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Abstract

Excess formation of nitric oxide and superoxide by-products (peroxynitrite,
reactive oxygen and reactive nitrogen species) attenuates cholinergic transmission
potentially having a role in Alzheimer disease pathogenesis. In this study, we
investigated mechanisms by which acute exposure to peroxynitrite impairs function of
the sodium-dependent, hemicholinium-3 (HC-3)-sensitive choline transporter (CHT) that
provides substrate for acetylcholine synthesis. The peroxynitrite generator SIN-1 acutely
inhibited choline uptake in cells stably-expressing FLAG-tagged rat CHT in a dose- and
time-dependent manner with an ICsp = 0.9 £ 0.14 mM and t;, = 4 min. SIN-1
significantly reduced Vmax Of choline uptake without altering the K. This correlated with
a SIN-1-induced decrease in cell surface CHT protein, observed as lowered levels of
HC-binding and biotinylated-CHT at the plasma membrane. Importantly, acute exposure
of cells to SIN-1 accelerated the rate of internalization of CHT from the plasma
membrane, but did not alter return of CHT back to the cell surface. SIN-1 did not disrupt
cell membrane integrity or cause cell death. Thus, the inhibitory effect of SIN-1 on
choline uptake activity and HC-3 binding was related to enhanced internalization of CHT

proteins from the plasma membrane to subcellular organelles.
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Introduction

The principal neurotransmitter used by cholinergic neurons is acetylcholine
(ACh), which is synthesized by choline acetyltransferase (ChAT; EC 2.3.1.6) from the
precursors choline and acetyl-coenzyme A. The provision of sufficient choline is the
rate-limiting step in synthesis of ACh under several conditions, with this choline being
delivered into the nerve terminal by the sodium-coupled high-affinity choline transporter
(Haga and Noda, 1973; Yamamura and Snyder, 1973) referred to as CHT (Okuda et al.,
2000). Dysregulation and/or disruption of CHT function can profoundly affect the levels
of ACh synthesized and released, thereby impairing cholinergic neurotransmission
(Ferguson et al., 2004). CHT was cloned relatively recently (Okuda et al., 2000;
Apparsundaram et al., 2001), and its regulation by phosphorylation (Gates et al., 2004)
along with effects of modulation of its subcellular trafficking and compartmentalization
on solute transport activity (Ferguson et al., 2003; Ribeiro et al., 2003, 2005, 2006) are
active research topics.

Several studies link oxidative and nitrosative modifications of cellular constituents
to the pathogenesis of neurodegenerative disorders such as Alzheimer disease (AD),
Parkinson’s disease and sporadic amyotrophic lateral sclerosis (ALS). Peroxynitrite
(ONOOQO)) is a powerful oxidant that can be formed in vivo from nitric oxide (NO) and
superoxide anion (Oy) (Beckman, 1994). Because it is highly reactive, ONOQO™ can alter
the structure and function of cellular proteins, lipids and other macromolecules by
oxidation or nitrosylation. Related to this, increased nitrotyrosine levels have been found
in neuronal tissues in AD (Smith et al., 1997) suggesting that ONOO™ may be involved in

modifying protein function in this disorder.
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Authentic ONOQO’, or ONOO" produced from 3-morpholinosydnonimine (SIN-1),
profoundly inhibits activity of some neurotransmitter transporters including the human 5-
hydroxytryptamine (5-HT) transporter (SERT) expressed heterologously in COS-7 cells
(Bryan-Lluka et al., 2004) and the human dopamine transporter (DAT) expressed in
HEK 293 cells (Park et al., 2002). Inducing oxidative stress by treating cells with H,O»
also inhibits DAT, but this likely occurs by a different mechanism than inhibition caused
by ONOO" (Huang et al., 2003). Oxidative stress mediated by the drug SIN-1 and
ONOQO’, but not by H,O,, can affect high-affinity choline uptake activity in synaptosomes
isolated from electric organ of T. marmorata (Guermonprez et al., 2001). However, the
mechanism by which ONOO" impairs choline transport was not investigated.

It was revealed recently that CHT proteins are located predominantly in
intracellular compartments, with only a small proportion of total CHT being present at
the cell surface (Okuda et al., 2002; Ribeiro et al., 2005; Lips et al., 2002; Nakata et al.,
2004). Moreover, altering the relative subcellular localization and trafficking of CHT
proteins between the plasma membrane and intracellular compartments appears to be
a critical mechanism for regulating its activity (Ribeiro et al., 2005; Apparsundaram et
al., 2005). In the present study, we investigated mechanisms by which oxidative stress
mediated by the ONOO™-generator SIN-1 modulates activity of rat CHT. We
demonstrate for the first time that SIN-1 decreases choline uptake activity by changing
the dynamics of CHT proteins at the cell surface by modifying their internalization and

cycling between the cell surface and subcellular compartments.
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Materials and Methods

Materials. 3-morpholinosydnonimine (SIN-1) was from Biomol Research Labs
(Plymouth Meeting, PA), 5,10,15,20-tetrakissulfonatophenyl porphyrinato iron (lll)
(FeTPPS) was from Calbiochem (San Diego, CA), and [methyI-SH]choIine chloride (86
Ci/mmol) and [methyl-*H]hemicholinium-3 diacetate (125 Ci/mmol) were obtained from
Perkin-Elmer Life Sciences (Boston, MA). EZ-Link sulfo-NHS-SS-biotin and immobilized
NeutrAvidin beads were from Pierce Biotechnology (Rockford, IL). All others chemical
were from Sigma-Aldrich (St. Louis, MO). SH-SY5Y neuroblastoma cells were
purchased from American Type Culture Collection (Manassus, VA), HEK 293 Flp-In
cells and all cell culture media, fetal bovine serum (FBS) and reagents were from
Invitrogen (Burlington, ON, Canada). Rabbit polyclonal and mouse monoclonal anti-
nitrotyrosine antibodies were obtained from Upstate Biotechnology (Lake Placid, NY).
Protein-A-Sepharose and 2’,7'-dichlorofluorescin diacetate (DCFH-DA) were from
Sigma-Aldrich (Mississauga, ON, Canada). ECL (Enhanced ChemiLuminescence)
immunoblotting reagents were from GE Healthcare Life Sciences (Baie d'Urfé, QC,
Canada). The polyclonal antibody against CHT was raised in rabbits by Genemed
Synthesis (San Francisco, USA) using a peptide encoding 16 residues
(DVDSSPEGSGTEDNLQ) that are conserved at the carboxyl-terminus of human and
rat CHT as immunogen; the peptide was conjugated to KLH carrier protein by an amino-
terminal cysteine. CHT-specific immunoglobulins were affinity-purified in our laboratory
from the crude anti-serum on NHS-Sepharose (Amersham) to which the antigenic
peptide had been coupled as the binding element. The specificity of this antibody for

detection of CHT was described previously by Ribeiro et al. (2005).
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Stable transfection and selection of HEK 293 and SH-SY5Y cells. A FLAG
epitope-tag (DYKDDDDK) was added to the amino-terminus of rat CHT by PCR
(Ribeiro et al., 2005); the full-length cDNA for CHT ligated to pSPORT was obtained as
a gift from Dr. Takashi Okuda (University College London, UK) (Okuda et al., 2000).
HEK 293 cell lines stably-expressing FLAG-tagged CHT (referred to as HEK 293-CHT
cells) were prepared by introducing FLAG-CHT ligated to pcDNAS5 into the Flp
Recombinase Target (FRT) site in HEK-Flp-In cells using Lipofectamine 2000
transfection. Cells were grown in Dulbecco’s modified Eagle medium (DMEM) with 10%
FBS, 0.1% gentamicin and 50 pg/ml hygromycin-B to select stable transformants. SH-
SY5Y neuroblastoma cells were transfected with FLAG-tagged rat CHT ligated into
pcDNA3.1(-) using Lipofectamine 2000. Stable transformants (referred to as SH-SY5Y-
CHT cells) were selected with G418 (500 pg/ml) for 4 weeks, and subsequently
maintained in DMEM, 10% FBS, 0.1% gentamicin and G418 (100 pg/ml). Differentiation
of SH-SY5Y-CHT cells was induced by supplementing culture media with 10 uM all-
trans-retinoic acid (RA) for at least 3 days.

[3H]-choline uptake assay. Cells were washed with Krebs-Ringer-HEPES
(KRH) buffer pH 7.4 (in mM: NaCl 124, KCI 5, CaCl, 1.5, MgCl, 1.2, glucose 10, HEPES
20) and incubated at 37°C in the absence or presence of SIN-1 for times specified in the
Results section. Following the treatment period, warm KRH buffer containing [SH]choIine
(0.5 pM; 0.4 Ci/mmol) was added and incubation continued for 5 min. For kinetic
analysis, choline uptake was measured over a range of choline concentrations between
0.5-10 puM with the specific activity of [*H]choline held constant at 0.4 Ci/mmol.

[3H]choline uptake was terminated by rapidly washing the cells twice with ice-cold KRH.
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Cells were solubilized in 0.1 N NaOH for 30-60 min, then an aliquot was removed for
measurement of radioactivity by liquid scintillation spectrometry. Additional aliquots of
the solubilized samples were used for quantification of sample protein content using
BioRad Protein Assay Dye Reagent. HC-3-sensitive [*H]choline uptake was determined
by subtracting choline uptake in the presence of HC-3 from total choline uptake and
normalizing to sample protein content to be expressed as pmol / mg protein / 5 min.

Cell toxicity assays. Lactate dehydrogenase (LDH) activity was measured
spectrophotometrically in aliquots of cell lysates or culture medium to determine if drug
treatments resulted in changes in plasma membrane integrity of cells. LDH activity was
monitored as a change in absorbance at 340 nm due to the loss of NADH caused by the
reduction of pyruvate to lactate coupled to the oxidation of NADH to NAD" as described
previously (Baskey et al. 1990). Cells on 12-well plates were treated with SIN-1 at 10,
100 or 1000 uM for 45 min in KRH buffer (pH 7.4) at 37°C. Culture medium was
collected for measurement of LDH release from cells, then cells were lysed in 0.5 ml of
1% Triton X-100 to measure total cellular LDH levels. Released LDH activity in culture
medium was expressed as a percentage of total cellular LDH activity. Changes in
NADH level in assay solutions were monitored at 340 nm at 30 sec intervals for 5 min.
The colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay was used to determine if drug treatments compromised cell viability as described
by Calderon et al. (1999). Cells in 96-well plates were washed with warm KRH buffer,
then incubated in the presence or absence of SIN-1 for 45 min at 37°C. Following
incubation of control and treated cells with MTT, cells were rinsed and allowed to air dry

before dissolving in 100 ul of 0.04% HCI in isopropanol. The amount of formazan
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reaction product formed in each well was determined by measuring absorbance at 570
nm. Negative control wells contained medium alone with no cells. The viability of treated
cells was presented as a percentage of control vehicle-treated cells.

[3H]HC-3 binding. Cells were preincubated at 37°C for 45 min in KRH buffer with
the addition of vehicle or varying doses of SIN-1, then washed twice with cold KRH and
maintained on ice for 10 min. Subsequently, cells were incubated in KRH buffer
containing 10 nM [3H]HC-3 (23 Ci/mmol) in the absence (total binding) or presence
(non-specific binding) of 1 yM unlabelled HC-3 for 1 h at 4°C. Cells were then washed
rapidly twice with ice-cold KRH to remove unbound [3H]HC-3, then digested with 0.1 N
NaOH. Aliquots of each sample were taken for radioactivity measurement by liquid
scintillation spectrometry and for protein quantification. Specific binding was determined
as the difference between total binding and non-specific binding, and normalized to
sample protein content to be expressed as fmol / mg protein / hr.

Cell surface protein biotinylation assay. Cells were treated with vehicle or
SIN-1 in KRH buffer at 37°C at doses and times indicated in the Results section, and
then plasma membrane proteins were biotinylated as described previously (Ribeiro et
al., 2005). Briefly, cells were washed 3 times with ice-cold PBS/CM (PBS containing 0.1
mM CaCl, and 1 mM MgCl,), then incubated with sulfo-NHS-SS-biotin (1 mg/ml) in
PBS/CM for 1 h at 4°C. Unbound sulfo-NHS-SS-biotin was quenched by washing and
incubating cells with 100 mM glycine in ice-cold PBS/CM, followed by washing twice
with PBS/CM. Subsequently, biotinylated cells were lysed for 30 min at 4°C in buffer
comprised of 1% CHAPS, 0.1 M sodium phosphate buffer, pH 7.2, 10% glycerol and

150 mM NaCl supplemented with DNase (700 U/ml) and protease inhibitors (1 mM
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AEBSF, 10 ug/ml each of aprotinin and leupeptin, 25 pg/ml pepstatin A). Aliquots of
total cell lysates were incubated at 4°C with NeutrAvidin beads for 2 h with gentle
mixing. The beads were then washed with lysis solution, and proteins were eluted from
the beads with SDS sample buffer (2% SDS, 10 % glycerol, 0.1 M sodium phosphate
buffer, pH 7.2, 0.001% bromophenol blue and 2.5% B-mercaptoethanol) for 5 min at
60°C. Aliquots of biotinylated (avidin-bound) proteins, non-biotinylated proteins and total
cell lysates were separated by SDS-PAGE, then proteins were transferred to PVDF
membranes. The membranes were blocked with 8% non-fat dry milk in wash buffer
(PBS, 0.1% Tween-20) for 30 min, then incubated for 2 h with anti-CHT antibody
(1:1000) in wash buffer containing 8% milk. After washing, the membranes were
incubated with peroxidase-conjugated anti-rabbit 1gG secondary antibody diluted
1:10,000 for 1 h in wash buffer containing 8% milk. Excess antibody was removed by
washing and membranes were processed for chemiluminescence detection using the
ECL kit. Immunoreactive bands were quantified by densitometry using Scion Image

software made available by NIH (http://rsb.info.nih.gov/nih-image/about.html).

Internalization and recycling of CHT in cells. After the biotinylation of plasma
membrane proteins, cells were treated rapidly with either vehicle or 1 mM SIN-1 in
warm KRH buffer and transferred to 37°C for varying times to monitor internalization of
cell surface proteins. Protein internalization was terminated by transferring culture
dishes to 4°C and washing twice with ice-cold PBS/CM. Cells were treated with the
membrane-impermeable reducing agent sodium 2-mercaptoethanosulfonic acid
(MesNa, 50 mM) in TE buffer (150 mM NaCl, 1 mM EDTA, 0.2% bovine serum albumin,

20 mM Tris-HCI, pH 8.6) to strip biotin from biotinylated proteins that had not undergone
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internalization and were retained at the cell surface. For each experiment, the biotin
stripping efficiency was assessed on a plate of cells that was treated in parallel, but had
been kept on ice to block internalization of cell surface proteins. In the case of
experiments designed to assess the movement of previously internalized biotinylated-
CHT back to the plasma membrane (“recycling”), biotinylated cell surface proteins were
allowed to undergo internalization by incubating cells at 37°C for 15 min, then cells were
transferred to 4°C and residual biotin was stripped from proteins that remained at the
cell surface. Subsequently, cells were returned to a second round of incubation at 37°C
in KRH buffer to allow return of internalized biotinylated proteins to the plasma
membrane. Treatments in the presence or absence of SIN-1 were initiated at this latter
step for times specified in the Results section. Finally, biotin was removed from
previously internalized biotinylated-CHT proteins that had returned (“recycled”) to the
cell surface using MesNa in TE buffer as described above thereby allowing
measurement of biotinylated proteins retained within the cells. Biotinylated proteins
were separated from non-biotinylated proteins on NeutrAvidin beads, then analyzed by
SDS-PAGE and immunoblotting as described above.

Detection of tyrosine nitration in CHT. HEK 293-CHT cells were harvested
and aliquots containing 1 x 10° cells were transferred to microcentrifuge tubes. Cells
were then washed with PBS and resuspended in KRH buffer, following which SIN-1,
authentic ONOO' or vehicle were added with immediate mixing. After 30 min incubation
at room temperature, cells were washed 3 times with PBS, then centrifuged and lysed in
CHAPS-buffer containing protease inhibitors as described above. Immunoprecipitation

was used to test for the presence of CHT-containing nitrotyrosine residues in total cell
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lysates as described by Tran et al. (2003). Briefly, 50 ul Protein A-Sepharose beads
was incubated overnight with either rabbit polyclonal anti-nitrotyrosine antibody (1:125),
or mouse anti-FLAG antibody (1:125). Subsequently, aliquots of antibody-bound Protein
A-Sepharose were added to cell lysates (400-500 ug protein) and incubated overnight
at 4°C. Antigen-antibody complexes were recovered by centrifugation and bound
proteins were eluted in double-strength SDS sample buffer with heating at 60°C for 5
min. Proteins were separated by SDS-PAGE and probed with mouse monoclonal anti-
nitrotyrosine antibody (1:1000), or rabbit polyclonal anti-CHT antibody (1:2000), or
rabbit polyclonal anti-nitrotyrosine antibody (1ug/ml); information from these two forms
of immunoblot were compared to evaluate if CHT contained nitrotyrosine residues.

DCF assay. HEK 293-CHT and SH-SY5Y-CHT cells were seeded in 96-well
plates at 5 x 10* cells/well and 1 x10° cells/well, respectively. On the day of experiment,
cells were incubated with KRH containing 50 yM DCFH-DA for 1 h at 37°C, then media
was aspirated and cells washed once to remove extracellular DCFH-DA. Cell-
permeable DCFH-DA taken up by the cells is converted by intracellular esterases to
DCFH by removal of the diacetate (DA) moiety. SIN-1, H,O, or vehicle were added to
duplicate wells and fluorescence intensity changes related to oxidation of DCFH to 2'7’-
dichlorfluorescein (DCF) were followed at 5 min intervals for 30 min (Agx = 485 and Agnm
=510 nm). This assay was also used to test if SOD, catalase and FeTPPS could reduce
DCFH oxidation in cells by adding these agents to culture wells at 5 min prior to the
addition of H,O,, SIN-1 or vehicle. Changes in fluorescence were calculated by the

equation AF = (Fo — Fio)/Fio x100.
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Membrane potential measurements. Effects of SIN-1 on membrane potential of
SH-SY5Y cells was monitored with the membrane potential-dependent fluorescent dye
Oxonal V, as described by Kukkonen et al. (1996). Briefly, cells were harvested in PBS
containing 0.02% EDTA, then centrifuged and washed once with Ca*-free KRH buffer.
Cell pellets were resuspended in KRH containing 0.5 pM bis-oxonal (DIBAC4(3)) and
incubated for 30 min in the dark at 25°C with gentle mixing to allow loading of dye into
cells. Subsequently, aliquots of cell suspension were placed in a stirred cuvette holder
heated at 37°C of a PTI fluorescence spectrophotometer, and fluorescence (Aex = 490
and Agm = 530 nm) was monitored as a function of time. Vehicle or drug (1 mM SIN-1 or
1 mM ouabain) was added at about 5 min when the baseline had stabilized. At the end
of each recording, 10 yM gramicidin was added to the cells to induce maximal
depolarization for measurement of the maximum fluorescence emission. Changes in
fluorescence indicative of changes in membrane potential of the cells were calculated
by AF = (Fi3p - Fio)/Fio x 100.

Data analysis. Data are plotted as mean + SEM with the number of independent
experiments performed shown as n values in Fig legends. GraphPad Prism 4 and InStat
software were used to perform statistical analyses. For nonlinear regression curve-
fitting, one-site competition and one-phase exponential decay were used to determine
the ICso and half-life (t12) of dose-response and maximal inhibition of choline uptake,
respectively. Sigmoid and Michaelis-Menten equations were used to fit dose-response
curves and to calculate kinetic parameters (Vmax and Kn) of choline uptake, respectively.
Statistical significance was determined using either unpaired Student’s t-test or one-way

analysis of variance with Dunnett’s posthoc multiple comparison test, as appropriate.
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Results
SIN-1 decreases CHT activity

To begin, the effect of SIN-1 on CHT was assessed by measuring HC-3-
sensitive, high-affinity choline uptake activity in HEK 293-CHT cells. These experiments
revealed that SIN-1 significantly decreases CHT activity in a dose-dependent manner
with an ICsp of 0.9 £ 0.14 mM, as shown in Fig. 1A. Importantly, the onset of this
inhibition is rapid. Cells were incubated in the presence of 1 mM SIN-1 for up to 120 min
with maximal inhibition of choline uptake developing with a ti, of about 4 min. Of note,
the inhibitory effect of SIN-1 plateaus at about 50% of control levels and remains
constant for up to 120 min (Fig. 1B). Unlike SIN-1, treatment of cells with 1 mM H,0O-
does not alter CHT activity (Fig. 1A).

To determine if the inhibitory effect of SIN-1 on CHT activity is cell-type specific,
we developed lines of SH-SY5Y neuroblastoma cells that stably-express FLAG-tagged
rat CHT (SH-SY5Y-CHT cells) for comparison with the HEK 293-CHT cells. As
illustrated in Fig. 2A, when compared to wild-type SH-SY5Y cells, two separate SH-
SY5Y-CHT cell lines that were tested displayed substantial HC-sensitive choline uptake
activity; this activity was about 50% less than that measured in parallel cultures of HEK
293-CHT cells due to lower levels of expression of the transgene in the neural cell lines
(data not shown). SH-SY5Y cells grown in the presence of RA differentiate
morphologically with the extension of neuritic processes and increased expression of
neuron-specific markers (Ecinas et al., 1999; Truckenmiller et al., 2001). Interestingly,
HC-sensitive CHT activity was increased significantly by about 5-fold in RA-

differentiated SH-SY5Y-CHT cells when compared with undifferentiated SH-SY5Y-CHT
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cells (p < 0.01) (Fig. 2B). Importantly, HC-insensitive choline uptake was not statistically
different between undifferentiated and differentiated cells. As illustrated in Fig. 2B, HC-
insensitive choline uptake accounts for about 75% of total choline uptake in
undifferentiated cells compared to about 50% of total uptake in differentiated cells. The
mechanisms underlying this are not clear, but it does not relate to changes in steady-
state levels of CHT mRNA in the cells (data not shown).

Importantly, we determined that SIN-1 also decreases [*H]choline uptake activity
in RA-differentiated SH-SY5Y-CHT cells with the magnitude of effect being similar to
that observed in the HEK 293-CHT cells (Fig. 3A). Moreover, neither H,O, (1 mM) nor
the NO-donor NOC-5 (1 mM) suppress [*H]choline uptake in these CHT-expressing cell
models (data not shown). Information about the mechanism by which SIN-1 affects CHT
activity was obtained by measuring the kinetic parameters of [*H]choline uptake in
vehicle and SIN-1-treated RA-differentiated SH-SY5Y-CHT cells. These experiments
reveal that the Vnhax for choline uptake is reduced significantly from 2.63 £ 0.15 to 2.02 £
0.13 nmol/mg protein/S5 min in vehicle- and SIN-1-treated (1 mM, 30 min) cells,
respectively (decrease to 75% of control value; p < 0.05, unpaired t-test) (Fig. 3B). The
apparent K, values established for choline uptake in vehicle- and SIN-1-treated cells do
not differ significantly (4.46 + 0.48 and 5.12 + 0.89 pM, respectively) (Fig. 3B). It is
possible, however, that this effect on choline uptake could be due to cellular damage or
toxicity induced by SIN-1. Consequently, we used the MTT assay to monitor cell viability
and the release of cytoplasmic LDH into cell culture medium to detect changes in
plasma membrane integrity. No differences were found between control and SIN-1-

treated cells in either the MTT assay or in LDH levels in the culture medium, thereby
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establishing that SIN-1 does not compromise cell viability under these experimental
conditions (Fig. 3C).

Based on the finding that SIN-1 leads to a rapid and substantial loss of choline
uptake activity in CHT-expressing cells, we carried out experiments designed to
address three potential mechanisms: (1) changes in the density of transport proteins
located at the cell surface, (2) nitration of susceptible tyrosine residues in CHT leading
to loss-of-function, or (3) loss of the driving force for choline transport by collapse of the

plasma membrane sodium electrochemical gradient or membrane potential.

Effect of SIN-1 on cell surface levels of CHT

For CHT to exert its function of transporting choline into the neuron, it must be
inserted into the plasma membrane. Thus, we hypothesized that the SIN-1-induced
decrease in choline uptake activity is related to a decrease in the density of CHT
proteins at the plasma membrane. To test this, we exposed HEK 293-CHT cells to 1
mM SIN-1 to decrease choline uptake activity by about 50%, then measured the levels
of CHT at the cell surface in comparison to vehicle-treated control cells. For this
purpose, we used the well-characterized high-affinity choline uptake antagonist HC-3 as
a ligand in binding assays as it binds competitively to CHT, but is not a solute for the
transporter (Chatterjee et al., 1987). Moreover, these assays were carried out at 4°C to
block internalization of CHT proteins from the cell surface to intracellular compartments
(Ribeiro et al., 2005). As illustrated in Fig. 4, these experiments revealed that specific
binding of a saturating concentration of [°’HJHC-3 is decreased in 1 mM SIN-1-treated

cells to about 50% of the control levels (p<0.01). Furthermore, at a lower dose (0.1
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mM), SIN-1 also significantly decreases [°*H]JHC-3 binding to about 75% of control levels
(p<0.01), which corresponds well with the choline uptake data (data not shown).

To corroborate this finding, we used a second approach to quantify cell surface
levels of CHT protein and assess changes following SIN-1 treatment. In these studies,
plasma membrane proteins were biotinylated and recovered on NeutrAvidin beads, then
CHT was detected and quantified by immunoblotting with anti-CHT antibody (Ribeiro et
al., 2005). To begin, we assessed the effect of SIN-1 treatment on the size of the pool of
CHT proteins that becomes biotinylated in HEK 293-CHT cells that were incubated at
37°C for varying times with either vehicle or 1 mM SIN-1 during protein biotinylation. In
this experimental paradigm, biotinylated-CHT may be located at the cell surface,
internalized to subcellular organelles after labeling, or internalized and subsequently
returned to the plasma membrane. This combined pool of CHT, termed the “recycling
pool”, is a subpopulation of the total cellular CHT proteins and is available for trafficking
between cell surface and subcellular organelles to regulate choline uptake activity by
fine-tuning plasma membrane CHT levels (Ribeiro et al., 2006). Fig. 5A shows a
representative immunoblot, and reveals that SIN-1 substantially reduces the total size of
the recycling pool of CHT proteins in a time-dependent manner (Fig. 5A and B). It is
also clear from Fig. 5B that the kinetics of biotinylation of CHT proteins in the recycling
pool differs in vehicle-treated compared to SIN-1-treated cells; over a 60 min time
course, the rate and magnitude of biotinylation of this CHT pool is greater in control
cells when compared to cells exposed to SIN-1.

It is important to note from the immunoblot of CHT in Fig. 5A that despite having

a calculated molecular mass of about 63-kDa, CHT appears on immunoblots as at least
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one, and often two or three, bands with masses of approximately 40-, 50- and 80-kDa.
The 50-kDa protein is the predominant species, with the relative abundance of
immunoreactive CHT bands varying depending on expression levels of CHT in cells. As
shown in Fig. 5A (middle panel, left), in HEK 293-CHT cell lysates, immunoreactive
CHT proteins are observed with masses of about 40- and 50-kDa. Of note, biotinylated
CHT protein (Fig. 5A middle panel, right) corresponds to the 50-kDa immunoreactive
CHT protein. Also included in this experiment for comparison with CHT was assessment
of the effects of SIN-1 on another cell surface receptor, the transferrin receptor (TfR),
which is known to undergo clathrin-mediated internalization (Hanover et al., 1985). As
illustrated in Fig 5A upper panel, SIN-1 also substantially reduces the total size of the
biotinylated pool of TfR in a time-dependent manner similar to that observed for CHT.
As shown in Fig. 6A (left panel), SIN-1 significantly decreases the amount of
CHT immunoreactivity at the plasma membrane in a dose-dependent manner. This
decrease in CHT density at the cell surface develops rapidly with reduced
immunoreactivity seen in cells treated with 1 mM SIN-1 for only 5 min when compared
to vehicle-treated control cells. There was no change in the total cellular levels of CHT
protein between control and SIN-1-treated cells, as illustrated by the immunoblots in
Fig. 6A (lower panels). Quantification of this data from multiple independent
experiments by densitometry shows that the level of CHT present at the plasma
membrane was reduced to about 60% and 75% of control in cells treated for 45 min
with 1 and 0.1 mM SIN-1, respectively (p<0.01) (Fig. 6B). SIN-1 treatment had no
apparent effect on actin levels on immunoblots of total cell lysates, and actin was not

detectable in the biotinylated protein fractions (data not shown). These latter findings
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validate the methodology by indicating further that plasma membrane integrity was

maintained in SIN-1-treated cells, and that only cell surface proteins are biotinylated.

SIN-1 enhances the internalization of CHT from the cell surface

Although it was predicted initially that CHT proteins would be localized mostly to
the plasma membrane from where they transport choline into the cell, it is clear that
unlike some other neurotransmitter transporters CHT is distributed primarily in
intracellular compartments with only a small proportion at the cell surface. Moreover,
CHT present at the cell surface is internalized rapidly into intracellular membranous
organelles through the endocytic endosomal pathway (Ribeiro et al., 2006). Thus, it is
expected that the steady-state plasma membrane level of CHT protein will be
determined by the rates at which it is internalized into subcellular compartments and
returned back to the plasma membrane. In the present study, we used the cell surface
protein biotinylation approach to assess if SIN-1 alters the rates of either internalization
or reinsertion of CHT protein at the plasma membrane. Following biotinylation of cell
surface proteins at 4°C in the absence of SIN-1, the profiles for CHT internalization
were compared in cells incubated at 37°C in the absence (control) or presence of 1 mM
SIN-1 for 5 and 15 min; following this incubation, residual biotin was stripped from
proteins that remained at the cell surface to ensure that only internalized biotinylated
proteins were detected.

Importantly, the data illustrated in Fig. 7 reveal a statistically-significant increase
in the amount of CHT protein internalized from the plasma membrane in SIN-1-treated

SH-SY5Y-CHT cells compared to vehicle-treated control cells. At both 5 and 15 min

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on October 30, 2007 as DOI:: 10.1124/mol.107.040881
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #40881 20

after the addition of 1 mM SIN-1 to cells at 37°C, the levels of biotinylated CHT were
greater than that found in control cells at 37°C (Fig. 7A, lower panel, lane 3 versus lane
5, and lane 4 versus lane 6, p<0.001 and p<0.05, respectively); an immunoblot of the
total cell levels of CHT is shown in Fig. 7A (upper panel) to demonstrate equivalent
expression of CHT in each group. The amount of internalized biotinylated CHT was
normalized to total cell surface levels of biotinylated CHT in cells incubated at 4°C in the
absence of SIN-1 (Fig. 7A, lower panel, lane 1). As experimental controls to validate the
method: (1) the amount of total cell surface CHT that is biotinylated is shown in Fig. 7A
(lower panel, lane 1), and (2) one dish of cells was incubated on ice to show that
internalization of the protein was negligible at 4°C (data not shown) and that MesNa
efficiently stripped biotin from cell surface proteins (Fig. 7A, lower panel, lane 2).
Typically, one CHT immunoreactive band with molecular mass of about 50-kDa was
found on immunoblots of SH-SYS5Y-CHT cell lysates (Fig. 7A upper panel), in contrast
to results obtained with HEK 293-CHT cell lysates (Fig. 5A lower panel). Biotinylated
CHT from SH-SY5Y-CHT cells corresponded to the immunoreactive CHT band at about
50-kDa, similar to that seen with HEK 293-CHT cells.

A line graph summarizing data from multiple experiments is given in Fig. 7B
showing an approximately 3-fold increase in the amount of internalized CHT in SIN-1-
treated cells at 5 min (30 £ 0.3%) when compared with control (10 £ 2.8%) (p<0.001).
Although still significantly-different (p<0.05), the magnitude of the difference between
control and SIN-1-treated cells was less at 15 min incubation under conditions that are
permissive for CHT internalization. Of note, the amount of CHT internalized in control

cells increased by about 2-fold from 5 to 15 min (p<0.05). By comparison, the amount of
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CHT internalized in SIN-1-treated cells did not increase significantly from 5 to 15 min.
These data suggest that the initial rate of internalization of CHT is enhanced by
exposure of cells to SIN-1, but that this is not sustained as indicated by saturation of

internalization at 15 min when compared to control cells.

SIN-1 effect on CHT movement between cell surface and subcellular organelles
Some cell surface solute transporters and receptors traffick repeatedly between
the cytoplasm and plasma membrane (Loder and Melikian, 2003; Deken et al., 2003).
We demonstrate here, for the first time, that biotinylated CHT that has undergone
internalization from the cell surface can be returned constitutively back to the plasma
membrane (Fig. 8A). Fig. 8B illustrates that, under the experimental conditions tested,
about 40% of internalized biotinylated CHT returned to the cell surface by 15 min.
Moreover, when compared to vehicle-treated control cells, the rate of return of

internalized CHT back to the cell surface was not altered in SIN-1-treated cells.

Effect of SIN-1 on intracellular oxidative stress

To assess if SIN-1 and its product ONOO™ cause an increase in intracellular
oxidative stress, the cell-permeable non-fluorescent probe DCFH-DA was used to
monitor levels of reactive oxygen species in control, H,O,- and SIN-1-treated cells. After
diffusing into cells, the DA moiety is cleaved from DCFH by cytoplasmic esterases, and
with increasing oxidative stress in cells DCFH can be oxidized to the fluorescent
compound DCF. As shown in Fig. 9, both H,O, (500 uM) and SIN-1 (100 uM)

significantly increased the fluorescence intensity of DCF, confirming that they are
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membrane-permeable oxidizing agents; induction of DCF fluorescence was greater with
SIN-1 suggesting that it is a more powerful oxidizing agent than is H,O,. Pretreatment
with catalase (100 U/ml), which breaks down H,O,, attenuated increases in DCF
fluorescence in cells treated with H,O,, but not in cells treated with SIN-1. These data
indicate that the effects of SIN-1 on CHT were not likely mediated by or related to the
formation of H,O.. In contrast, treatment of cells with either SOD (100 U/ml) or FeTPPS
(25 uM), which catalyze the decomposition of ONOQO’, significantly reduced the SIN-1-
induced increase in DCF fluorescence thus supporting the role of ONOO™ in SIN-1

effects on CHT.

Nitration of tyrosine residues in CHT

To determine if susceptible tyrosine residues in CHT undergo nitration in SIN-1-
treated SH-SY5Y-CHT cells, we recovered FLAG-tagged CHT proteins from control and
treated cell lysates by immunoprecipitation with anti-nitrotyrosine antibodies. Using
experimental conditions where SIN-1 reduces CHT activity, we did not find evidence for
tyrosine nitration in CHT proteins in cells treated with either SIN-1 or ONOO" (data not
shown). The converse experiment was also performed in which CHT proteins were
immunoprecipitated with anti-CHT antibodies and then probed on immunoblot with anti-
nitrotyrosine antibodies. No evidence of nitration of CHT in SIN-1-treated cells was

observed (data not shown).
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Effects of SIN-1 on membrane potential

As the velocity of choline uptake by CHT is coupled to the sodium
electrochemical gradient, we tested the hypothesis that the inhibitory effect of SIN-1 on
CHT activity is related to changes in membrane potential of the cell caused by inhibition
of Na'/K*-ATPase and collapse of transmembrane ionic gradients. Previous studies
demonstrated that Na'/K*-ATPase activity is decreased substantially by both SIN-1 and
ONOO’ (Guzman et al., 1995). To test this hypothesis, the effect of SIN-1 on membrane
potential of SH-SY5Y cells was evaluated using the bis-oxonal dye. As illustrated in Fig.
10, bis-oxonal fluorescence was not different between vehicle-treated cells and cells
treated for 30 min with 1 mM SIN-1. By comparison, treatment of cells with the Na'/K*-
ATPase inhibitor ouabain (1 mM) resulted in increased bis-oxonal fluorescence

suggesting that cells are more depolarized.
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Discussion

Several novel observations relating to the regulation of CHT function were made
in this study: (1) cell surface levels of CHT are reduced by SIN-1 with this correlating to
decreased choline uptake activity and HC-3 binding, (2) SIN-1 enhances the rate of
internalization of CHT proteins from plasma membrane to subcellular compartments;
similar enhancement of internalization of TfR in SIN-1 treated cells was also observed,
(3) CHT that has undergone internalization from the plasma membrane to subcellular
organelles can return back to the cell surface with the rate of this not altered by SIN-1,
(4) SIN-1 effects on CHT function are not related to nitration of tyrosine residues in the
protein or to changes in membrane potential that serves as a driving force for solute
transport, and (5) RA-mediated differentiation of SH-SY5Y-CHT cells leads to an
approximately 5-fold increase in CHT activity and protein content in cells.

Studying biological effects of ONOO' in cultured cells is technically challenging
due to its short half-life (<1 sec at physiological pH) (Radi et al., 2000), thus making the
effective exposure time brief and making it difficult to attain the desired dose. Effects of
a bolus of ONOO™ may differ from what occurs in vivo where ONOO' is formed slowly
and continuously. As an alternative to using ONOQO" directly, SIN-1 (active metabolite of
molsidomine) releases equimolar NO' and O;" leading to ONOO" generation in well-
oxygenated aqueous solution at physiological pH. This slow continuous production of
ONOO'" from SIN-1 resembles processes occurring during inflammation, ischemic injury
and excitotoxicity (Darley-Usmar et al., 1992; Li et al., 2002).

It was reported previously that ONOO™ and SIN-1 inhibit high-affinity choline

uptake and ACh synthesis in cholinergic synaptosomes (Guermonprez et al., 2001), but
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the underlying mechanisms were not investigated. The present study shows that acute
exposure of HEK 293 and SH-SY5Y cells expressing CHT to 1 mM SIN-1 rapidly
inhibits choline uptake to about 50% of control levels; this agrees with a previous report
where synaptosomal HC-sensitive choline uptake was decreased to 50% of control by
0.8 mM SIN-1 (Guermonprez et al., 2001). We observed that the inhibitory effect of SIN-
1 on CHT activity plateaus within minutes and remains stable up to 2 hr. The reason for
this is unclear, but as SIN-1 consumes molecular O, with NO generation this could
potentially deplete O, in media thereby limiting the maximal effect of SIN-1. Studies on
the dynamics of O, consumption relative to NO production from SIN-1 have been
published (Freelisch et al., 1989; Ullrich et al., 1997), but the time frame for substantial
reduction of O, in media occurs over hours rather than a few minutes.

Inhibition of HC-sensitive choline uptake by SIN-1 in both non-neural (HEK 293)
and neural (SH-SY5Y) cells indicates that the effect is not cell-type specific. However,
comparison of HEK 293-CHT and RA-differentiated SH-SY5Y-CHT cells revealed a
difference in sensitivity of cells to inhibitory effects of SIN-1 on CHT activity. Although
the redox state of HEK 293 and differentiated SH-SY5Y cells was not addressed in this
study, both cellular redox state and GSH levels are important defenses against ONOO
and SIN-1 (Barker et al., 1996; Fass et al., 2004). Of note, RA-treatment can protect
PC12 cells from oxidative injury generated by H,O, (Jackson et al., 1991) suggesting
that the transition of SH-SY5Y cells to a more differentiated state may contribute to
differences in sensitivity of CHT to SIN-1 between HEK 293 and SH-SY5Y cells.

Characteristics of choline uptake measured in SH-SY5Y-CHT cells are similar to

those reported in other expression systems such as Xenopus oocytes and transiently-
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transfected cells. Strikingly, RA-induced differentiation of SH-SY5Y-CHT cells markedly
enhances CHT activity and protein levels in parallel with morphological differentiation of
the cells. As stable introduction of transgenes into recipient cells using traditional
plasmid transfection methods normally results in random integration of the gene into the
host genome, the effects of RA-induced differentiation was tested on two separate
clonal cell lines. The data show that both cell lines respond similarly to RA suggesting
that it is unlikely that the integration site of CHT cDNA is responsible for the RA-induced
increase in CHT expression. Further studies are required to elucidate mechanisms by
which RA enhances CHT activity and protein levels in SH-SY5Y-CHT cells.

To assess if SIN-1 and its product ONOO™ cause intracellular oxidative stress,
the cell-permeable probe DCFH-DA was used (Crow, 1997; Martin-Romero et al.,
2004). Coupling DCFH measures with oxidant inhibitors and scavengers make it
possible to assess oxidant potency and to identify the oxidant mediating SIN-1 effects.
Oxidation of non-fluorescent DCFH to its fluorescent product DCF is relatively selective
for ONOO™ compared to O,, H,O, or NO thereby allowing ONOO" formation to be
monitored. Under the experimental conditions used, it appears that the product of SIN-1
decomposition is ONOO" rather than H,O,; catalase (scavenger of H,0,) effectively
abolished increased DCF oxidation by H,O,, but did not alter increased fluorescence of
DCF in the presence of SIN-1. The interpretation that SIN-1-induced ONOO™ causes
oxidative stress is supported by data that SOD (scavenges O,) and FeTPPS
(scavenges peroxynitrite and uncouples the reaction of NO with O, to decrease ONOO"
formation) inhibited oxidation of DCF by SIN-1. Also, as intracellular DCF is highly-

oxidized when SIN-1 is added to media, this indicates that intracellular oxidative stress
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might contribute to SIN-1 effects. DCF fluorescence induced by SIN-1 is several fold
greater than the response to H,O, confirming the potency of pro-oxidant ONOO'".

A primary effect of ONOO™ on proteins is nitration of tyrosine residues (Beckman
et al., 1992). In relation to this, nitrotyrosine immunoreactivity is increased in necropsy
AD brain (Smith et al., 1997) indicating that ONOO™ may be involved in the disease
pathogenesis. Nitrated residues disrupt normal protein function by several mechanisms,
such as altering its ability to undergo tyrosine phosphorylation (Berlett et al., 1996;
Nomiyama et al., 2004), modification of protein conformation (Hodara et al., 2004;
Reynolds et al., 2005) and altering susceptibility to proteolysis (Bar-Shai and Reznick,
2006; Hodara et al., 2004). We hypothesized that tyrosine nitration in CHT may induce
loss-of-function. Rat CHT contains 31 tyrosines that are potential targets for ONOO'-
mediated nitration; 12 tyrosines are located in transmembrane domains and 19 are
arrayed in extracellular and intracellular loops. Tyrosine nitration in target proteins yields
a modification that can be detected immunologically, thus we used anti-nitrotyrosine
antibodies to analyze CHT immunoprecipitated from SIN-1-treated cells. We did not find
evidence of nitration of tyrosines in CHT. Similar results (i.e. absence of nitrotyrosine-
immunoreactive bands after SIN-1 and ONOO' treatment) were found with cholinergic
synaptosomes or cell lines that over-express the human dopamine transporter that were
exposed to high doses of SIN-1 (Guermonprez et al., 2001; Park et al., 2002). An
alternative target in CHT for ONOO™ could be oxidation of cysteine thiols.

We show for the first time that SIN-1 decreases choline uptake by increasing
CHT internalization without altering its return to plasma membrane, thus lowering cell

surface CHT. Cell surface CHT is determined by its internalization rate into endosomal
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compartments and the rate of movement of previously internalized or new CHT to
plasma membrane. This latter event is critical for increasing cell surface CHT to mediate
rapid enhancement of choline uptake after ACh release, thus facilitating transmitter
synthesis to maintain neurotransmission (Ferguson and Blakely, 2004; Ribeiro et al.,
2006). Dynamic movement of CHT between plasma membrane and cellular organelles
in neurons may involve both regulated and constitutive mechanisms with different
functional roles (Ribeiro et al., 2006). In this model, constitutive exocytosis-endocytosis
maintains a pool of plasma membrane transporters (estimated at 15% of total CHT),
while regulated exocytosis of synaptic vesicles delivers CHT to the cell surface during
prolonged excitation of cholinergic nerve terminals. An intracellular recycling pool of
CHT that can be recruited as needed could explain how cholinergic transmission is
maintained during long periods of stimulation (Birks and Macintosh, 1961). Conversely,
changes that enhance CHT internalization and/or decrease its return to plasma
membrane could decrease its cell surface levels, lower ACh synthesis and comprise
cholinergic communication.

The mechanism by which SIN-1 enhances CHT internalization is unknown, but
may involve modification of CHT interaction with cellular proteins and/or endocytic
machinery such as adaptor, Rab or clathrin-pathway proteins. After internalization in
clathrin-coated pits, CHT appears to be directed to early endosomes as it colocalizes
with Rab5 shortly after endocytosis (Ribeiro et al. 2005). In addition to its role in
endosomal transport, Rab5 may participate in synaptic vesicle recycling/formation and
modulate synaptic vesicle-mediated mobilization of CHT thus regulating choline uptake

(Ribeiro et al. 2003; Ferguson et al. 2003). In this study, SIN-1 also increased TfR
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internalization from plasma membrane similar to the effect on CHT. TfR is endocytosed
by a clathrin-mediated process (Hanover et al., 1985) and although it was shown that
SIN-1 decreases cell surface TfR levels (Richardson et al., 1995), a relationship
between these events has not been reported. Taken together, our findings suggest that
this SIN-1-mediated effect is not specific to CHT, but may be generalized to other cell

surface proteins that undergo regulated endocytosis by a clathrin-mediated mechanism.
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Figure Legends
Figure 1. Acute exposure of HEK 293-CHT cells to SIN-1 inhibits HC-sensitive choline
uptake. (A) Cells were preincubated with various concentrations of SIN-1 (10 uM - 2
mM) (m) or with 1 mM H,O, (A) for 45 min, and (B) for various times (5 - 120 min)
before choline uptake activity was measured at 0.5 uM [SH]choIine. Data from SIN-1-
treated cells are normalized to that obtained for control (vehicle-treated) cells (% of
control), and are expressed as the mean £ SEM of 3-5 independent experiments with
triplicate measurements in each experiment. Statistically-significant differences between

control and SIN-1-treated cells are denoted as ** for p< 0.01.

Figure 2. SH-SY5Y-CHT cells express HC-3-sensitive choline uptake that increases
with differentiation. (A) Two SH-SY5Y-CHT cell lines were tested revealing CHT activity
at about 50% of that found in HEK 293-CHT cells. Wild-type SH-SY5Y cells do not
express HC-3-sensitive choline uptake activity constitutively. ***, p<0.001 compared
with wild-type cells; ###, p<0.001 compared with HEK 293-CHT cells. (B) Differentiation
of SH-SY5Y-CHT cells with retinoic acid treatment for 3 days enhances total (black
bars) , but not HC-insensitive (white bars), choline uptake activity. Net HC-sensitive,
CHT-mediated choline uptake was about 5-fold greater in differentiated cells [127.28 +
17.76 pmol/mg/5 min] compared to undifferentiated cells [26.05 + 4.68 pmol/mg/5 min].
Data are expressed as mean + SEM (n= 4 independent experiments). Total choline
uptake in differentiated cells was statistically different from that measured in
undifferentiated cells and from HC-insensitive choline uptake in both differentiated and

undifferentiated cells, denoted as ** p< 0.01. Total choline uptake in undifferentiated
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cells and HC-insensitive uptake in differentiated and undifferentiated cells were not

significantly different from each other.

Figure 3. SIN-1 inhibits CHT activity in differentiated SH-SY5Y cells. (A) [3H]Choline
uptake was inhibited in a dose-dependent manner in cells treated for 30 min with SIN-1
at concentrations between 10 uM and 2 mM. Data for SIN-1-treated cells are expressed
as percent of vehicle-treated controls, and graphed as mean + SEM (n=4). Statistically-
significant differences compared to control are indicated by * p<0.05 (one-way ANOVA
with posthoc Dunnet's multiple comparison test). (B) Kinetic parameters for HC-3-
sensitive [°H]choline uptake in control and SIN-1-treated differentiated SH-SY5Y-CHT
cells were estimated using [*H]choline concentrations between 0.5 and 10 uM in the
absence or presence of 1 uM HC-3. Data are calculated as nmol / mg protein / 5 min
and expressed as mean + SEM from 5 independent experiments with duplicate
measurements. Choline uptake data are plotted as a function of [*H]choline
concentration, with curves fitted by nonlinear regression analysis using GraphPad Prism
4. SIN-1 (30 min, 1 mM) decreased the maximum velocity (Vmax) Of choline uptake by
25% (*, p<0.05), with no significant change in affinity (Kn,). (C) The effect of SIN-1
treatment on plasma membrane integrity and cell viability was tested by monitoring LDH
release from cells and MTT metabolism, respectively. As can be seen from this panel,
treatment of cells for 30 min with SIN-1 up to a concentration of 1 mM did not
significantly alter either of these measures compared to vehicle-treated control cells.

Data are expressed as mean + SEM from at least 3 independent experiments.
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Figure 4. SIN-1 decreases the binding of [3H]HC-3 to CHT in HEK 293-CHT cells. Cells
were treated for 45 min with vehicle or SIN-1 (0.01, 0.1 and 1 mM) prior to measuring
total binding of [3H]HC-3 using 10 nM ligand in the absence or presence of 1 uM HC-3
for estimation of non-specific binding. Wild-type HEK 293 cells do not express CHT
constitutively as seen by the lack of specific [3H]HC-3 binding. Specific binding was
determined as the difference between total binding and non-specific binding, with data
normalized to sample protein content. Data are expressed as fmol [3H]HC-3 bound / mg
protein and graphed as mean £ SEM from 5 independent experiments with duplicate
determinations. Statistically-significant differences compared to control group are
indicated by *, p<0.05 or **, p <0.01. Statistically-significant differences compared to 1

mM SIN-1 treatment group are indicated by #, p<0.05.

Figure 5. SIN-1 treatment decreases the size of the total recycling pool of CHT in HEK
293-CHT cells. (A) Cells were incubated for varying times at 37°C in the absence or
presence of 1 mM SIN-1 in buffer containing sulfo-NHS-SS-biotin to biotinylate CHT
proteins when they are present at the cell surface. A representative immunoblot (middle
panel) shows total biotinylated CHT proteins located at the cell surface and internalized
into subcellular compartments; total cellular CHT content (non-biotinylated and
biotinylated) (left lane, middle panel). A representative immunoblot showing biotinylated
TfR is shown for the same experimental paradigm (upper panel) with total TfR in cell
lysate illustrated in the left lane, upper panel. Actin immunoreactivity in the biotinylated
protein fractions was used as a negative control. The absence of actin in these fractions

(lower panel) indicates that CHT or TfR present is recovered as solubilized biotinylated
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membrane proteins isolated on NeutrAvidin beads, rather than from contamination of
the fractions by intact membranes. Actin immunoreactivity in cell lysates is shown in the
left lane, lower panel. (B) A line graph summarizes time course data from densitometric
profiles of the biotinylated CHT pool in control and SIN-1-treated cells normalized to
total cellular CHT for 5 independent experiments.

Figure 6. SIN-1 treatment decreases the amount of CHT protein at the cell surface. (A)
HEK 293-CHT cells were incubated at 37°C for 45 min in the absence or presence of
SIN-1 (0.01, 0.1 or 1 mM) (upper panel - left), or with 1 mM SIN-1 for 5, 15 or 45 min
(upper panel - right) before biotinylation of cell surface proteins at 4°C for 1 h. Aliquots
of lysates (10 ug protein) from parallel sets of cells not undergoing biotinylation were
immunoblotted to assess total CHT levels (lower panel). (B) Immunoblots of
biotinylated CHT were quantified by densitometry and relative absorbance units for
band densities from SIN-1 treated cells are expressed as a percentage of cell surface
CHT obtained for vehicle-treated control cells. Data shown are from 3-5 independent
experiments, and represent mean * SEM. Asterisks (**) indicate that data are

statistically different from controls at the level of p<0.01.

Figure 7. SIN-1 increases internalization of CHT from the plasma membrane to
subcellular compartments in differentiated SH-SY5Y-CHT cells. (A) This representative
immunoblot (lower panel) shows increased internalization of biotinylated CHT at 5 and
15 min following addition of 1 mM SIN-1 when compared to control cells. (B) The line
graph displays CHT internalization data normalized to total cell surface CHT computed

from 4 independent experiments. Asterisks * and *** indicate data are significantly
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different from controls at the level of p < 0.05 and 0.001, respectively, and # (p <
0.05)indicates a statistically-significant difference for CHT internalization between 5 and

15 min values in control cells only.

Figure 8. Determination of the return of internalized CHT to the cell surface. After
allowing internalization (37°C) for 15 min, two parallel groups of cells were chilled and
incubated with MesNa at 4°C to strip biotin from proteins at the cell surface. Cells were
then transferred to 37°C and incubated in the presence or absence of 1 mM SIN-1. The
decrement in intensity of the internalized-biotinylated CHT band with increasing
incubation time (0, 2, 5, and 15 min) at 37°C represents the rate of CHT return back to
the plasma membrane. (A) Data from a representative experiment are shown. (B) The
histogram compiles data from 3 independent experiments with data expressed as the
percent loss of internalized CHT at each time point, thus allowing assessment of the

return of CHT to the cell surface.

Figure 9. DCF assay. HEK 293-CHT cells were incubated with DCFH-DA (50 uM) for 1
hr at 37°C. After washing away excess extracellular DCFH-DA, cells were treated with
H,O, (100 and 500 uM) or SIN-1 (100 uM) and the changes in fluorescence intensity
were monitored at 5 min intervals for 30 min (Ex = 485 and Em = 510). SOD, catalase
and FeTPPS were added to some samples at 5 min prior to the treatment. Changes in
fluorescence were calculated according to the equation: AF = (Fio — Fio)/Fio *100. As
expected, SIN-1 is a more powerful oxidizing agent than is H,O,. Catalase (100

units/ml) significantly reduced the oxidation of DCF in H,O, (500 uM) treated-cells, but
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had no effect in cells treated with SIN-1. However, SOD (100 units/ml), which react with
O™, then inhibits the formation of ONOO’, and FeTPPS (25 uM), an ONOO™ scavenger,
effectively lowered the oxidation of DCF in cells exposed to SIN-1. The bar graphs

shown are means £ SEM (n=4). * p < 0.05 and ** p <0.01 compared to control cells.

Figure 10. SIN-1 did not alter cell plasma membrane potential when investigated using
bis-oxonal (DiBAC4(3)). Cell suspensions were incubated in KRH buffer (pH7.4)
containing 0.5 uM bis-oxonal for 30 min at 25 C. Bis-oxonal fluorescence was monitored
as a function of time at wavelengths of 490 nm (excitation) and 530 nm (emission) using
a PTI fluorescence spectrophotometer. When the baseline had stabilized, vehicle or
drug (SIN-1 or ouabain) was added and the fluorescence signal was observed
continuously for 30 min. (A) The bar graph represents mean = SEM of data obtained
from 3 independent experiments. (B) Representative traces of changes in fluorescence
observed during a 30 min incubation with vehicle or drug treatment of cells. Drug or
vehicle were added at time = 0 min on these traces, with the baseline having stabilized
for several minutes prior to these additions. Gramicidine (10 uM) was added at the end
of each incubation (i.e. at the 30 min time-point) to induce membrane depolarization and

observed as a large increase in fluorescence intensity.
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