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ABSTRACT

We present a new approach to quantify the half-life of membrane proteins on the cell surface, through tagging the pro-
tein with the photoconvertible fluorescent protein, Dendra2. Upon exposure to 405 nm light, Dendra2 is photoconverted 
from green to red emission. Total internal reflection fluorescence microscopy (TIRF) is applied to limit visualization of 
fluorescence to proteins located on the plasma membrane. Conversion of Dendra2 works as a pulse chase experiment 
through monitoring only the population of protein that has been photoconverted. As the protein is endocytosed the red 
emission decreases due to the protein leaving the TIRF field of view. This method is not impacted by the insertion of new 
protein into the plasma membrane as newly synthesized protein only exhibits green emission. We used this approach 
to determine the half-life of ENaC on the plasma membrane illustrating the high temporal resolution capability of this 
technique compared to current methods.
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INTRODUCTION

Many different types of membrane proteins regulate several aspects of 
cellular function and are responsible for converting extracellular stimuli 
into intracellular signaling events. A wide variety of membrane proteins 
take part in signal transduction including ligand-gated ion channels, 
voltage-gated ion channels, transporters, and G-protein coupled receptors 
(GPCRs) [1,2]. Cell signaling initiated through these proteins is regulated 
by factors such as ligand-protein affinity and the number of membrane 
receptors on the cell surface. Thus, one way cells regulate signaling 
events is by controlling the level of membrane receptors on the cell 
surface. Ligand binding to the extracellular domain of the protein often 
leads to membrane receptor downregulation through endocytosis [3]. 
Additionally, changes in the residence time of membrane proteins on 
the cell surface are connected to a variety of diseases further indicating 
the importance of measuring these phenomena [4].

Experimental methods that can monitor the levels and duration of 
protein residence at the cell surface can be used to elucidate cellular 
function, the response to external stimuli, and to screen for therapeutics 
that alter these properties. Techniques to measure the half-life of plasma 
membrane proteins on the cell surface include surface biotinylation 
with western blot analysis, ligand binding, and functional studies such 

as electrophysiology or calcium imaging [5-8]. These techniques suffer 
from low temporal resolution of membrane receptor half-life and are 
often low throughput. Additionally, the procedure is complicated by 
the need to use translation blockers or intracellular protein trafficking 
inhibitors to eliminate the insertion of newly trafficked protein into the 
plasma membrane [9-11]. This also increases the error as translation 
blockers could affect other cellular processes that may relate to mem-
brane protein residence time at the cell surface. This has led to varying 
reports of receptor half-life on the plasma membrane for some types 
of proteins. For example, the half-life of epithelial sodium channels 
(ENaC) was reported as 3.5 h following puromycin, brefeldin A (BFA) 
and nocodazole treatment, while the ENaC half-life was closer to 1.5 h 
following cycloheximide treatment [9].

Here, we introduce a total internal reflection fluorescence microscopy 
(TIRFM) approach in which the half-life of a membrane receptor is 
determined using a pulse chase method based on a photoconvertible 
fluorophore. Using this system, we demonstrate the measurement of 
changes in membrane receptor half-life with high temporal resolution 
for different ENaC assemblies including those that contain a mutation 
linked to Liddle’s syndrome [12,13].

The method utilizes a membrane protein fused with the photocon-
vertible fluorescent protein Dendra2, which can be irreversibly photo-
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converted from green to red emission upon exposure to 405 nm light 
[14-16]. ENaC-Dendra2 expressing cells were exposed to 405 nm light 
in a TIRF orientation, limiting the photoconversion to a narrow region 
at the plasma membrane. The red emission from the photoconverted 
Dendra2 labeled protein was measured with a 561 nm TIRF excitation 
volume to excite only the protein at the plasma membrane. The half-life 
of ENaC on the plasma membrane was determined by measuring the 
intensity of red emission over time. The new synthesized ENaC insert-
ed to the plasma membrane during real-time imaging doesn’t disturb 
the measurement since it exhibits no red fluorescence. This approach 
enabled us to modify the temporal resolution to match the turnover rate 
with our highest resolution limited only by the maximum frame rate of 
the camera (~25Hz). This method utilizes a standard objective-based 
TIRF microscopy set up with a straight-forward experimental procedure.

MATERIALS AND METHODS

Plasmid constructs
Full length SCNN1A, SCNN1B and SCNN1G cDNA were purchased 

from Origene and cloned in pcDNA 4TO. The fluorescent protein Den-
dra2 was incorporated in to the C-terminus of each construct via NotI 
and XhoI restriction sites. The quickchange II site-directed mutagenesis 
kit (Agilent Technologies) was used to create the Y618A mutation in 
SCNN1B. The Y618A corresponds to a tyrosine to alanine change in 
position 618 in SCNN1B. All constructs were verified by sequencing.

Cell culture and transfection
HEK 293T cells (ATCC CRL-3216, Manassas, VA) were cultured 

in growth media consisting of DMEM, 10% fetal bovine serum, 1% 
penicillin, and streptomycin. Cells were maintained in matrigel coated 
75 cm2 cell culture flasks with 5% CO2 in a humidified 37°C incubator. 
For transfection with ENaC constructs, 1 × 106 cells were seeded into 
a matrigel coated T25 flask. The following day, growth medium was 
replaced with 7 ml optiMEM. Then, a mix of 5 μl Lipofectamine 2000 
with 250 μl optiMEM and separate mix of 1.5 μg plasmid with 250 μl 
optiMEM, were prepared. After incubating the mixtures separately for 
5 min at room temperature they were combined, incubated for 25 min 
at room temperature then added to the cells. After 10 h of incubation 
at 37°C, the transfection media was replaced with growth media. After 
an additional 12–14 h incubation, the transfected cells were dissociated 
with Trypsin and 5 × 105 cells were plated on a 35 mm matrigel coated 
glass bottom dish in growth medium. Cells were incubated at 37°C 
for an additional 24 h before imaging. For αβγ, SCNN1A, SCNN1B 
and SCNN1G were cotransfected in HEK 293T cells. Similarly, in the 
CFTR-ENaC interaction study, SCNN1A, SCNN1B SCNN1G and 
CFTR were cotransfected in HEK 293T cells. All experiments were 
performed at 37°C using a stage-top imaging incubator to avoid any 
temperature induced changes in endocytosis rates.

Total internal reflection fluorescence microscopy
Objective-style TIRFM was utilized for all imaging studies. This 

setup is capable of detecting fluorophores on the plasma membrane and 
minimizes the fluorescence background from intracellular components. 
Dendra2 was excited with a 488 nm or 561 nm DPSS laser through a 
high numerical aperture objective (Olympus 1.49 NA 60× oil immersion, 

Tokyo, Japan). In order to obtain total internal reflection, the laser was 
focused on the back aperture of the objective lens and the angle was 
adjusted using a stepper motor to translate the beam laterally across the 
objective lens. An electron multiplying charge coupled device (EMCCD) 
(Andor iXon Ultra 897, Belfast, United Kingdom) was employed to 
detect the Dendra2 fluorescence signal.

ENaC half-life measurement
Photoconvertable fluorescent protein (Dendra2) was utilized to measure 

the ENaC half-life on the plasma membrane. Before imaging, growth media 
in the glass bottom dish was replaced with Leibovitz’s L-15 with 100 µM 
ascorbic acid. At the start of each imaging session a control experiment 
was performed to correct for photobleaching during data collection. To 
obtain the correction curve, a randomly selected cell was photoconverted 
in TIRF with a 405 nm laser; One to two minute(s) after photoconver-
tion, 22 consecutive TIRF images were taken with 561 nm excitation 
(the total imaging time is less than 60 s). This was used to simulate the 
same level of laser exposure that occurs during the time-lapse imaging 
session. The fluorescence decay observed in these images results from 
561 nm induced photobleaching. We assume on this time scale (< 60 s) 
that protein endocytosis is negligible. Several cells in the same dish were 
then identified and the xy location was recorded. TIRF images of these 
selected cells were taken before Dendra2 photoconvertion using both 561 
nm and 488 nm excitation. This verified the absence of any fluorescence 
in the red emission channel prior to photoconversion. These cells were 
then exposed to TIRF-oriented 405 nm laser (~16.5 mW at the objective) 
excitation for 3 s. Medium in the glass bottom dish was changed from 
Leibovitz’s L-15 with 100 µM ascorbic acid to regular Leibovitz’s L-15 
after photoconvertion taking care to not move the position of the dish. 
The presence of ascorbic acid during photoconversion and replacement 
with fresh media directly after photoconversion are important to maintain 
cell viability during time-lapse imaging. Real-time TIRF images were 
then acquired for both 561 nm and 488 nm excitation to collect emission 
in both the red and green channels at 20 min interval for a total of 7 h. 
Image collection was initiated 20 min after photoconversion to allow 
for the clearance of endosomes. For all time series, time 0 is the start 
of data collection taken 20 min after photoconversion. The intensity 
of both 488 nm and 561 nm lasers on the objective were ~1.0 mW and 
the 405 nm laser intensity on the objective was ~16.5 mW. The cells 
were kept at 37°C for the duration of the experiment using a stage top 
incubator. For control studies with dynasore, 80 µM dynasore was 
added to the imaging media containing ascorbic acid 20 min before 
imaging and the medium was then changed to Leibovitz’s L-15 with 
80 µM dynasore after photoconvertion.

Data analysis
Quantification of fluorescence integrated density (ID) was determined 

using ImageJ (NIH) by manually selecting an intensity-based threshold 
and region of interest. The decay in the fluorescence ID of each image 
series using the decay constructed from the control images where the 
decay resulted from photobleaching. This removed the decay related 
to photobleaching in each data set. The resulting fluorescence decay 
in each data set after correction was then attributed to the departure 
of the fluorescently labeled protein from the TIRF field of view due 
to endocytosis. The measured protein intensity data was initially fit to 
the exponential equation to determine the half-life (T1/2). All graphs 
show the mean with error bars representing standard error of the mean 
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(SEM). P values were determined using a two-tailed t test with equal 
variance not assumed.

RESULTS

We developed a simple and straight-forward method to determine the 
half-life of membrane protein residence time on the plasma membrane 
with high temporal resolution. In response to exposure of the cells to 
405 nm light, Dendra2 undergoes irreversible photoconversion where its 
green emission is switched to red [17]. Dendra2 is a long-lived protein 
and does not interfere with the degradation of the fused protein [18,19]. 
We expressed alpha-ENaC tagged with Dendra2 and selectively pho-
toconverted the population residing at the plasma membrane with 405 
nm TIRF excitation (Fig. 1A). This selectively generated a population 
of protein on the cell surface with red emission. Time-lapse imaging 
was used to monitor endocytosis of the membrane protein (Fig. 1B). 
The half-life of the protein on the plasma membrane was calculated 
by quantifying the decay in the red fluorescence over time. While new 
membrane protein is continuously delivered to the cell surface, it only 
exhibits green fluorescence and is not detected in the red channel. As 
seen in Figure 2A, cells are solely fluorescent in the green channel before 
exposure to 405 nm TIRF excitation. After exposure, fluorescence was 
observed in both the green and red channels, with the red fluorescence 
localized to the plasma membrane (Fig. 2A). The green fluorescence 
intensity was reduced after 405 nm exposure due to the conversion of 
a fraction of the population from green to red fluorophores. Figure 2B 
shows representative time-lapse TIRF images of the red emission. As 
the membrane receptor is internalized, the fluorescence diminishes due 
to departure from the TIRF observation volume.

The TIRF field of view extends approximately 100 to 150 nm 
beyond the glass coverslip and is wavelength dependent. The 405 
nm conversion light extends to a much shallower depth than either 
the 488 nm or 561 nm excitation light [20]. The plasma membrane 
is approximately 10 nm thick which means that the TIRF excitation 
field extends beyond the membrane and encompasses an area includ-
ing endosomes that are budding or have recently budded off the cell 
surface. Studies have shown that fluorescently labeled clathrin-coated 
pits separating from the plasma membrane and imaged using TIRF 
microscopy remain in the excitation volume on average for less than a 
minute [21-23]. Endosomes remain coated with clathrin until separated 
from the plasma membrane by several hundred nanometers, well outside 
of the TIRF excitation volume [22]. This is supported by TIRF images 
taken directly after photoconversion where we observed small puncta 
indicating the presence of endosomes containing receptors (Fig. 3A). 
These punctate regions had cleared from the TIRF field of view 20 min 
after photoconversion (Fig. 3B). In order to account for the possibility 
that we are converting membrane receptors in endosomes along with 
those present on the plasma membrane, the first image used for our 
fluorescence decay time series is collected 20 min after activation. This 
first data collection point, 20 min post activation, is considered time 
0 for all fluorescence decay measurements. This gives sufficient time 
for the clearance of all endosomes in the excitation volume. This time 
window allows us to selectively track changes in membrane protein 
residence on the plasma membrane. The half-life of each protein was 
quantified by fitting the fluorescence intensity over time to an expo-
nential. Initiating fluorescence intensity measurements after a 20 min 
interval provides sufficient time for endosome clearance and does not 
affect the calculated half-life for measurements in the time frame of 
the proteins measured here.

Figure 1. Outline of the method utilizing fluorescent protein, Dendra2, to measure PM protein half-life. A. The fluorescent behavior of cells 
expressing Dendra2 before and after photoconversion. B. The dynamic process of PM protein endocytosis and trafficking after portion of Dendra2 
photoconverted to the red emissive form.

The quantified fluorescence intensity versus time plots were fit 
with an exponential equation to calculate the half-life of the protein. 
We used this approach to measure the half-life of ENaC on the plasma 
membrane where time-lapse TIRF images were taken every 20 min. 

To verify that the loss of fluorescence intensity was due to endocytosis 
of the membrane receptor rather than lateral diffusion along the cell 
surface, we performed control experiments with dynasore, a small 
molecule dynamin inhibitor of GTPase activity which results in the 
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inhibition of clathrin-mediated endocytosis in eukaryotic cells. During 
dynasore treatment endocytosis cannot occur and any observed decay 
in the red fluorescence results from other processes such as diffusion of 
the protein along the cell surface outside of the TIRF field of view. As 
shown in Figure 5A, α ENaC showed a slight decay (less than 15%) in 

the presence of dynasore indicating minimal loss of fluorescence due to 
diffusion or other sources. This indicates that the substantial fluorescence 
decay observed in the absence of dynasore can be attributed to endo-
cytosis. Based on these studies, we assume that lateral diffusion has a 
negligible effect on the observed decrease in red fluorescence intensity.

Figure 2. TIRF imaging of Dendra2. A. TIRF images of a single cell expressing α subunit of ENaC labelled with Dendra2 before and after photocon-
version in both green and red emission channels with 488 nm and 561 nm excitation, respectively. B. Representative time trace TIRF images in the red 
emission channel at different time points. The color map in each row corresponds to all images in that row.

Figure 3. The fluorescence intensity comparison directly after conversion. A. Representative TIRF image of the red channel of Dendra2 labelled α, 
β and γ ENaC subunits showing the fluorescence intensity directly after photoconversion including the presence of endosomes. B. A TIRF image taken 
20 min later showing the reduction in fluorescence intensity and clearance of endosomes. The color map corresponds to both images.

We measured the plasma membrane half-life of α, β, and γ subunits 
on their own. The subunits exhibited similar residence time on the cell 

surface where α, β, and γ gave a half-life of 1.52 h, 1.62 h and 1.49 h, 
respectively (Fig. 5C). However, when α, β, and γ were expressed 
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together, we observed a significantly longer half-life (2.41 h) than any 
of the subunits alone. The subunits are thought to form active ENaC 
channels with a 1:1:1 stoichiometry. A mutation in the β subunit of 
ENaC has been associated with Liddle’s syndrome which is a hereditary 
disorder that results in severe hypertension [24]. The mutation, βY618A, 
occurs in the PY motif (PPxY) of the β subunit, which serves as the 
binding site for a protein ubiquitin E3 ligase such as nedd4. Interaction 
with the E3 ligase is responsible for reducing cell surface population of 
ENaC [12,25]. The mutation disrupts interactions between the ligase 
and the subunit leading to a longer half-life on the cell surface [13,26]. 
We generated β ENaC containing the Y618A mutations and compared 
the half-life versus wild-type protein. The mutation increased the half-
life to 3.58 h, more than twice that for the wild type subunit. We also 

compared the half-life when α and γ were expressed with the mutant β. 
While we saw a statistically significant increase in the residence time 
on the cell surface, the presence of the other subunits compensated for 
the effect of the mutation. The half-life of αβY618Aγ was 2.97 h, while 
the half-life of αβγ was 2.41 h. Figure 5B plots the red fluorescence 
intensity values over time starting 20 min after photoconversion. The 
half-lives calculated in Figure 5C were based on the red fluorescence 
decay curves of Figure 5B. We also monitored the fluorescence in the 
green emission channel. As seen in Figure 4, the green fluorescence 
intensity remained stable and in focus for the duration of the time series. 
Thus, the decay in the red fluorescence is not due to the loss of optical 
focus or change in cell morphology.

Figure 4. Fluorescence intensity of unconverted Dendra2 over time. Representative time trace TIRF images of cells expressing Dendra2 labelled 
α, β and γ subunits in the green emission channel at different time points. The color map corresponds to all images in this figure.

Previous studies have shown that the cystic fibrosis transmembrane 
regulator (CFTR) interacts through scaffold proteins to indirectly regulate 
ENaC. Loss of CFTR increases ENaC channel activity and possibly 
alters protein trafficking [27,28]. To determine if this interaction affected 
ENaC residence time on the cell surface, we measured the half-life of 
ENaC in the presence of wild-type CFTR and in the presence of a CFTR 
mutation (∆F508) that prevents it from reaching the cell surface. CFTR 
wild-type or ∆F508 were cotransfected with ENaC in HEK 293T cells. 
As seen in Figure 6A and 6B, we measured the turnover of α ENaC in 
the presence of CFTR WT and CFTR ∆F508 and found half-lives of 1.49 
h and 1.54 h, respectively. These results were not significantly different 
from that of α ENaC alone (1.52 h). We also measured the half-life of 
αβγ with CFTR wild type (2.11 h) and CFTR ∆F508 (2.56 h). These 
results were also not significantly different from that of αβγ (2.41 h). 
This indicates that the bridging scaffold proteins between CFTR and 
ENaC do not sense the loss of CFTR by influencing the residence time 

of ENaC on the cell surface. Figure 6C and 6D show the time course 
of red fluorescence intensity values of the cells expressing Dendra2 
labelled ENaC subunit(s) with or without CFTR.

DISCUSSION

We present a new approach to quantify the half-life of membrane 
proteins on the cell surface, through labelled them with the photocon-
vertible fluorescent protein, Dendra2. Previous studies have utilized 
photoconvertible fluorescent proteins to monitor transport between 
organelles [29], protein degradation [30], and protein translation [19]. 
In order to limit excitation and photoconversion to only the plasma 
membrane, we utilized TIRF microscopy. This enabled us to extend 
the application of Dendra2 to study the half-life of membrane proteins 
on the plasma membrane.
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Figure 5. Half-life of ENaC subunits on the plasma membrane. A. Time course of red fluorescence intensity values of cells transfected with α ENaC 
-Dendra2 with (black) or without (red) dynasore treatment. The values at time 0 were normalized. B. Time course of red fluorescence intensity values 
of cells transfected with Dendra2 labelled different ENaC subunit(s). Values were fitted to a single exponential equation and the values at time 0 were 
normalized. Time 0 starts at the first image 20 min after photoconversion. C. Bar plot of ENaC subunits half-life. Values are average ± SE (10–15 cells 
were measured for each experiment). This shows an increase in the turnover of the β only receptor (column 2) and the mutant β subunit (column 6) and 
between the heteromer containing all subunits with a non-mutated β subunit (column 4) versus that with a mutation in the β subunit (column 5). T-tests 
(P = 0.05) were performed with unequal variance assumed (*P < 0.05).

Figure 6. The influence of wild type and ∆F508 CFTR on ENaC half-life. A and B. Bar diagrams of half-life of ENaC subunit(s) with or without CFTR. 
Values are average ± SE (10–15 cells were measured for each experiment). Two tails t-tests (P = 0.05) were performed with unequal variance assumed. 
C and D. Time course of red fluorescence intensity values of the cells expressing Dendra2 labelled ENaC subunit(s) with or without CFTR. Values were 
fitted to a single exponential equation and the values at time 0 were normalized.
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Using this approach, we measured the half-life of different ENaC 
subunits and mutations. ENaC has been reported to turn over rapidly 
on the cell surface, with a reported half-life ranging from 40–120 min 
in cultured cells [12,26]. The apparent lifetime on the membrane was 
highly dependent on the technique used for the measurement. Yu et al. 
performed single-channel measurements to quantify the half-life of 
ENaC and reported that the average half-life in CHX-treated cells was 
1.45 ± 0.24 h, while it was 3.28 ± 0.89 h with puromycine treatment [9].

Using the Dendra2 based technique, we measured the lifetime for 
ENaC α, β and γ subunits at 1.52 h, 1.62 h, and 1.49 h, respectively 
indicating near identical stability on the plasma membrane for each 
subunit in the absence of the others. However, when all 3 subunits 
are co-expressed this seemed to increase the stability of ENaC on the 
cell surface. We observed a shift in the lifetime from approximately 
1.5 h to 2.4 h. This change likely results from ENaC assembling as a 
heterotrimer rather than a homo trimer. It has also been reported that a 
mutation in the PY motif in the β subunit can cause a longer half-life 
on the plasma membrane [31]. Our measurements were consistent with 
this. We observed a 3.58 h half-life of βY618A alone which is more than 
a two-fold increase in the half-life over β wild type. Interestingly, we 
observed only a moderate increase (2.4 to 3 h) in the half-life on the 
plasma membrane when wild type α and γ were coexpressed with βY618A 
as compared to the same combinations with wild type β. In the absence 
of the other subunits it appears that this mutation is sufficient to disrupt 
interactions with cellular machinery responsible for the endoctytosis of 
ENaC. In a heterotrimer, the presence of the other subunits moderates 
the effect of the mutation.

The results described here illustrate that the temporal resolution of 
this technique can be used to quantitatively monitor changes in mem-
brane receptor half-life on the plasma membrane. We have applied 
the same technique to membrane receptors with a longer half-life. For 
example, we observed a decay rate for α4β2 nicotinic receptors that 
matches well with previous studies using other techniques (data not 
shown). The Dendra2 based approach was simple and straight forward 
as compared to currently used techniques such as biotinylation western 
blotting, radioactive pulse-chase and electrophysiology approach which 
have more complicated experimental procedures. The method described 
here is much less labor intensive and performs with a higher temporal 
resolution compared to existing techniques. Additionally, we were 
able to avoid potential errors caused by compounds that alter cellular 
metabolism which are required for many of the existing techniques.

Acknowledgments
This work was supported by NIH COBRE grant P30GM110787.

References
1.	 Milligan G (2009) G protein-coupled receptor hetero-dimerization: contribution 

to pharmacology and function. Br J Pharmacol 158: 5-14. doi: 10.1111/j.1476-
5381.2009.00169.x. PMID: 19309353

2.	 Sheng M, Pak DT (2000) Ligand-gated ion channel interactions with cytoskeletal 
and signaling proteins. Annu Rev Physiol 62: 755-778. doi: 10.1146/annurev.
physiol.62.1.755. PMID: 10845110

3.	 Hynes NE, Lane HA (2005) ERBB receptors and cancer: the complexity of 
targeted inhibitors. Nat Rev Cancer 5: 341-354. doi: 10.1038/nrc1609. PMID: 
15864276

4.	 Laird DW (2006) Life cycle of connexins in health and disease. Biochem J 

394: 527-543. doi: 10.1042/BJ20051922. PMID: 16492141
5.	 Colley BS, Biju KC, Visegrady A, Campbell S, Fadool DA (2006) Neurotrophin 

B receptor kinase increases Kv subfamily member 1.3 (Kv1.3) ion channel 
half-life and surface expression. Neuroscience 144: 531-546. doi: 10.1016/j.
neuroscience.2006.09.055. PMID: 17101229

6.	 Zhou P (2004) Determining protein half-lives. Methods Mol Bio 284: 67-77. 
doi: 10.1385/1-59259-816-1:067. PMID: 15173609

7.	 Alvarez de la Rosa D, Li H, Canessa CM (2002) Effects of aldosterone on 
biosynthesis, traffic, and functional expression of epithelial sodium channels 
in A6 cells. J Gen Physiol 119: 427-442. doi: 10.1085/jgp.20028559. PMID: 
11981022

8.	 Sungkaworn T, Jobin M, Burnecki K, Weron A, Lohse MJ, et al. (2017) Single-
molecule imaging reveals receptor-G protein interactions at cell surface hot 
spots. Nature 550: 543-547. doi: 10.1038/nature24264. PMID: 29045395

9.	 Yu L, Helms MN, Yue Q, Eaton DC (2008) Single-channel analysis of functional 
epithelial sodium channel (ENaC) stability at the apical membrane of A6 distal 
kidney cells. Am J Physiol Renal Physiol 295:F1519-1527. doi: 10.1152/
ajprenal.00605.2007. PMID: 18784262

10.	 Kleyman TR, Zuckerman JB, Middleton P, McNulty KA, Hu B, et al. (2001) Cell 
surface expression and turnover of the alpha-subunit of the epithelial sodium 
channel. Am J Physiol Renal Physiol 281: doi: 10.1152/ajprenal.2001.281.2.F213. 
PMID: 11457713

11.	 Mohan S, Bruns JR, Weixel KM, Edinger RS, Bruns JB, et al. (2004) Differential 
current decay profiles of epithelial sodium channel subunit combinations in 
polarized renal epithelial cells. J Biol Chem 279: 32071-32078. doi: 10.1074/
jbc.M405091200. PMID: 15166222

12.	 Staub O, Gautschi I, Ishikawa T, Breitschopf K, Ciechanover A, et al. (1997) 
Regulation of stability and function of the epithelial Na+ channel (ENaC) 
by ubiquitination. EMBO J 16: 6325-6336. doi: 10.1093/emboj/16.21.6325. 
PMID: 9351815

13.	 Lu C, Pribanic S, Debonneville A, Jiang C, Rotin D (2007) The PY motif of 
ENaC, mutated in Liddle syndrome, regulates channel internalization, sorting 
and mobilization from subapical pool. Traffic 8: 1246-1264. doi: 10.1111/j.1600-
0854.2007.00602.x. PMID: 17605762

14.	 Gurskaya NG, Verkhusha VV, Shcheglov AS, Staroverov DB, Chepurnykh 
TV, et al. (2006) Engineering of a monomeric green-to-red photoactivatable 
fluorescent protein induced by blue light. Nat Biotechnol 24: 461-465. doi: 
10.1038/nbt1191. PMID: 16550175

15.	 Chudakov DM, Lukyanov S, Lukyanov KA (2007) Using photoactivatable 
fluorescent protein Dendra2 to track protein movement. Biotechniques 42: 
553-563. doi: 10.2144/000112470. PMID: 17515192

16.	 Chudakov DM, Lukyanov S, Lukyanov KA (2007) Tracking intracellular protein 
movements using photoswitchable fluorescent proteins PS-CFP2 and Dendra2. 
Nat Protoc 2: 2024-2032. doi: 10.1038/nprot.2007.291. PMID: 17703215

17.	 Adam V, Nienhaus K, Bourgeois D, Nienhaus GU (2009) Structural basis 
of enhanced photoconversion yield in green fluorescent protein-like protein 
Dendra2. Biochemistry 48: 4905-4915. doi: 10.1021/bi900383a. PMID: 
19371086

18.	 Zhang L, Gurskaya NG, Merzlyak EM, Staroverov DB, Mudrik NN, et al. 
(2007) Method for real-time monitoring of protein degradation at the single cell 
level. Biotechniques 42: 446-450. doi: 10.2144/000112453. PMID: 17489230

19.	 Heidary DK, Fox A, Richards CI, Glazer EC (2017) A high-throughput screening 
assay using a photoconvertable protein for identifying inhibitors of transcription, 
translation, or proteasomal degradation. SLAS Discov 22: 399-407. doi: 
10.1177/2472555216684333. PMID: 28328316

20.	 Yildiz A, Vale RD (2015) Total internal reflection fluorescence microscopy. 
Cold Spring Harbor Protocols.

21.	 Macro L, Jaiswal JK, Simon SM (2012) Dynamics of clathrin-mediated 
endocytosis and its requirement for organelle biogenesis in Dictyostelium. J 
Cell Sci 125: 5721-5732. doi: 10.1242/jcs.108837. PMID: 22992464

22.	 Merrifield CJ, Feldman ME, Wan L, Almers W (2002) Imaging actin and 
dynamin recruitment during invagination of single clathrin-coated pits. Nat 
Cell Biol 4: 691-698. doi: 10.1038/ncb837. PMID: 12198492

23.	 Gaidarov I, Santini F, Warren RA, Keen JH (1999) Spatial control of coated-
pit dynamics in living cells. Nat Cell Biol 1: 1-7. doi: 10.1038/8971. PMID: 
10559856

24.	 Shimkets RA, Warnock DG, Bositis CM, Nelson-Williams C, Hansson JH, et al. 



8� J Biol Methods  | 2018 | Vol. 5(4) | e105
POL Scientific

article
(1994) Liddle's syndrome: heritable human hypertension caused by mutations 
in the beta subunit of the epithelial sodium channel. Cell 79: 407-414. doi: 
10.1016/0092-8674(94)90250-X. PMID: 7954808

25.	 Staub O, Abriel H, Plant P, Ishikawa T, Kanelis V, et al. (2000) Regulation of 
the epithelial Na+ channel by Nedd4 and ubiquitination. Kidney Int 57: 809-
815. doi: 10.1046/j.1523-1755.2000.00919.x. PMID: 10720933

26.	 Rotin D, Kanelis V, Schild L (2001) Trafficking and cell surface stability of 
ENaC. Am J Physiol Renal Physiol 281: doi: 10.1152/ajprenal.2001.281.3.F391. 
PMID: 11502587

27.	 Konstas A, Koch J, Korbmacher C (2002) cAMP-dependent activation of 
CFTR inhibits the epithelial sodium channel (ENaC) without affecting its 
surface expression. Pflugers Arch 445: 513-521. doi: 10.1007/s00424-002-

0957-z. PMID: 12548398
28.	 Berdiev BK, Qadri YJ, Benos DJ (2008) Assessment of the CFTR and ENaC 

association. Mol Biosyst 5: 123-127. doi: 10.1039/b810471a. PMID: 19156256
29.	 Lippincott-Schwartz J, Patterson GH (2008) Fluorescent proteins for 

photoactivation experiments. Methods Cell Biol 85: 45-61. doi: 10.1016/
S0091-679X(08)85003-0. PMID: 18155458

30.	 Zhang L, Gurskaya NG, Merzlyak EM, Staroverov DB, Mudrik NN, et al. 
(2007) Method for real-time monitoring of protein degradation at the single cell 
level. Biotechniques 42: 446-450. doi: 10.2144/000112453. PMID: 17489230

31.	 Yang K, Xiao Y, Tian T, Gao L, Zhou X (2014) Molecular genetics of Liddle's 
syndrome. Clin Chim Acta 436: 202-206. doi: 10.1016/j.cca.2014.05.015. 
PMID: 24882431


