (DMEM + 

GlutaMAX (Invitrogen) with 10 % (v/v) fetal bovine serum (FBS) (Atlanta Biologicals), 

100 U/ml penicillin (Invitrogen) and 100 µg/ml streptomycin (Invitrogen)). On the day of 

experiments, the growth medium was replaced by experimental medium (DMEM minus 

phenol red (Invitrogen) with 4 mM L-glutamine (Invitrogen), 1 % (v/v) charcoal/dextran-

treated FBS (Atlanta Biologicals), 100 U/ml penicillin (Invitrogen) and 100 µg/ml 

streptomycin (Invitrogen)).

Procedure for fluorescence microscopy imaging of FFN206

VMAT2-HEK cells or their respective controls, HEK293, were plated onto poly-D-lysine 

(Sigma Aldrich, conc. = 0.1 mg/mL) coated clear bottom six-well plates at a density of 

0.15–0.20 × 106 cells per well and grown at 37° C in 5% CO2. Following ~4 days of growth, 

the cells appeared fibroblastic and had reached 80–90% confluence. The culture medium 

was removed by aspiration, and the cells were washed with PBS buffer (Invitrogen, 2.0 mL/

well). To investigate the VMAT2 inhibitory effects of tetrabenazine (TBZ, Sigma-Aldrich) 

or reserpine (Sigma-Aldrich), cells were incubated in 1.0 mL of experimental media 

containing the respective inhibitor (4 µM prepared from 10 mM stock solution in DMSO) or 

DMSO vehicle as a control at 37° C in 5% CO2 for 2 hrs. The compound uptake was 

initiated by adding 1.0 mL of experimental media containing FFN206 (10 µM, prepared 

from a 10 mM stock solution in DMSO, with a final probe concentration of 5 µM in the 

uptake assay). Following incubation at 37° C in 5% CO2 for 2 hr, the media was removed by 

aspiration and the cells were washed with PBS (2 mL/well) and maintained in fresh 

experimental media (1 mL/well). Fluorescence images (at least 3 images/well in duplicate 

plates) were acquired with a Leica FW 4000 imaging system (Leica Microsysytems, 

Wetzlar, Germany) equipped with a Chroma custom filter cube (ex = 350 ± 25 nm, em = 

460 ± 25 nm; Chroma Technology Corporation, Bellows Falls, VT) and a Hamamatsu 

digital camera C4742-95 (Hamamatsu Photonics, Hamamatsu, Japan). Fluorescent and 
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bright field images were acquired with exposure time set at 800 ms and 37 ms respectively. 

All images were adjusted using the same contrast and brightness level using ImageJ 

software (National Institutes of Health).

Chloroquine-induced redistribution of FFN206

To study chloroquine-induced redistribution of FFN, VMAT2-HEK cells pre-loaded with 

FFN206 (described above) were washed once with 2 mL PBS buffer, and maintained in 1 

mL of experimental media containing 100 µM chloroquine or 20 µM S(+)-

methamphetamine. Following incubation for three minutes, fluorescent images were 

acquired by the same procedure described above. In the control experiment where no drugs 

were added (DMSO vehicle), the retention of FFN206 accumulation can be generally 

maintained for at least 1 hour.

Procedure for fluorometric assay for high throughput screening and IC50 measurements of 
VMAT2 inhibitors

Stably VMAT2-transfected HEK cells were seeded at a density of 0.03–0.04 × 106 cells/

well in white solid-bottom 96-well plates and allowed to proliferate in growth medium for 

~3 days at 37 °C in incubator to reach confluence. At assay, the culture medium was 

aspirated followed by addition of 180 µL experimental medium to each well. The test 

inhibitors (10 µL of a 200 µM inhibitor in experimental medium) or DMSO vehicle pre-

diluted in experimental medium were then added. The cells were incubated for 30 min at 37 

°C and then FFN206 (10 µL /well of 20 µM solution in experimental medium) was added. 

The cells were incubated for 1 h at 37 °C. The final assay concentrations for inhibitors and 

FFN206 were 10 µM and 1 µM respectively. The uptake of FFN206 was terminated by one 

PBS buffer wash (200 µL/well) followed by addition of fresh PBS buffer (120 µL/well). The 

fluorescence uptake in cells was immediately recorded on a MicroMax 384 plate reader 

connected to a Jobin Yvon Fluorolog 3 fluorometer with excitation and emission 

wavelengths set at 369 nm and 464 nm respectively.

To determine the IC50 values of inhibitors, the concentration of each inhibitor was varied. 

The corresponding inhibition data, which described the fluorometric uptake in the presence 

of varying concentration of inhibitor, were normalized and fitted using KaleidaGraph 

(Synergy Software) [equation: y = (range)/[1+([I]/IC50)S]+ background] to give IC50 values. 

According to the Cheng-Prusoff equation (Ki=IC50(1+[S]/Km)), the Ki parameter, which is 

independent of the substrate concentration in the assay, can be calculated from the IC50 

value if one assumes a competitive interaction. The IC50 values measured by this protocol 

and Ki values (± SEM) calculated from them are listed in Table S1 and compared with 

literature values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
VMAT2 is an important component of monoamine secretory systems in the brain and 

periphery. (A) Schematic representation of a dopaminergic presynaptic release site as a 

specific example of monoaminergic presynaptic elements. Dopamine is concentrated into 

synaptic vesicles via VMAT2, a transport driven by the pH gradient between the synaptic 

vesicle lumen and the cytoplasm. Dopamine is released via exocytosis and recycled via 

dopamine transporter (DAT) on the cell surface. VMAT2 is shared by the central 

monoaminergic synapses. (B) Schematic representation of a VMAT2 (blue) expressing cell 
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(VMAT2-HEK cells or pancreatic beta cells). (C) Examples of endogenous monoamine 

VMAT2 substrates. (D) Example of MPP+, an exogenous VMAT2 substrate. (E) Compound 

FFN206 is a fluorescent VMAT2 substrate developed in this work, which enables functional 

examination of VMAT2 in cell culture.
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Figure 2. 
Chemical structures of selected examples of VMAT2 inhibitors. (A) Representative 

inhibitors reserpine, TBZ, and lobeline. (B) Radiolabeled TBZ derivatives for PET imaging.
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Figure 3. 
Uptake of FFN206 in cultured cells is dependent on VMAT2 activity: Epifluorescence 

images of HEK cells (VMAT2 transfected and null-transfected controls) treated with 

FFN206 (5 µM, 2 hr incubation) in the absence or presence of TBZ (2 µM, 1 hr 

preincubation followed by coincubation with the probe). (A) FFN206 selectively 

accumulates in cells expressing VMAT2. (B) Negligible uptake of FFN206 in VMAT2-

HEK cells pre-treated with TBZ. (C) HEK293 cells (not expressing VMAT2) pre-treated 

with DMSO vehicle. (D) Control HEK293 cells pre-treated with TBZ also accumulate 

negligible amounts of FFN206. Top row = epifluorescence images, bottom row = brightfield 

images.
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Figure 4. 
Uptake of FFN206 in VMAT2-HEK cells is dependent on the proton gradient. FFN206’s 

punctate fluorescent pattern in VMAT2-HEK cells is lost following treatment with lipophilic 

base chloroquine. Expanded view of single cells loaded with FFN206 (5 µM), washed and 

imaged. Row A: fluorescent images (λex = 350 ± 25 nm, λem = 460 ± 25 nm); Row B: bright 

field images; Row C: overlay of the fluorescent and bright field images. Column (1): Cells 

loaded with FFN206 and imaged (5 µM); Column (2): Cells loaded with FFN206 and 

incubated for 3 min after washing (demonstrating the stability of signal over this time 

period); Column (3): Cells loaded with FFN206 and treated with chloroquine (ChQ, 100 

µM) for 3 min.
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Figure 5. 
IC50 values of known VMAT2 inhibitors were measured in the FFN206 uptake assay. The 

final concentration for FFN206 is 1 µM. Error bars are standard errors (S.E.) derived from 4 

independent experiments. Each experiment was run in triplicate/plate and 2 plates total. IC50 

values were listed as [inhibitor] ± S.E. Reserpine: IC50=0.019±0.001 µM; haloperidol: 

IC50=0.071±0.003 µM; TBZ: IC50=0.32±0.01 µM; Lobeline: IC50=1.01±0.07 µM; DTBZ: 

IC50=0.017±0.001 µM; Fluoxetine: IC50=1.07±0.05 µM; Ketanserin: IC50=0.105±0.005 

µM; S(+)-Methamphetamine (Meth): IC50=4.53±1.42 µM.
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Figure 6. 
A selected collection of drugs was screened for VMAT2 inhibition in FFN206 uptake assay. 

The broad range of inhibition effects can be measured in HTS format. The cells were first 

incubated with 180 µl experimental medium with addition of 10 µl inhibitor (20× the final 

concentration) for 30 min, followed by addition of 10 µl FFN206 (20 µM) and incubated for 

60 min. The final concentrations of tested compounds are 10 µM except reserpine for which 

1 µM was used. The final concentration for FFN206 is 1 µM. The uptake was terminated 

with one PBS buffer wash. Error bars are standard errors (S.E.) derived from 4 independent 

experiments. Each experiment was run in triplicate per plate and 2 plates total.
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