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Abstract

Transient transfection of fluorescent fusion proteins is a key enabling technology in fluores-

cent microscopy to spatio-temporally map cellular protein distributions. Transient transfection

of proteins may however bypass normal regulation of expression, leading to overexpression

artefacts like misallocations and excess amounts. In this study we investigate the use of

STORM and PALM microscopy to quantitatively monitor endogenous and exogenous protein

expression. Through incorporation of an N-terminal hemagglutinin epitope to a mMaple3

fused Na,K-ATPase (α1 isoform), we analyze the spatial and quantitative changes of plasma

membrane Na,K-ATPase localization during competitive transient expression. Quantification

of plasma membrane protein density revealed a time dependent increase of Na,K-ATPase,

but no increase in size of protein clusters. Results show that after 41h transfection, the total

plasma membrane density of Na,K-ATPase increased by 63% while the endogenous contri-

bution was reduced by 16%.

Introduction

Super-resolution single-molecule localization microscopy [1–5], has in the last decade made it

possible to visualize biological specimens on the nanoscale. By labeling an investigated protein

with a fluorescent reporter, which can be made to switch between a fluorescently detectable

state (active, ON) and non-detectable state (non-active, OFF), separation in time and space of

single molecules becomes possible. The spatio-temporally separate labeled entities are then used

to map out cellular topology with increased resolving power. To generate a full representation

of the labeled sample, the stochastic switching and detection process is repeated many times

(several thousand to tens of thousands frames are recorded). Finally, mathematical analysis of

the detected fluorescence (i.e. pinpointing the location of the stochastically switching fluores-

cent molecules) is used to generate a reconstructed super-resolution image of the labelled sam-

ple [6, 7]. In addition to improving resolution, as compared to conventional microscopy where

no separation of labelled molecules occurs, super-resolution single-molecule localization imag-

ing allows for quantitative analysis [8–11]. Quantitative information of molecular coordinates
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can be used to extract protein densities, protein cluster sizes, and stoichiometry if applied accu-

rately [12–15]. Prior to selection of imaging and analysis strategies to minimize possible misin-

terpretations of data quantification, protein labeling must be under essential control. As

pointed out in the literature, both immunofluorescence labeling, and transfection can skew the

quantification of protein densities, a challenge that has stimulated recent method development

in labeling protocols for super-resolution imaging [16–18].

Overexpression of proteins and fusion-proteins in particular, through transient transfec-

tions provide an easy way of introducing a mutant protein or study the distribution of a pro-

tein in cells. The principal drawback of transient transfections is the degree of overexpression

typically associated with it [19]. This can be alleviated in some cases as most proteins require

interactions with other proteins to function properly and these can then act as limiting regula-

tors for the system. Even for abundant proteins, such as G-protein coupled receptors, transient

expression can reach several orders of magnitude above endogenous levels with changes in sig-

naling behavior as a possible result [20]. In addition to the effects of an over-expressed protein

amount, the cell will also be stressed by the transient over-expression with additional uncon-

trolled or unknown effects [21].

In this work we have through use of transient transfection, immunohistochemistry and

super-resolution imaging quantified the plasma membrane protein density of Na,K-ATPase

α1 (ATP1A1). Na,K-ATPase is a heteromeric protein, essential for maintaining cellular mem-

brane potential and control of intracellular ion homeostasis. Na,K-ATPase has a catalytically

active α-subunit that requires a β-subunit for assembly into a functional protein and plasma

membrane insertion. Plasma membrane levels of such proteins should potentially be less

affected by an overexpression as the interacting partner remains at endogenous levels [22, 23].

Materials and methods

Chemicals

All chemicals, unless explicitly stated, were purchased from Sigma Aldrich. Immunocyto-

chemistry PBS (iPBS) (137 mM NaCl, 2.7 mM KCl, 10 mM NaH2PO4, 1.8 mM KH2PO4, 1

mM CaCl2 and 0.5 mM MgCl2, pH 7.40, sterile filtered) was used for washing of fixed cells.

FlAsH-EDT2 was purchased from ThermoFischer Scientific.

Cells

Human Embryonic Kidney (HEK) 293a cells (Invitrogen) cells were cultured according to

supplier’s recommendations using DMEM (Life Technologies) with high glucose and pyruvate

in 10% fetal bovine serum (Life Technologies). Cells were used between passage 3 and 10.

Plasmids and transfection

HA_hNKAa1_mMaple3, a N-terminal fusion protein of hemagglutinin and mMaple3 [24] to

human Na,K-ATPase α1 was synthesized by GenScript. hNKAa1_SEP, a superecliptic pHluorin

(W317-SEP-L318)—human Na,K-ATPase α1 fusion protein, was cloned as previously described

[25]. Mock transfection were performed using Syntaxin-TC, a plasmid encoding for a plasma

membrane anchor, linker and a tetracysteine motif for FlAsH binding. Syntaxin-TC was synthe-

sized by GenScript. All transfections were performed using lipofectamine LTX (Life Technolo-

gies) with 2 μg DNA following recommended protocols by the provider.
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FlAsH staining

HEK293a cells expressing Syntaxin-TC cultured on 18 mm round #1.5 coverslips (Marienfeld)

were washed once in warm Opti-MEM (ThermoFischer Scientific) followed by staining using

2.5 μM of FlAsH-EDT2 for 60 min in incubator. The samples were then washed twice for 10

minutes in BAL wash buffer (1:100 dilution of BAL buffer in Opti-MEM) and subsequently

fixed according to the STORM sample preparation below.

PALM sample preparation

HEK293a cells expressing HA_hNKAa1_mMaple3 cultured in 35 mm round petri dishes with

glass bottom (#1.5 coverslips) (MatTek) were fixed using ice cold 4% paraformaldehyde in

iPBS for 10 min in +4˚C. Samples were subsequently washed 3x10 min in iPBS and stored cov-

ered in iPBS in light protected container in +4˚C until imaged.

STORM sample preparation

HEK293a cells expressing HA_hNKAa1_mMaple3 cultured on 18 mm round #1.5 coverslips

(Marienfeld) were fixed using ice cold MeOH for 10 min in +4˚C. Samples were subsequently

washed 3x10 min in iPBS. Samples were blocked for 60 min in room temperature using 10%

bovine serum albumin in iPBS (filtered). Samples were stained using a 5 μg / ml concentration

of the monoclonal anti Na,K-ATPase α1 antibody a6f (DSHB, University of Iowa) [26] for 60

min in room temperature. Alternatively, the samples were stained using a 5 μg / ml concentra-

tion of the monoclonal anti-HA antibody HA-7 (Sigma Aldrich). Samples were washed 3x10

min using iPBS followed by overnight staining using a 4 μg / ml concentration of anti-mouse

Alexa647 (Invitrogen). Samples were washed 3x10 min and stored in light protected container

in +4˚C until imaged. Samples were mounted in a magnetic chamber (Chamlide) with the fol-

lowing STORM buffer. 1:100 GLOX 100x (10 mg glucose oxidase in 180 μl of 10 mM Tris (pH

7.0) and 10 mM NaCl) and 1:100 1 M MEA (77 mg cystamine in 1 ml 1:12 HCl) in 50 mM

Tris-Cl (pH 8.0) 10 mM NaCl and 10% glucose. Cells were imaged within 60 minutes after

application of buffer.

For imaging of Na,K-ATPase β1, HEK293a cells cultured on 18 mm round #1.5 coverslips

(Marienfeld) were fixed using ice cold 10% trichloroacetic acid for 10 min in +4˚C. Samples

were subsequently washed 3x10 min in iPBS and permeabilized for 2 minutes using 0.25% Tri-

ton X-100 and subsequently washed for 3x5 min in iPBS. Samples were blocked for 60 min in

room temperature using 10% bovine serum albumin in iPBS (filtered) (supplemented with

0.1% Triton X-100). Samples were stained using a 5 μg / ml concentration (supplemented with

0.1% Triton X-100) of β1 antibody (Santa-Cruz, sc21713) for 60 min in room temperature,

which provided the best labelling efficiencies at concentrations above saturation. Samples were

washed 3x10 min using iPBS followed by overnight staining using a 4 μg / ml concentration of

anti-mouse Alexa647 (Invitrogen) in iPBS (supplemented with 0.1% Triton X-100). Samples

were washed 3x10 min and stored in light protected container in +4˚C until imaged. Samples

were mounted in a magnetic chamber (Chamlide) with STORM buffer.

PALM/STORM imaging

Single-molecule localization microscopy was performed using a Carl Zeiss Elyra PS.1 micro-

scope equipped with 405-, 488-, 561- and 642-nm activation and excitation lasers. The objec-

tive used was a Plan-Apochromate 100x/1.46 Oil (Zeiss) and fluorescence was detected on a

liquid cooled EMCCD camera (Andor Technology). Emission was collected through appropri-

ate dichroic mirrors and bandpass filters set at 570–620 nm for detection of mMaple3, and
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655 nm long pass filter for detection of Alexa647. For PALM imaging of mMaple3, activation

was performed with 5% of 405 nm laser power (maximum input 10.1 mW), together with

100% laser power of 561 nm excitation (maximum input 57.8 mW). Illumination was per-

formed over a 25x25 μm area in the sample (1/e2 spatial irradiance distance) in TIRF-mode.

Single molecule fluorescence detection with the EMCCD camera was acquired with 100 x 100

nm pixel sizes, 20 ms integration time and 150 gain for mMaple3. 30 000 images were acquired

for each cell imaged. The mean precision, σ in PALM measurements was 20±5 nm. For

2D-STORM imaging of Alexa647, back-pumping with 1.8% of 405 nm laser power was used

together with 100% laser power of 642 nm excitation (maximum input power 25.4 mW). 30

000 images were acquired for each cell imaged and acquired with 100 x 100 nm pixel sizes, 20

ms integration time and 100 gain. For 3D-STORM imaging of Alexa647, with the inserted

PRILM (phase ramp imaging localization microscopy) unit [27], 405 nm back-pumping

power of 1% was used together with 100% of 642 nm excitation power. Cells were selected

based on SEP fluorescence, detected by 488 nm excitation and 510–540 band pass filter. Single

molecule fluorescence detection on the EMCCD camera was acquired with 100 x 100 nm pixel

sizes, 25 ms integration time and 100 gain. The mean precision, σ in STORM measurements

was 12±5 nm. 3D calibration for axial look-up coordinates was performed on 40 nm fluores-

cent beads, according to recommendations from the microscope manufacturer.

Image analysis

Image analysis of PALM and STORM data was performed by the SMLocalizer plugin in Fiji

[28]. SMLocalizer [29] is available online through http://smlocalizer.sourceforge.net/. In short:

the raw data was corrected for background and drift, and then the localizations, including the

precision, were calculated by nonlinear least square fit of the individual peaks to a 2D Gauss-

ian. The precision for each peak was found by dividing the FWHM of the fitted Gaussian by

the square root of the number of detected photons. Rendering was done by assigning pixel val-

ues based on number of events within each 5x5 nm pixel and smoothing the resulting image

with a 10 nm sigma Gaussian to yield final images. The mean intensity within 5 regions within

each image was used to compute the image mean distribution and the means of the image

mean was normalized to control. Regions ranged in size from 0.7 to 2.5 μm2, exact size varied

to avoid large voids of localizations and cell borders. For 3D-STORM localization, the built in

3D-PRILM algorithm, calibrated from an image stack of 40 nm fluorescent beads was applied

to extract axial and lateral coordinates [27]. For cell images in Figs 1–3 the Fiji lookup table

“Fire” was applied with the display value for 0 changed to [110,110,110].

Pair correlation cluster analysis

Pair correlation cluster analysis was performed in Matlab following the protocol by Sengupta

et. al. [30, 31]. In short, the autocorrelation, g(r), was calculated in selected regions of each data

set and then evaluated by fitting to models for random and nonrandom (i.e. clustered) protein

distributions.

For random distribution the model was:

gðrÞ ¼ gðrÞstoch
þ 1 ¼

1

4ps2r
exp

� r2

4s2

� �

þ 1
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For nonrandom distribution the model was:

gðrÞ ¼ gðrÞstoch
þ A exp

� r
x

� �

þ 1

� �

� gðrÞPSF

gðrÞPSF
¼

1

4ps2
exp

� r2

4s2

� �

Fig 1. STORM imaging of Alexa647 stained HEK293a cells. (a) Representative rendered images from SMLM datasets based on:

HEK293a cells (control), HEK293a cells transfected for 17 or 41 h with HA-hNKAa1_mMaple3 and stained using a6f antibody (total)

recognizing both endogenous and exogenous Na,K-ATPase or anti-HA antibody (exogenous). Final two rendered images (mock) are

of HEK293a cells transfected for 17 or 41 h with Syntaxin-TC. (b) Mean plasma membrane density (control, total and exogenous),

n = 10–12 cells. Error bars show standard error of mean. All groups are significantly different at p< 0.05. (c) Mean plasma membrane

density (control and mock), n = 5–12 cells. No significant difference at p< 0.05. Error bars show standard error of mean. (d)

Representative pair correlation cluster analysis of a dataset transfected for 41h. Plot of the autocorrelation function for all detected

events, g(r)peaks, the correlation due to multiple blinking events of a single molecule, g(r)stoch, and the corrected protein correlation g

(r)protein after a fit to to a model for clustered distribution of proteins.

https://doi.org/10.1371/journal.pone.0195825.g001
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where σ is the precision in the single molecule localization measurements, ρ is the average pro-

tein density and r is the radial distance. The fitting parameters A (amplitude) and ξ (the corre-

lation length of clusters) were estimated by nonlinear least square fit.

Statistics

Statistical analysis was performed using one-way analysis of variance (Anova) at p<0.05 signif-

icance level. All error bars depict standard error of mean.

Results

Results from studies of overexpressed systems are not always easily interpreted as the quantity of

the protein of interest often exceeds what the cell has been evolved to handle. Quantitative con-

trol in systems may however partly be alleviated as many proteins require interactions with other

proteins for assembly to functional units. This assembly control may thus beneficially act to limit

non-physiological (non-functional) overexpression. If moderate structural limitation is at hand,

transient overexpression may still distort cellular structures, effects that must be considered

when quantifying for example molecular numbers with single-molecule super-resolution micros-

copy [32, 33]. We have in this work selected to analyze the endogenous and competitive expres-

sion of the membrane bound Na,K-ATPase, a hetereomeric assembly with a catalytically active

α-subunit that requires a β-subunit for full function and plasma membrane insertion [21]. By

transient expression of the α1-subunit in Na,K-ATPase, we also wanted to investigate if endoge-

nous levels of β1-subunits would rearrange from endogenous subunit assemblies to exogenous

ones over time. Thus, allowing us to gain insight in how single-molecule quantitative analysis

might be affected both as a function of competitive exogenous transfection and endogenous pro-

tein assembly processes.

Endogenous vs exogenous α1 levels through STORM imaging

By using single-molecule direct STORM imaging [34], with a well characterized primary anti-

body [26], we established a baseline plasma membrane density of endogenous Na,K-ATP α1.

Through use of total internal reflection fluorescence (TIRF) excitation we focused on the

Fig 2. PALM imaging of exogenous α1-expression. (a) Representative rendered images from mMaple3 SMLM

datasets based on HEK293a cells transfected for 17 or 41 h with HA-hNKAa1_mMaple3. (b) Mean plasma membrane

density for exogenous expression, n = 17 or 27 cells, significantly different at p< 0.05. Error bars show standard error

of mean.

https://doi.org/10.1371/journal.pone.0195825.g002
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plasma membrane closest to the coverslip of the sample and calculated the mean number of

localized events per unit area. In order to compare results from different protocols we chose

to normalize this density to 100%. We then proceeded to study the effect of transfection of

HA_hNKAa1_mMaple3 through immunostaining using antibodies against Na,K-ATP α1 and

HA-tag. Samples were fixed after 17 or 41 hours of lipofectamine transfection applying stan-

dard amounts of plasmid DNA (see materials and methods). Single-molecule STORM analysis

of samples immunostained for Na,K-ATP α1 revealed that the total Na,K-ATPase α1 density

increased with 33% after 17 hours and 63% after 41 hours (Fig 1A and 1B). To verify that this

increase comes from the transfected protein, we performed parallel STORM analysis of sam-

ples immunostained for HA-tag and found that the exogenous densities reached 38% respec-

tively 79% of Na,K-ATP α1 control levels (Fig 1A and 1B).

Fig 3. 3D-STORM imaging of Na,K-ATPase β-subunit distribution. (a) 3D-STORM rendering of endogenous β1expression in

the vicinity of the plasma membrane during control conditions or 18 hours after hNKAa1_SEP transfection. Each image shows

the sum of events over 150 nm in z. (b) Normalized mean total surface density in 100 nm steps from plasma membrane into the

center of the cell body, n = 4 or 5 cells, with both graphs individually normalized to yield a sum of 1.

https://doi.org/10.1371/journal.pone.0195825.g003
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In order to ascertain that transfecting a membrane protein did not change Na,K-ATPase α1

density we also transfected cells with a mock plasma membrane tether (syntaxin) fused to a tet-

racysteine motif (Cys–Cys–Xxx–Xxx–Cys–Cys) that binds FlAsH. Cells were labeled using

FlAsH-EDT2 after 17 and 41 hours transfection and subsequently fixed and labeled using the

antibody against Na,K-ATPase α1. Subsequent STORM imaging and quantification revealed

no effect of mock transfection on Na, K-ATPase α1 density (Fig 1A and 1C).

Endogenous Na,K-ATPase α1 cluster size was evaluated using pair-correlation analysis by

fitting the autocorrelation function for protein localizations to models for random and non-

random protein distributions. The cluster size of the total population was analyzed for control,

17 h and 41 h after transfection (Fig 1D). All datasets fitted a model for nonrandom distribu-

tion, i.e. a clustered distribution. The cluster sizes, estimated as the fit parameter ξ (the correla-

tion length), was 39±19 nm. The size of the clusters was uncorrelated to time after transfection

and did not increase with the increased membrane protein density.

Exogenous α1 levels through PALM imaging

By using single-molecule PALM imaging we proceeded to investigate the levels of exogenous

Na,K-ATPase α1 incorporated into the plasma membrane during transfection using the photo-

convertible mMaple3 as our reporter [24]. Using the same HA_hNKAa1_mMaple3 plasmid we

fixed cells after 17 and 41 hours of transfection and proceeded to quantify plasma membrane α1

densities. Quantification shows a doubling (113% increase) between 17 and 41 hours (Fig 2), in

line with what was found using STORM (108% increase, from 38% to 79% of control, see exoge-

nous in Fig 1B). The mean precision, σ, was 20±5 nm.

β1-subunit expression during α1 transfection

Previous studies suggest that functional assembly and membrane insertion of the heteromeric

Na,K-ATPase assembly is regulated by availability of β-subunits [22, 23]. To analyze the poten-

tial role of β-subunits limiting the expression of Na,K-ATPase in the plasma membrane during

overexpression of α1-subunits we performed 3D-STORM imaging of antibody labeled Na,

K-ATPase β1 to probe the 3D-distribution in control and α1 overexpressed conditions (Fig 3).

Transient transfection of hNKAa1_SEP was introduced as above for an overnight time of 18

hours. The volumetric β1 density in 100 nm thick sections, starting from the cell-coverslip

interface and going up into the cell, was quantified and revealed that there is a cytoplasmic

bulk of β1-subunits which is not depleted after transfection (Fig 3).

Discussion

In this study we have analyzed the influence of protein overexpression during transient trans-

fection by a quantification of protein densities using super-resolution STORM and PALM

imaging. We found that there is a continuous increase in plasma membrane density of the

exogenous protein, to some degree at the expense of the endogenous protein density. The

plasma membrane density of Na,K-ATPase α1 increase with 63% after 41 h transfection, at

which point almost half of the total density is due to exogenous expression (Fig 1). The analysis

shows that the endogenous component decreased by 16% under these conditions. In other

words, the imaging shows that there is a capacity to increase Na,K-ATPase α1 membrane den-

sities well above the endogenous control levels during transient transfection and that there is

competition between endogenous and exogenous expression.

The data fit a model for competition between endogenous and exogenous expression. The

half-life for Na,K-ATPase α1 in the membrane is 40 hours [35]. The density D(t) of a membrane
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protein produced at rate P and degraded at rate k, (k = ln(2)/40), can be described by:

DðtÞ ¼ 1 �
P
k

� �

e� kt þ
P
k

In nontransfected cells under steady state, P/k = 1 and D(t) = 1. Solving this equation for D

(41) = 1.63 (63% increase of total α1 at 41 hours, cf. total in Fig 1B) give a production/degrada-

tion rate P/k�2.24, which is the sum of endogenous and exogenous expression.

If the endogenous expression was not reduced by competition from exogenous expression,

the total membrane density would have increased by 79% at 41 h after transfection (cf. exoge-

nous in Fig 1B), corresponding to a production/degradation rate P/k�2.55. The difference in

production/degradation rates is then likely due to a competition over factors that limit the

expression and insertion of Na,K-ATPase in the membrane. This can be seen as a reduced

expression of the endogenous protein by competitive exogenous expression.

Of interest here is the observation that there is a relatively large intracellular bulk of β1 sub-

units remaining after overexpression of α1 (Fig 3), which suggest that there are other mecha-

nisms than only the availability of beta subunits that regulate and limit the Na,K-ATPase

plasma membrane insertion. Those mechanisms remain to be identified.

We have here used single-molecule localization microscopy (SMLM) techniques that generate

super-resolution images by serially detecting individual fluorescent molecules. The power of

SMLM goes beyond images: biologically relevant information can be extracted from the mathe-

matical relationships between the positions of the fluorophores in space and time [36]. Here we

demonstrate the use of SMLM for an analysis of membrane protein overexpression in terms of

both density and spatial clustering. With the imaging-based approach we find that Na,K-ATPase

can be found in clusters in the membrane but also that an increase in Na,K-ATPase membrane

protein density is not accompanied by an increased size of those protein clusters. It cannot be

ruled out that the observed clusters are a post-fixation effect. Tanaka et.al. [37] have demonstrated

that conventional fixation protocols based on paraformaldehyde or methanol do not always

completely immobilize membrane proteins and that artificial clusters of membrane proteins can

be formed by diffusion and antibody crosslinking.

The type of combined spatial and quantitative observations we report here are not possible

to directly obtain with conventional methods for estimation of membrane protein densities,

such as cell surface biotinylation or subcellular fractionation followed by quantitative

immunoblotting.

Tight control of the protocols used for fluorescent labeling is necessary when striving to

report reliable molecular quantification numbers based on SMLM methods. It is worth noting

that quantification based on PALM or STORM imaging give differences in absolute plasma

membrane densities (cf. total number of localized events in Figs 1 and 2). In the PALM imag-

ing protocol all relevant proteins can be assumed to be fluorescently tagged, but the fluorescent

protein conversion rate comes into play for quantification [24]. Absolute numbers reported by

PALM imaging can thus be considered as an underestimate, while numbers reported by

STORM imaging may, due to frequent fluorescent dye blinking, be considered as an overesti-

mate. In STORM imaging, the antibody specificity and affinity are important factors [16]. A

possible difference in affinity of the two antibodies used may affect the estimate of exogenous

protein vs endogenous protein density. To minimize this influence, we selected well character-

ized and highly specific monoclonal antibodies and used them in excess concentration for an

efficient and uniform labeling. Furthermore, we used the same fluorescent probe (Alexa 647)

in all STORM experiments to make sure that blinking behavior was constant.
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Both STORM and PALM imaging methods are thus internally consistent over time, which

allows for intra-method direct comparisons and inter-method normalized comparisons to be

done.

Conclusions

Taken together, our data illustrate that there are considerations that have to be taken into

account when performing studies using transient transfections and overexpression of proteins.

Of importance is that under most conditions, cells will express a combination of endogenous

and exogenous proteins, which might not be under quantitative control. If exogenous expres-

sion is made in order to study a mutant form of the protein, the functional readouts will be a

sum of both endogenous and exogenous effects. If the exogenous protein is tagged for imaging

or interaction studies, the non-imaged component from endogenous proteins will need to be

taken into account. This calls for control experiments in non-transfected systems to under-

stand to what extent the factor being investigated is affected by introduction of the exogenous

protein. SMLM techniques are thus suitable for both quantitative characterization and to

probe endogenous and exogenous translation.
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