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ABSTRACT

The activation and deactivation of Ca2+- and calmodulin-
dependent neuronal nitric oxide synthase (nNOS) in the 
central nervous system must be tightly controlled to 
prevent excessive nitric oxide (NO) generation. Consider-
ing plasma membrane calcium ATPase (PMCA) is a key 
deactivator of nNOS, the present investigation aims to 
determine the key events involved in nNOS deactivation 
of by PMCA in living cells to maintain its cellular context. 
Using time-resolved Förster resonance energy transfer 
(FRET), we determined the occurrence of Ca2+-induced 
protein–protein interactions between plasma membrane 
calcium ATPase 4b (PMCA4b) and nNOS in living cells. 
PMCA activation signifi cantly decreased the intracellular 
Ca2+ concentrations ([Ca2+]i), which deactivates nNOS and 
slowdowns NO synthesis. Under the basal [Ca2+]i caused 
by PMCA activation, no protein-protein interactions were 
observed between PMCA4b and nNOS. Furthermore, both 
the PDZ domain of nNOS and the PDZ-binding motif of 
PMCA4b were essential for the protein-protein interaction. 
The involvement of lipid raft microdomains on the activity 
of PMCA4b and nNOS was also investigated. Unlike other 
PMCA isoforms, PMCA4 was relatively more concentrated 
in the raft fractions. Disruption of lipid rafts altered the 
intracellular localization of PMCA4b and affected the inter-
action between PMCA4b and nNOS, which suggest that 
the unique lipid raft distribution of PMCA4 may be respon-

sible for its regulation of nNOS activity. In summary, lipid 
rafts may act as platforms for the PMCA4b regulation of 
nNOS activity and the transient tethering of nNOS to PM-
CA4b is responsible for rapid nNOS deactivation.

KEYWORDS     plasma membrane calcium ATPase, neu-
ronal nitric oxide synthase, calcium, nitric oxide, lipid raft, 
Förster resonance energy transfer

INTRODUCTION

Nitric oxide (NO) is synthesized from oxygen and l-arginine by 
nitric oxide synthase (NOS) and has essential roles in vascular 
tone modulation, neurotransmission, and immune defense 
(Moncada and Bolanos, 2006). Three genetically different 
isoforms of NOS account for NO production, namely, the two 
constitutive forms endothelial nitric oxide synthase (eNOS) and 
neuronal nitric oxide synthase (nNOS) and the inducible form 
inducible nitric oxide synthase (iNOS). Among these isoforms, 
nNOS (also known as NOS-I) is the isoform predominantly 
found in neuronal tissue (Alderton et al., 2001). NO production 
by activated nNOS in the central nervous system is triggered 
by elevated intracellular Ca2+ concentrations ([Ca2+]i) and it 
has been associated with the induction and maintenance of 
synaptic plasticity. NO may also regulate neurosecretory con-
trol (Calabrese et al., 2007). However, aside from the physi-
ologic functions mentioned above, NO becomes noxious when 
produced in excess (Pacher et al., 2007). Superfl uous NO has 
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isoforms (PMCA1, PMCA2, PMCA3, and PMCA4) in adult rat 
brains at both the mRNA level and the protein level. The four 
PMCA isoforms were expressed in the four functional regions 
of the brain we tested, namely, the cerebral cortex, cerebel-
lar cortex, hippocampus, and corpus striatum, as shown in 
Fig. 1A and 1B. Then, we investigated the partitioning of these 
PMCA isoforms in the brain plasma membrane microdomains. 
We fractionated the brain plasma membrane using the methods 
described by Sepúlveda et al. (2006), and found that all four 
PMCA isoforms are associated with the low density fractions (lipid 
raft microdomains); however, PMCA4 was relatively enriched in 
the lipid rafts compared with the other isoforms (Fig. 1C).

Impairment of lipid rafts affected the localization of 
PMCA4 and nNOS

nNOS  expression  was  relatively  higher  in  the  cerebellum 
(Fig. 2A); thus, we used primary cerebellar granule cells, a 
relatively homogenous and well-characterized culture system 
of cerebellar neurons (Dudek et al., 1997), to investigate the 
subcellular localization of endogenous PMCA4 and nNOS in 
neuronal cells. We also observed the subcellular localization 
of nNOS in HEK-293 cells transfected with pcDNA3.1-nNOS 
vector. The immunofl uorescence images clearly indicate that 
PMCA4 has typical membrane protein distribution, whereas 
the endogenous and exogenous nNOS have cytoplasmic dis-
tributions (Fig. 2B).

The intracellular localization of PMCA and nNOS was fur-
ther investigated in living cells that expressed fused proteins. 
The HEK-293 cells transfected with pEGFP-hPMCA4b and 
pRFP-nNOS were used to observe the localization of PMCA4 
and nNOS. The intracellular distribution patterns of PMCA4b-
EGFP and nNOS-RFP were similar to the immunocytochem-
istry results, as shown in Fig. 2C. The merged image indicated 
the partial colocalization of PMCA4b-EGFP and nNOS-RFP at 
the plasma membrane.

The cell fractionation results indicate that PMCA4 is relatively 
enriched in lipid rafts; hence, we investigated the infl uence of 
lipid rafts on the intracellular localization of PMCA4 and nNOS. 
After treatment with MβCD, the lipid raft microdomains of the 
plasma membrane were disrupted and the membrane lipids 
were remodeled. Consequently, PMCA4b was redistributed in 
the plasma membrane, forming a relatively homogenous pat-
tern, whereas nNOS was dispersed in the cytoplasm, which 
caused the disappearance of the partial colocalization of PM-
CA4b-EGFP and nNOS-RFP.

Increase in [Ca2+]i activated PMCA and nNOS in living cells

We measured the activity of PMCA and nNOS in living cells 
using Ca2+-specific Fura-2-AM and NO-specific DAF-2-DA 
fl uorescence probes, respectively. Isosmotic buffer containing 
N-methyl-d-glucamine was used to block the Ca2+ transport 
mediated by the Na+-Ca2+ exchanger (NCX), whereas thapsi-
gargin was added to inhibit the activity of the endoplasmic re-

been closely associated with the risk of the developing brain 
ischemia damage, Parkinson’s disease, Alzheimer’s disease, 
and other nervous system diseases (Torreilles et al., 1999; 
Tran et al., 2003; Moro et al., 2004; Guix et al., 2005). Based 
on the physiologic and pathologic role of NO, the generation, 
release, diffusion, and deactivation of NO should be precisely 
regulated in the central nervous system, which is accomplished 
mainly through nNOS activation and deactivation.

The NO synthesis catalyzed by nNOS is Ca2+-dependent 
and the regulation of nNOS activity is closely related to the 
structure of nNOS. The nNOS monomer (inactive form) has 
a bidomain structure, wherein an oxygenase domain (N-
terminus) that contains binding sites for heme, BH4, and l-
arginine is linked by a calmodulin-binding motif to a reductase 
domain (C-terminus) that contains binding sites for FAD, 
FMN, and NADPH (Alderton et al., 2001; Sagami et al., 2001; 
Zhou and Zhu, 2009). In addition, the N-terminus of nNOS 
contains a PDZ domain that participates in the formation of 
active dimers and interacts with other proteins in the specifi c 
regions of the cell (Zhou and Zhu, 2009). nNOS is anchored 
to the second PDZ domain of PSD-95 through the interaction 
between the PDZ domains, while PSD-95 is bound to NMDA 
receptors (NMDA-R) through the PDZ domain. This indirect 
anchoring positions nNOS and NMDA-R close to each other, 
thereby greatly increasing the effi ciency of the conversion from 
excitatory amino acids signals to NO signals (Brenman et al., 
1996). Meanwhile, excess NO leads to the nitrosylation of the 
Cys744 and Cys798 of the NMDA-R, which deactivates NMDA-
R and decreases Ca2+ infl ux (Kim et al., 1999). Therefore, the 
contiguity of nNOS and NMDA-R increases the sensitivity and 
speed of negative feedback regulation.

Compared with nNOS activation, less is known about the 
key events during nNOS deactivation. Using biochemical 
approaches, Schuh et al. found that the PDZ binding motif 
at the C-terminus of plasma membrane calcium ATPase 4b 
(PMCA4b) interacts with the PDZ domain of nNOS. Based on 
these fi ndings, Schuh suggested that PMCA is a major factor 
that downregulates nNOS activity (Schuh et al., 2001).

In the present investigation, we used time-resolved Förster 
resonance energy transfer (FRET) to monitor the transient 
protein-protein interactions between PMCA and nNOS in living 
cells and simultaneously monitored the changes in intracellular 
Ca2+ concentrations ([Ca2+]i) and NO concentrations ([NO]i). 
We found that the increase in [Ca2+]i-induced protein-protein 
interaction between PMCA4b and nNOS contributes to nNOS 
deactivation. We also found that the interaction between PM-
CA4b and nNOS depends on the PDZ domain and the integ-
rity of the lipid rafts. These events may play an important role 
in controlling NO production in the central nervous system.

RESULTS
Expression and partitioning profi les of PMCA isoforms in 
rat brains

We first analyzed the expression profiles of the four PMCA 



Wenjuan Duan et al. RESEARCH ARTICLE

288 | April 2013 | Volume 4 | Issue 4    © Higher Education Press and Springer-Verlag Berlin Heidelberg 2013

Pr
ot

ei
n 

   
 C

el
l

&

slowed down the decrease in [Ca2+]i (Fig. 3B), and the gluta-
mate-treated cerebellar granule cells were unable to generate 
NO (Fig. 3D), which suggests that the integrity of lipid rafts also 
has an important role in the activation of PMCA and nNOS.

Subsequently, we measured the changes in [Ca2+]i and [NO]i 
in HEK-293 cells. Exposure of HEK-293 cells to thapsigargin 
and ionomycin triggered the release of Ca2+ from the endo-
plasmic reticulum and signifi cantly increased the [Ca2+]i, which 
rapidly activated PMCA. Activated PMCA gradually decreased 
the [Ca2+]i to basal levels (Fig. 4A). High [Ca2+]i levels also ac-
tivated nNOS in the HEK-293 cells transfected with pcDNA3.1-
nNOS, which triggered the generation of NO (Fig. 4C). Treat-
ment with MβCD also limited the elimination of Ca2+ (Fig. 4B) 

ticulum Ca2+-ATPase. In the presence of N-methyl-d-glucamine 
and thapsigargin, the decrease in [Ca2+]i solely depends on 
PMCA activation.

We fi rst measured the activity of endogenous PMCA and 
nNOS in cerebellar granule cells by monitoring the changes 
in [Ca2+]i and [NO]i. After the addition of glutamate, the gluta-
mate receptor on the plasma membrane was activated and the 
receptor-coupled Ca2+ channel was opened, causing a rapid 
infl ux of Ca2+ into the cells. The drastic increase in [Ca2+]i rap-
idly activated the PMCA, which transports Ca2+ out of the cells. 
The PMCA activation gradually returns [Ca2+]i to the quiescent 
levels (Fig. 3A). High [Ca2+]i levels also activate nNOS, trig-
gers NO generation (Fig. 3C). The MβCD treatment markedly 

Figure 1. Expression and partitioning profi les of four PMCA isoforms in adult rat brains. (A) mRNA expression profi les of four 
PMCA isoforms. RNA was isolated from the cerebral cortex, cerebellar cortex, hippocampus, and corpus striatum a  nd subjected to RT-
PCR to analyze the expression of PMCA1, PMCA2, PMCA3, and PMCA4. β-Actin was used as the internal standard. (B) Protein expres-
sion profi les of the four PMCA isoforms. Proteins were extracted from the cerebral cortex, cerebellar cortex, hippocampus, and corpus 
striatum, and 20 μg of each sample was subjected to SDS-PAGE and immunoblotted with antibodies against PMCA1, PMCA2, PMCA3, 
and PMCA4. β-Actin was used as the internal standard. (C) Partitioning of the four PMCA isoforms in the microdomains of the plasma 
membrane of neuronal cells. The plasma membrane was fractionized into lipid rafts or non-raft fractions using a Nycodenz density gradi-
ent. Approximately, 11 μL of the 13 fractions was subjected to 7.5% SDS-PAGE and immunoblotted with antibodies against the PMCA 
isoforms. Flotillin-1 was used as the marker for lipid raft fractions.
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pcDNA3.1-myc-PMCA4b, and found that HEK-293 cells with 
higher PMCA4b activities generated less NO (Fig. 5C). These 
results suggest that PMCA4b is one of the key molecules that 
deactivated nNOS.

Ca2+-induced transient protein-protein interaction 
between PMCA4b and nNOS was mediated by PDZ 
domain and depended on the integrity of lipid rafts 

Construction of vectors and intracellular localization of 
fused proteins

Time-resolved FRET was used in living cells to study the pro-
tein–protein interaction between PMCA4b and nNOS under 
physiologic conditions. EGFP fused with PMCA4b and RFP 
fused with nNOS were used as donor–acceptor pairs. A series 
of vectors that encode the fused EGFP and PMCA4b protein 
or the fused RFP and nNOS protein were constructed with 
pEGFP-N1 vector or pDsRed/monomer C1 vector, respec-

and blocked the generation of NO (Fig. 4D).

Increased PMCA activity decreased NO generation

We cotransfected HEK-293 cells with different amounts of 
pcDNA3.1-myc-PMCA4b and with 1 μg of pcDNA3.1-nNOS to 
manipulate their PMCA activity. Exposure of cells to thapsigar-
gin and ionomycin triggered the Ca2+-dependent activation of 
PMCA and nNOS. Transfection with pcDNA3.1-myc-PMCA4b 
plasmids caused the dose-dependent expression of exog-
enous PMCA4b proteins, as shown in Fig. 5A. In addition, the 
increase in PMCA4b protein levels was correlated with the in-
crease in PMCA activity (Fig. 5B). Transfecting more PMCA4b 
expression plasmids increased the Ca2+-elimination speed. 
The total PMCA activity of HEK-293 cells transfected with 2 μg 
of PMCA4b plasmids was about twice that of cells transfected 
with empty vectors.

We also detected the nNOS-generated NO in HEK-293 
cells simultaneously cotransfected with pcDNA3.1-nNOS and 

Fi gure 2. Intracellular localization of PMCA4b and nNOS in cerebellar granule cells and HEK-293 cells. (A) Protein expression profi les 
of nNOS. Proteins were extracted from the cerebral cortex, cerebellar cortex, hippocampus, and corpus striatum. Then, 20 μg of each sample 
was subjected to SDS-PAGE and then immunoblotted with antibodies against nNOS. (B) Immunofl uorescence micrographs of primary cer-
ebellar granule cells and HEK-293 cells transfected with pcDNA3.1-nNOS. Red, nNOS; green, PMCA4b. (C) Fluorescence micrographs of 
PMCA4b (fused with EGFP) and nNOS (fused with RFP) expression in HEK-293 cells. HEK-293 cells were cotransfected with pEGFP-hPMCA4b 
and pRFP-nNOS. In some experiments, the cells were pretreated with MβCD to disrupt lipid raft integrity. Bar, 5 μm.
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tively (Fig. 6A). The pEGFP-hPMCA4b-mut vector carried 
an Asp672→Glu mutation that reduced the ATPase activity to 
about 10%. The pEGFP-hPMCA4b-cap vector contained a 
myc/6× His tag at the C-terminus of PMCA4b, which blocks 
the binding to PDZ domains (Adamo et al., 1995). The pRFP-
ΔnNOS vector, which encodes a fused nNOS-RFP protein with 
a deleted PDZ-domain, was also constructed to investigate the 
involvement of PDZ domain in the protein-protein interactions 
between PMCA4b and nNOS. The intracellular localization 
of fused proteins was examined under confocal microscopy. 
Neither the mutation of Asp672→Glu nor the myc/6× His tag af-
fected the membrane localization of PMCA (Fig. 6B).

Ca2+-induced transient protein-protein interaction between 
PMCA4b and nNOS

We investigated the protein-protein interaction between PM-
CA4b and nNOS in HEK-293 cells transfected with vectors 
that encode the fused PMCA4b and nNOS protein. The time 

course of the occurrence of FRET is shown in Fig. 6C. In 
quiescent cells with low [Ca2+]i, both PMCA and nNOS were 
kept in inactive form and no energy transfer occurred between 
hPMCA4b-EGFP and nNOS-RFP. However, when the cells 
were treated with thapsigargin and ionomycin, the Ca2+ was 
released from intracellular calcium pools (mainly form endo-
plasmic reticulum) into the cytoplasm and the [Ca2+]i reached 
high levels. Under these conditions, both PMCA4b and nNOS 
were activated. At 30 s after the addition of thapsigargin and 
ionomycin, the fl uorescence intensity of PMCA4b-EGFP de-
creased, whereas that of nNOS-RFP increased, which sug-
gests the occurrence of FRET between PMCA4b-EGFP and 
nNOS-RFP. That is, thapsigargin and ionomycin treatment 
initiated the increase in [Ca2+]i, which triggered the protein–pro-
tein interaction between PMCA4b and nNOS. Interestingly, the 
protein–protein interaction between PMCA4b and nNOS was 
highly dynamic and dependent on [Ca2+]i. At 160 s after the 
addition of thapsigargin and ionomycin, the [Ca2+]i decreased 
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Figure 3. Changes in [Ca2+]i and [NO]i in cerebellar granule cells.(A) Glutamate-induced increase in [Ca2+]i in cerebellar granule 
cells. Primary cerebellar granule cells were loaded with a Ca2+-sensitive cell-permeable Fura-2-AM probe, and then treated with gluta-
mate and glycine. The changes in fl uorescence at 340 nm/380 nm excitation and 510 nm emission wavelengths were recorded under 
a Nikon TE2000 fl uorescence microscope. Glutamate/glycine caused a drastic increase in [Ca2+]i via the activation of glutamate recep-
tor. (B) Quantitative determination of PMCA activity. Increased [Ca2+]i activates PMCA, which causes a rapid decrease in [Ca2+]i. The 
speed of Ca2+ effl ux from cells refl ects PMCA activity. Disruption of lipid rafts by MβCD causes a marked decrease in PMCA activity. (C) 
Glutamate-induced increase in [NO]i in cerebellar granule cells. Primary cerebellar granule cells were loaded with the NO-sensitive cell-
permeable DAF-2-DA probe and then treated with glutamate and glycine. The changes in fl uorescence at 490 nm excitation and 520 nm 
emission wavelengths were recorded under a Nikon TE2000 fl uorescence microscope. (D) Quantitative determination of nNOS activity. 
Disruption of lipid rafts by MβCD markedly decreased nNOS activity. 
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Importance of the PDZ domain and the lipid rafts in the 
protein-protein interaction between PMCA4b and nNOS

We further investigated the effects of the PDZ domain of 
nNOS and the PDZ-binding motif of PMCA4b on the protein–
protein interaction between PMCA4b and nNOS. The PDZ 
domain of nNOS (1–299 aa) was deleted by constructing the 
vector pRFP-ΔnNOS. Transfection with the vector pEGFP-
hPMCA4b-cap blocked the binding of the myc/6× His tag at 
the C-terminus of PMCA4b to the PDZ domains (Adamo et al., 
1995). No apparent FRET was observed in the HEK-293 cells 
cotransfected with pEGFP-hPMCA4b-cap plus pRFP-nNOS, 
or pEGFP-hPMCA4b-mut plus pRFP-ΔnNOS, which suggests 
that both the C-terminus PDZ binding motif of PMCA4b and 
the PDZ domain of nNOS were crucial for the protein–protein 

to basal levels and the FRET between PMCA4b-EGFP and 
nNOS-RFP disappeared.

Comparison of the FRET that occurred between hPMCA4b-
EGFP/nNOS-RFP and hPMCA4b-mut-GFP/nNOS-RFP re-
vealed that the maximal nF of the HEK-293 cells transfected 
with pEGFP-hPMCA4b-mut (lower ATPase activity) was 54, 
whereas that of the HEK-293 cells transfected with pEGFP-
hPMCA4b (normal ATPase activity) was 42. The difference in 
FRET intensity may be due to the difference in PMCA activity. 
The overexpression of functional hPMCA4b fused proteins 
enhanced PMCA activity, which increased the Ca2+-elimination 
machinery. The rapid decline in [Ca2+]i in the HEK-293 cells 
transfected with pEGFP-hPMCA4b signifi cantly decreased the 
protein–protein interaction between PMCA4b and nNOS.

Figure 4. Changes in [Ca2+]i and [NO]i in HEK-293 cells. (A) Thapsigargin and ionomycin-induced increase in [Ca2+]i in HEK-293 cells. 
HEK-293 cells were transfected with pcDNA3.1-nNOS for 48 h, loaded with the Ca2+-sensitive cell-permeable Fura-2-AM probe and then 
treated with thapsigargin and ionomycin. The changes in fl uorescence at 340/380 nm were recorded under a Nikon TE2000 fl uorescence 
microscope. Thapsigargin and ionomycin drastically increased the [Ca2+]i. (B) Quantitative determination of PMCA activity. The increased 
[Ca2+]i activates PMCA, which rapidly decreased the [Ca2+]i. The speed of Ca2+ effl ux refl ects the PMCA activity. Disruption of lipid rafts 
by MβCD markedly decreased the PMCA activity. (C) Calcium-dependent, thapsigargin and ionomycin-induced increase in [NO]i in HEK-
293 cells. HEK-293 cells transfected with pcDNA3.1-nNOS were loaded with the NO-sensitive cell-permeable DAF-2-DA probe and then 
treated with thapsigargin and ionomycin. The changes in fl uorescence intensity from 510 nm to 540 nm were recorded under a Nikon 
TE2000 fl uorescence microscope. (D) Quantitative determination of nNOS activity. Disruption of lipid rafts by MβCD marked decreased 
the nNOS activity. 
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to ensure the accurate transmission (target/effector and am-
plitude/frequency) of the signals (Brini, 2009; Oceandy et al., 
2010). In mammals, PMCAs are encoded by a multigene family 
(ATP2B1–ATP2B4) to form four isoforms: PMCA1, PMCA2, 
PMCA3, and PMCA4. PMCA1 and PMCA4 are ubiquitous, 
whereas PMCA2 and PMCA3 are much more restricted to cer-
tain tissues. Two main variants, denoted as PMCAa and PM-
CAb, were observed from the alternate splicing of the mRNA 
transcripts at the C-terminus splice site of PMCA (Kruger et 
al., 2009). More than 30 different spliced forms of PMCA have 
been identifi ed (Guerini, 1998; Strehler and Zacharias, 2001), 
which have been associated with the high complexity and tem-
poral/spatial specifi city of the Ca2+ signals.

PMCA4 is ubiquitously expressed in mammalian cells and 
is regarded as a key modulator of Ca2+-related signaling in 
neuronal cells (Kim et al., 1998; Schuh et al., 2001), cardiomy-
ocytes (Oceandy et al., 2007), and endothelial cells (Holton et 
al., 2010). The PMCA4b splice variant contains a PDZ-binding 

interaction between PMCA4b and nNOS.
The influence of lipid rafts on the interaction between 

PMCA4b and nNOS was also investigated. We found that 
pretreatment of the cells with MβCD abolished the interaction 
between PMCA4b and nNOS, which indicated that the integrity 
of the lipid raft microdomains is needed for the interaction of 
these two proteins.

DISCUSSION

Ca2+ is essential for regulating a large number of fundamental 
cellular physiologic functions (Carafoli, 2003); thus, the changes 
in [C  a2+]i must be tightly regulated. Membrane proteins such 
as calcium ATPases (also known as calcium pumps) and 
sodium/calcium exchangers are responsible for transporting 
Ca2+ across the membrane (Brini and Carafoli, 2009). Calcium 
ATPases anchored to the plasma membrane (PMCA) have 
a high affi nity for Ca2+ and they precisely control Ca2+ signals 

Figure 5. Increase in PMCA4b activity negatively regulates 
nNOS. (A) Expression of myc-tagged PMCA4b. HEK-293 cells 
were transfected with different amounts of pcDNA3.1-myc-
PMCA4b for 48 h, and PMCA4b expression of was analyzed via 
western blot analysis using anti-myc antibody. (B) Changes in 
[Ca2+]i in HEK-293 cells. HEK-293 cells were cotransfected with 
pcDNA3.1-myc-PMCA4b and pcDNA3.1-nNOS for 48 h, loaded 
with the Ca2+-sensitive cell-permeable Fura-2-AM probe and then 
treated with thapsigargin and ionomycin. The changes in fluo-
rescence intensity at 340/380 nm were recorded under a Nikon 
TE2000 fluorescence microscope. (C) Changes in of [NO]i in 
HEK-293 cells. HEK-293 cells were transfected with pcDNA3.1-
myc-PMCA4b and pcDNA3.1-nNOS for 48 h, loaded with the NO-
sensitive cell-permeable DAF-2-DA probe and then treated with 
thapsigargin and ionomycin. The changes in fl uorescence inten-
sity from 510 –530 nm were recorded under a Nikon TE2000 fl uo-
rescence microscope. (D) Quantitative determination of PMCA 
and nNOS activity.
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dependent serine protein kinase (CASK) (Schuh et al., 2003), 
Ania-3 (Sgambato-Faure et al., 2006), and nNOS (Schuh et 
al., 2001). The interaction between PMCA4b and nNOS has 
been investigated systematically by Neyses et al., (Schuh et 

motif that allows it to interact with the PDZ domains of other 
proteins. Several of these interacting proteins have been iden-
tifi ed in neuronal cells, including membrane-associated gua-
nylate kinase (MAGUK) (Kim et al., 1998), calcium/calmodulin-

Figure 6. Changes in Ca2+-induced fl uorescence resonance energy transfer between PMCA4b and nNOS. (A) Plasmid constructs 
used in FRET. pEGFP-hPMCA4b containing full-length human PMCA4b sequences. pEGFP-hPMCA4b-mut carried an Asp672→Glu mutation, 
which causes a ~90% decrease in ATPase activity. pEGFP-hPMCA4b-cap contains a myc/6× His tag that caps the PDZ-binding C-terminus 
of PMCA4b. pRFP-nNOS contains the full-length nNOS sequence. pRFP-ΔnNOS contains part of the nNOS sequence without an interacting 
PDZ domain (1–299 aa). (B) Expression and intracellular localization of fused proteins in HEK-293 cells. HEK-293 cells were transfected with 
the plasmids for 48 h, and then visualized under a PerkinElmer UltraVIEW VoX confocal microscope system. Bar, 15 μm. (C) Changes in FRET 
in HEK-293 cells. HEK-293 cells were transfected with the plasmids for 48 h, and then treated with thapsigargin and ionomycin. The changes 
in FRET between PMCA (green; donor) and nNOS (red; acceptor) were recorded under a Perkin Elmer UltraVIEW VoX confocal microscope 
system. Cells were imaged at 8 s-intervals for 208 s. The curves with different colors represent the changes in nF. (D) Disruption of lipid rafts 
blocked the occurrence of FRET. HEK-293 cells were transfected with pEGFP-hPMCA4b-mut and RFP-nNOS for 48 h, with and without MβCD 
pretreatment, and then treated with thapsigargin and ionomycin. The changes in FRET between PMCA and nNOS were recorded.
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The present investigation found that the integrity of lipid rafts 
is necessary for the protein–protein interaction and the activa-
tion of PMCA4b and nNOS. The distribution of PMCA in the 
plasma membrane microdomains differs in different cell types. 
In endothelial cells, smooth muscle cells, and cardiac muscle 
cells, the PMCA4b is localized in the caveolae, a specialized 
subset of lipid rafts (Fujimoto, 1993; Hammes et al., 1998). 
Our results indicate that PMCA4b is relatively enriched in the 
lipid rafts of neuronal plasma membranes (Fig. 1C), which was 
in accordance with previous reports (Sepulveda et al., 2006). 
The partitioning of PMCA4b in lipid rafts suggests that it exerts 
certain functions related to lipid rafts. Lipid rafts are thought to 
dynamically organize cellular signaling events triggered by ex-
tracellular stimuli (Simons and Ikonen, 1997; Brown and Lon-
don, 1998). A large number of signaling molecules are situated 
in these subcellular microdomains, and a considerable amount 
of molecular signal, including Ca2+, may reach lipid rafts (Par-
ton, 2001). In this regard, PMCA4b displays its key role, select-
ing the target for the calcium signal (Oceandy et al., 2010). A 
recent study revealed that lipid raftanchored PMCA has higher 
activity than PMCA localized in non-raft microdomains (Jiang 
et al., 2007). In addition to other cellular compartments, nNOS 
has also been shown to be localized to caveolae in several 
cell types including muscle cells (Stamler and Meissner, 2001; 
Cartwright et al., 2009). The caveolae of cardiomyocytes have 
been regarded as platforms for assembling PMCA4/nNOS/
α1-syntrophin signaling complexes (Williams et al., 2006). 
Our findings further suggest the importance of lipid rafts for 
PMCA4/nNOS interaction in neuronal cells.

Controlling the local [Ca2+]i has an important role during 
nNOS activation in neuronal cells. By interacting with scaffold-
ing proteins such as PSD95, nNOS and NMDA-R form signal-
ing complexes at the neuronal plasma membrane, where the 
Ca2+ influx rapidly activates nNOS (Brenman et al., 1996). 

al., 2001; Oceandy et al., 2007), and they hypothesized that 
PMCA4b may be the key modulator of nNOS deactivation 
(Mohamed et al., 2009, 2011). However, investigating the func-
tion of proteins and protein networks in the cell should be pref-
erably performed in vivo to maintain the cellular context (Piehler, 
2005).

Considering the highly dynamic nature of transmembrane 
proteins (Ciruela, 2008; Loura and Prieto, 2011; Miyawaki, 
2011), we employed FRET instead of biochemical approaches 
to investigate the interaction between PMCA4b and nNOS in liv-
ing cells. The results of the time-resolved FRET clearly indicated 
energy transfer between PMCA4b and nNOS, which suggests 
the occurrence of protein–protein interactions (Fig. 6). More im-
portantly, we found that the interaction is highly dynamic. The 
transient FRET only occurs under high [Ca2+]i. No FRET was 
observed under basal [Ca2+]i caused by PMCA activation. We 
also found that both the PDZ domain of nNOS and the PDZ-
binding motif of PMCA4b are essential for the interaction in liv-
ing cells, which is in accordance with the results obtained using 
cell-free systems (Schuh et al., 2001).

The interaction between PMCA4b and nNOS depends on 
[Ca2+]i; thus, we determined how Ca2+ modulates the protein–
protein interactions. As a P-type ATPase, the C-terminus of 
PMCA has a self-inhibitory effect. Under physiologic conditions 
when certain cellular events increase the intracellular free Ca2+ 
concentrations , the Ca2+-mediated binding of calmodulin to 
the C-terminus of PMCA prevents the self-inhibition, thereby 
activating PMCA (Falchetto et al., 1991; Falchetto et al., 1992; 
Kobe and Kemp, 1999). Using intramolecular FRET technol-
ogy, Gerardo confi rmed the rearrangement of the N- and the 
C-terminal segments of PMCA during activation (Corradi and 
Adamo, 2007). Based on these reports, we speculated that the 
Ca2+-mediated rearrangement of PMCA provides the structural 
basis for the protein–protein interactions.
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Figure 7. Activation and deactivation of nNOS in neurons. PMCA4b decreased the local [Ca2+]i levels by transporting Ca2+ out of the 
cells , thereby downregulating the nNOS activity dynamically associated with PMCA4b via Ca2+-dependent, PDZ domain–mediated pro-
tein–protein interactions. The lipid rafts rich in PMCA4b may act as platforms by which PMCA4b regulates nNOS activity.
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Similar mechanisms may also be involved in the deactivation 
of nNOS. PMCA4b, which is enriched in lipid rafts with high 
Ca2+ affi nity, changes into its active form under elevated [Ca2+]i 
(Corradi and Adamo, 2007); thus, it interacts rapidly with nNOS 
via PDZ-related interactions. Activated PMCA4b rapidly de-
creases the local Ca2+, which rapidly decreases nNOS activity. 
Lower local [Ca2+]i also initiates the rearrangement of PMCA 
and releases the interaction with nNOS (Fig. 7). 

In conclusion, we provide direct evidence that increasing 
[Ca2+]i triggers a transient interaction between PMCA4b and 
nNOS in living cells, which depends on the integrity of lipid 
rafts. By transporting Ca2+ out of the cells, the PMCA4b en-
riched in lipid rafts decreases the local [Ca2+]i levels, thereby 
downregulating the nNOS activity dynamically associated to 
PMCA4b via Ca2+-dependent PDZ domain–mediated protein–
protein interactions. Lipid rafts may act as platforms for the 
regulation of nNOS activity by PMCA4b, and the transient teth-
ering of nNOS to PMCA4b is responsible for the rapid deacti-
vation of nNOS.

MATERIALS AND METHODS

Antibodies and chemicals

Primary antibodies against PMCA1, PMCA2, PMCA3, and PMCA4 
were obtained from Affinity Bioreagents. The primary antibodies 
against nNOS were from Cell Signaling Technology, whereas the pri-
mary antibodies against β-actin were from Santa Cruz. The primary 
antibodies against flotillin-1 were from BD Biosciences. HRP-, FITC-, 
and TRITC-conjugated secondary antibodies were from Santa Cruz. 
Dulbecco’s modifi ed Eagle’s medium (DMEM), fetal bovine serum, cell 
culture supplements, TRIzol™, Lipofectamine™ 2000, and Fura-2-AM 
were from Invitrogen. DAF-2-DA, thapsigargin, and ionomycin were 
from Merck. All other chemicals were from Sigma.

Recombinant DNA constructs

The plasmids pCMV-hPMCA4b, pCMV-hPMCA4b-mut, and pCMV-
hPMCA4b-cap were generously provided by Dr. Ludwig Neyses 
(University of Manchester, UK). The plasmids pcDNA3.1-nNOS and 
pEGFP-hPMCA4b were kindly provided by Dr. Rohini Kuner (University 
of Heidelberg, Germany) and Dr. Stanley A. Thayer (University of Min-
nesota, USA), respectively.

The pRFP-nNOS plasmid that expresses a fused RFP and rat 
nNOS protein was generated using the pDsRed/monomer C1 vector 
(Clontech) at the XhoI and EcoRI sites. The pRFP-ΔnNOS plasmid 
that expresses a fused RFP and rat nNOS protein without an interact-
ing PDZ domain (1–299 aa) deleted was generated using the same 
method. The pEGFP-hPMCA4b plasmid that expresses a fused EGFP 
and human PMCA4b protein, the pEGFP-hPMCA4b-mut plasmid 
that expresses a fused EGFP and human PMCA4b protein with an 
Asp672→Glu mutation, and the pEGFP-hPMCA4b-cap plasmid that 
expresses a fused protein EGFP and human PMCA4b protein with a 
myc/6× His tag at the PMCA4b C-terminus were generated using the 
pEGFP-N1 vector (Clontech) at the XhoI and BamHI sites (Schuh et 
al., 2001). The pcDNA3.1-myc-hPMCA4b plasmid that expresses a 
myc-tagged human PMCA4b was constructed using a pcDNA3.1(-) 
vector at the BamHI and KpnI sites.

Cell culture and transfection

Primary cultures of cerebellar granule cells were prepared from 7-day-
old Sp rague–Dawley rat pups (Beijing Vital River Experimental Animal 
Center). The cerebella were dissected and trypsinized at 37°C for 
20 min. Trypsinization was terminated using fetal bovine serum, and 
the cells were mechanically dissociated by pipetting up and down 
for 5 times. The cells were resuspended in high-glucose DMEM 
supplemented with 10% fetal bovine serum, penicillin (100 U/mL), 
streptomycin (100 μg/mL), and 25 mmol/L KCl, and were seeded into 
35 mm-dishes previously coated with poly-d-lysine (100 μg/mL). The 
cells were maintained in a humidifi ed incubator containing 5% CO2 and 
8% O2 at 37°C. At 24 h after seeding, cytosine arabinoside (10 μmol/L) 
was added into the medium to inhibit the growth of non-neuronal cells. 
The cells were ready for use on the seventh day.

HEK-293 cells were grown in high-glucose DMEM supplemented 
with 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin 
(100 μg/mL), and maintained in a humidified 5% CO2/air incubator 
at 37°C. The cells were transfected with various vectors using Lipo-
fectamine™ 2000 reagent. The cells were used for experiments at 48 h 
after transfection.

Isolation of synaptic plasma membrane and separation of lipid 
rafts

The protocol for synaptic plasma membrane (SPM) isolation was 
kindly provided by Dr. Pingsheng Liu (Institute of Biophysics, CAS). 
Briefl y, the brains of six Sprague–Dawley rats were collected and kept 
in 0.3 mol/L sucrose on ice. The forebrains were homogenized using 
20 strokes in a 50 mL-glass dounce, and the homogenate was centri-
fuged at 800 g for 20 min. The supernatant was collected and centri-
fuged at 9000 g for 20 min. The pellet was washed once with 0.3 mol/L 
sucrose, incubated in 0.03 mol/L sucrose for 20 min on ice, and then 
centrifuged at 14,000 g for 20 min. The pellet was resuspended in dou-
ble distilled water, homogenized using 10 strokes in a glass dounce, 
and was adjusted to 1.1 mol/L sucrose and 5 mmol/L Tris (pH 7.5) in a fi nal 
volume of 15 mL. The sample was overlaid with 14 mL of 0.8 mol/L sucrose 
and 5 mL of 0.3 mol/L sucrose, and centrifuged at 84,000 g for 2 h in 
SW40 rotor (Beckman). Crude SPM was collected from the interface 
of 0.8 mol/L to 1.1 mol/L sucrose, diluted with ice-cold water (1:3), and 
centrifuged at 200,000 g in an SW40 rotor for 40 min. The resulting 
SPM was used to isolate lipid rafts following the method described by 
Sepúlveda et al. (2006). Thirteen fractions obtained from density gra-
dient centrifugation were collected and kept at -80°C for subsequent 
western blot analysis.

RT-PCR

The cerebral cortex, cerebellar cortex, hippocampus, and corpus 
striatum were dissected from Sprague–Dawley rats, and the total 
RNA from each tissue was isolated using TRIzol reagent. cDNA 
was synthesized using a random primer and an Omniscript reverse 
transcription kit (Qiagen). PMCA1, PMCA2, PMCA3, and PMCA4 
cDNA were amplifi ed using the following primers (Mamic et al., 2000; 
Tachibana et al., 2004): PMCA1 sense 5′-GGCGACTTTGGCAT-
CACACT-3′ and anti-sense 5′-TTTCAACTTGGTGCAAATTCCA-3′; 
PMCA2 sense 5′-ATCCAGACACAGATCCGCGTCGTG-3′ and anti-
sense 5′-GATTTGCTCGTGTCGGTCGTCAGG-3′; PMCA3 sense 
5′-ACCAGTGTATGTGCAGTACTTTGTG-3′ and anti-sense 5′-CTAG-
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208 s. EGFP-tagged proteins were excited at 488 nm and their emis-
sions were detected at 530 nm. RFP-tagged proteins were excited at 
561 nm and their emissions were detected at 615 nm. Cells trans-
fected with empty vector (pcDNA3.1) were used for background cor-
rection. The FRET method was carried out as described by Youvan 
(1997), with minor modifi cations. Cells expressing donor and acceptor 
construct were used to compensate for the signal in the FRET channel 
(excitation: 488 nm, emission: 615 nm) for spectral bleed through and 
cross-excitation (a and b value). 

net FRET (nF) was calculated using the following equation:
net FRET = FRET signal – (a × RFP signal) – (b × EGFP signal).
Both RFP and EGFP signals were observed in the cell, and ap-

propriate percentages of these two signals must be subtracted from 
any signal measured in the FRET channel. This procedure was done 
on the entire image using some type of image arithmetic, or it can be 
done on a pixel-by-pixel basis at specifi c cellular substructures. The 
images and data analysis were processed with Volocity software (Per-
kin Elmer).

[Ca2+]i and [NO]i assays

The [Ca2+]i of individual cells and PMCA activity were assayed us-
ing Fura-2-AM, as previously described (Zhang et al., 2009). NO 
production in individual cells was monitored using the NO-sensitive 
fluorescence probe DAF-2-DA (Kojima et al., 1998; Zhou and He, 
2011). The primary ce rebellar granule cells or HEK-293 cells were 
loaded with 2 μmol/L Fura-2-AM or 1 μmol/L DAF-2-DA in serum-free 
DMEM for 30 min at 37°C, and then incubated in isosmotic buffer 
containing 145 mmol/L N-methyl-d-glucamine, 5 mmol/L KCl, 1 mmol/L 
MgCl2, 1 mmol/L CaCl2, 10 mmol/L d-glucose, 100 μmol/L l-arginine, and 
10 mmol/L HEPES, pH 7.4. We added 100 μmol/L glutamate, 10 μmol/L 
of glycine plus 1 μmol/L of thapsigargin to the cerebellar granule cells 
to induce a glutamate receptor–coupled increase in [Ca2+]i, whereas 
1 μmol/L thapsigargin and 50 nmol/L ionomycin were added to the 
HEK-293 cells to induce a transient increase in [Ca2+]i (Zhang et al., 
2009). The changes in fl uorescence intensity of Fura-2-loaded cells 
at 340 nm/380 nm excitation and 510 nm emission wavelengths and 
those of DAF-2-loaded cells at 490 nm excitation and 515 nm emis-
sion wavelengths were recorded under a Nikon TE2000 inverted 
epifl uorescence microscope equipped with a 40× oil immersion ob-
jective lens and a Sutter fi lter wheel. In all experiments, the objective 
was focused on cell somata rather than neurites. The time courses for 
[Ca2+]i and [NO]i were plotted from a minimum of 20 randomly selected 
cell somata. 
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