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Abstract The human ether-a-go-go-related gene (hERG)

protein is a cardiac potassium channel. Mutations in hERG

can result in reductions in membrane channel current, cardiac

repolarization, prolongation of QT intervals, and lethal

arrhythmia. In the last decade, it has been found that some

mutants of hERG involved in long QT syndrome exhibit

intracellular protein trafficking defects, while other mutants

sort to the membrane but cannot form functional channels.

Due to the close relationship between intracellular trafficking

and functional protein expression, we aimed to measure dif-

ferences in protein behavior/motion between wild-type and

mutant hERG by directly analyzing the fluorescence fluctua-

tions of green fluorescent protein-labeled proteins using

fluorescence correlation spectroscopy (FCS). Our data imply

that FCS can be applied as a new diagnostic tool to assess

whether the defect in a particular mutant channel protein

involves aberrant intracellular trafficking.

Keywords Intracellular protein transport �
Cardiovascular research � Imaging � Arrhythmia �
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Introduction

The human ether-a-go-go-related gene (hERG) protein is a

cardiac potassium channel. Mutations in hERG can result in a

reduction in channel current [1, 2], defective cardiac repo-

larization, a prolonged electrocardiac QT interval, and

arrhythmia, which can lead to sudden death. Some mutants of

hERG that cause long QT syndrome are associated with

abnormal intracellular protein trafficking [3, 4]. In a previous

study, we reported that G601S is an hERG mutant

(Gly601 ? Ser601) that is unable to form a functional channel

in the plasma membrane, resulting in a reduction in total

potassium currents [2]. G601S also has a smaller molecular

weight (135 kDa) than the mature wild-type (WT) protein

(155 kDa) because of its different glycosylation level. WT

hERG can exist as 135-kDa and 155-kDa molecular forms [5],

according to its two levels of glycosylation, which are often

termed ‘‘core’’ and ‘‘full’’ glycosylation, respectively. G601S,

in contrast, is subject to only core glycosylation [6], which

may be responsible for the observed abnormal protein

expression. Although the importance of glycosylation in

protein expression and trafficking has been suggested [7, 8],

the effect of glycosylation on the expression and function of

WT hERG and G601S is not fully understood. Moreover, in
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affected patients, G601S is co-expressed with the WT hERG

form and behaves as a dominant negative. Because of this

co-expression, the precise identification of G601S in the cell to

study its expression, and trafficking is challenging. The most

common analytical method used for studying channel pro-

teins, including WT hERG and its mutants, is patch clamping

[9, 10]. However, this is only suitable for channel proteins that

are functional at the cell membrane. In contrast, studying

‘‘molecular motion’’ according to differences in molecular

weight could allow us to differentiate G601S from WT hERG.

To achieve this goal, a microscopy technique with high tem-

poral and spatial resolution is required in combination with

conventional biochemical assays.

There are several techniques for the measurement of single

molecules that enable direct visualization of the behavior of

proteins in live cells. These include fluorescence recovery after

photobleaching (FRAP), fluorescence resonance energy

transfer (FRET), single particle tracking (SPT), and fluores-

cence correlation spectroscopy (FCS). FRAP is suitable to

measure the diffusion of molecules in a large area but has a

relatively low temporal resolution. FRET is suitable for pro-

tein-protein interactions [11, 12] and protein distribution, but

not for protein motion. SPT is suitable for measuring molecular

motion in a small to large area; however, it can only assess a

limited number of particles, and its resolution is highly

dependent on the acquisition rate [13, 14]. The accuracy of SPT

data also depends on the surface morphology of the observed

cell. Tracking of target particles is often lost at the edge of the

cell and when the paths of multiple particles cross over.

FCS, in contrast, detects fluorescence intensity fluctuations

within a limited focal volume (approximately 1 9 10-15 l)

and estimates molecular motion using a correlation analysis of

the fluorescence signals (Fig. 1). The temporal resolution of

FCS is much higher (microseconds) than that of any other

fluorescence-based single particle technique. Since the fluo-

rescence fluctuations of a particle are dependent on particle

mass and concentration [15], the measured fluorescence sig-

nals can be converted to the diffusion rate of the particle.

Therefore, changes in the diffusion rate of the targeted mol-

ecules reflect changes in the molecular mass because of

interactions with secondary molecules, biochemical reactions,

and enzymatic reactions [16, 17]. With these advantages, FCS

has been used to study fast molecular biological events [18].

For the above reasons, FCS is suitable for studying and

distinguishing the intracellular behaviors of the WT hERG

and G601S proteins at the single particle level in living

cells. Here, we tested a new method for evaluating protein

function by investigating protein trafficking parameters.

We also tested whether this method could predict whether

the protein would be expressed and would function nor-

mally. To our knowledge, this is the first study of FCS

applied to detect the behavior of proteins related to cardiac

channelopathies.

Materials and methods

DNA constructs and transfection

We used human embryonic kidney 293 cells (HEK293;

American Type Culture Collection No. CRL-1573) for our

expression system. WT hERG or G601S mutant hERG was

expressed in pcDNA3 [2]. Both plasmids expressed the
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Fig. 1 FCS monitors the random motion of fluorescently labeled

molecules. These fluctuations provide information on the diffusion

time of a particle and are directly dependent on the molecular size.

For a large molecule, the fluorescence fluctuation is slow (a), whereas

a small molecule makes rapid fluctuations (b). Consequently, any

increase in the mass of a molecule (for example, as the result of an

interaction with a second molecule) is readily detected as an increase

in the particle’s diffusion time. An actual G(s) plot curve of Rho6G is

shown as an example (c)
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coding region of green fluorescent protein (GFP) at the

amino terminus of the channel peptide. HEK293 cells were

maintained in GIT (#398-00515; Nihon Seiyaku, Tokyo,

Japan) with 10% fetal bovine serum and 2% penicillin-

streptomycin (#15140148; Gibco, Carlsbad, CA). Trans-

fection was performed by adding 0.5 lg of WT-hERG/

pcDNA3 or G601S-hERG/pcDNA3 to cells with Effectene

Transfection Reagent (#301425; Qiagen, Valencia, CA)

according to the manufacturer’s instructions. The medium

was changed to Opti-MEM I Reduced-Serum Medium

(#11058-021; Invitrogen, Carlsbad, CA) to reduce the

background before FCS and imaging. Protein localization

and protein diffusion rates were measured on days 1 and 2

after transfection.

Confocal light microscopy and FCS measurements

FCS was performed with a Zeiss LSM510 ConfoCor 2

confocal microscope (Carl Zeiss, Jena, Germany) with a

409 water immersion objective lens, numerical aperture

(NA) = 1.2 (pinhole width, 70 lm) [19]. Fluorescence

signals were observed using a 488-nm laser and a 505- to

550-nm band-pass emission filter. We set the observational

spot from the cytosol to the cell membrane. FCS mea-

surements and analysis were carried out as previously

described [18, 20, 21].

Briefly, the fluorescence autocorrelation function F(s)

was fitted using the following equation:

FðsÞ ¼ hIðtÞi � hIðt þ sÞi
¼ hðrIðtÞ þ hIiÞðrIðt þ sÞ þ hIiÞi
¼ hðrIðtÞ � rIðt þ sÞi þ hIi2

where hI(t)i is the average fluorescence intensity, t is time,

t ? s is the intensity measured at a later time, and rI(t) and

rI(t ? s) are the deviation from the average fluorescence

intensity.

The normalized fluorescence autocorrelation function

G(s) was defined as:

GðsÞ ¼ 1þ hðrIðtÞ � rIðt þ sÞi
hIi2

The acquired G(s) was fitted using a one- or two-

component model as:

GðsÞ ¼ 1

N

X

i

Fi 1þ s
si

� ��1

1þ s
S2si

� ��1=2

þ 1

where Fi and si are the fraction and diffusion time of

component i, respectively. N is the average number of

fluorescently labeled particles in the excitation-detection

volume of the laser beam [18].

We first measured the diffusion time of rhodamine 6G

(Rho 6G) (1 9 10-7 M); sRho6G was a standard value when

the microscope was started up each time. The diffusion

coefficient of Rho 6G; DRho6G (2.8 9 10-6 cm2/s), was

used as an authentic value. After the diffusion time of the

WT hERG or G601S samples was measured (ssample), their

diffusion coefficients (Dsample) were calculated using the

equation:

Dsample=DRho6G ¼ sRho6G= ssample

The fluorescence fluctuation signal was monitored for

50 s and this was repeated six times to obtain the diffusion

rate.

Results

In this study, we focused on determining whether FCS is

able to identify differences in particle behavior between

WT hERG and G601S in the cytosol, where both proteins

are located individually. hERG is formed as a tetramer in

cells. If wild-type hERG and mutant G601S hERG are

co-transfected at the same time, there are five possible

formations and we cannot control which subtypes are

expressed. We also cannot investigate the causal relation-

ships without determining the expressed protein’s structure

and function. Based on this reason, we transfected the wild-

type and mutant protein into cells independently and

measured their fluctuations and diffusion rates by FCS

separately.

Figure 2 shows the localization of GFP-tagged WT and

G601S hERG in HEK293 cells the day after transfection.

Although WT is reported to localize at the plasma mem-

brane, we observed WT hERG throughout the cytosol, up

to and at the plasma membrane. This distribution indicates

that some WT hERG molecules were being trafficked to

the plasma membrane. In contrast, G601S was detected in

the cytosol only; no membrane localization was observed.

On day 2, WT hERG was clearly accumulated at the

plasma membrane as well as in the cytosol (Fig. 2c).

However, G601S remained only in the cytosol, and there

was an area where no protein localization was detected

(arrowhead in Fig. 2d). These data show that the single

mutation G601S in WT hERG had a dramatic effect on

protein trafficking.

Next, we measured the molecular motion of WT hERG

and G601S in the cytosol. On day 1, both forms showed

two distinct diffusion patterns: a fast diffusion (D1) and a

slow diffusion (D2) (Fig. 3). This suggests that both have

at least two different molecular forms in living cells. The

D1 value (3.08 9 10-8 ± 1.72 9 10-8 cm2/s; mean ± SD)

for WT hERG was approximately 100 times faster than the

D2 value (2.45 9 10-10 ± 9.93 9 10-11 cm2/s). For G601S,

D1 (8.54 9 10-8 ± 3.30 9 10-8 cm2/s) was approximately

200 times faster than D2 (3.82 9 10-10 ± 2.02 9 10-10 cm2/s).
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It should be noted that the average D1 for G601S was more

than two-fold higher than that of the WT hERG D1

(p = 1.62 9 10-4 by t test). Incomplete glycosylation of

G601S could be responsible for the increase in D1.

However, there was no significant difference in D2

between WT hERG and G601S. It is not clear what D1 and

D2 represent, but D1 may represent the free form of protein

or vesicle movement, while D2 may represent the diffusion

of proteins or vesicles in more restricted environments such

as when associated with intracellular organelles [22]. These

FCS data clearly showed that the high sensitivity and

temporal resolution of FCS can reveal ‘‘multi-modal’’

protein diffusion within living cells.

The glycosylation patterns of mature WT hERG (core

and full glycosylation) are essential for correct protein

trafficking and function. To test whether the diffusion

coefficient changes during the protein trafficking, we

compared FCS data for WT hERG between the plasma

membrane and cytosol regions (Fig. 4a, b). D1 at the

plasma membrane (2.65 9 10-8 ± 1.61 9 10-8 cm2/s)

was not significantly different from that in the cytosol

(p = 0.55) but was just a little slower (3.08 9 10-8 ±

1.72 9 10-8 cm2/s). The D2 values were also indistin-

guishable between the two locations (2.09 9 10-10 ±

1.19 9 10-10 vs. 2.45 9 10-10 ± 0.99 9 10-10 cm2/s)

(p = 0.46). However, in the cytosol, the proportions of

the D1 and D2 components were 37.3 and 62.7%,

respectively, whereas at the plasma membrane, the slow,

D2 component was increased significantly to approxi-

mately 74.0%. These data show that the majority of

newly expressed proteins were delivered as fully mature

and functional forms of WT hERG to the plasma

membrane.

Fig. 2 The localization of GFP-tagged wild-type hERG (a) and

G601S (b) the day after transfection of their respective expression

constructs. The left-hand panels show confocal-imaged, GFP-labeled

G601S and WT hERG channels in HEK293 cells. The right-hand
panels show merged Nomarski images and GFP fluorescence images.

At 24 h after transfection, the protein localizations of WT hERG and

G601S are indistinguishable. On day 2, approximately 48 h after

transfection, WT hERG (c) was localized at the plasma membrane

more than in the cytosol (arrow). In contrast, G601S was not

trafficked through the cytosol to the plasma membrane (d) (arrow).

All scale bars are 5 lm
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Fig. 3 Comparison of diffusion coefficients between wild-type

hERG and G601S in the cytosol on day 1 by FCS measurements. Both

proteins contained two components of the diffusion coefficient. There

was a statistically significant difference in the fast, D1 component

between WT hERG (filled squares, dotted line circle) and G601S

(unfilled circles, solid line circle). However, the slow, D2 component

motions were statistically indistinguishable between WT hERG and

G601S
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Discussion

In this study, we showed that FCS could detect two sepa-

rate protein populations with different diffusion coeffi-

cients, both at the plasma membrane and in the cytosol. It

is likely that multiple factors are involved in determining

the diffusion coefficient for each protein population

between the plasma membrane and the cytosol. When

proteins exist in the plasma membrane, the protein motion

likely slows down within tightly packed areas such as rafts,

which are rich in sphingomyelin and cholesterol. Fast

motion at the membrane may suggest protein motion out-

side the raft. Other proteins in the same voltage-gated K?-

channel protein family, KCNA5 and KCNB1, have been

suggested to exist in rafts and noncaveolae lipid raft

regions [23, 24]. Furthermore, these proteins are six-

transmembrane structures and their three-dimensional

structures are very similar to that of hERG. Based on these

data, hERG may preferentially exist in the lipid raft

domains. Biophysical analyses of membrane protein dif-

fusion using SPT have also revealed a complex protein

diffusional motion [25–27]. Murase et al. [27] reported a

‘‘hop’’ diffusion of 1,2-dioleoyl-sn-glycero-3-phos-

phoethanolamine (DOPE) in HEK293 cells with a mean

diffusion coefficient of approximately 4 9 10-9 cm2/s.

This value was based on analyses with lower temporal

resolution than afforded by the SPT experiments, but

yielded data similar to the mean of our two diffusion

coefficients (10-8–10-10 cm2/s) at the plasma membrane.

Furthermore, the proportion of slow components on day 2

became larger than that on day 1, indicating that more WT

hERG had accumulated at the plasma membrane by day 2

(approximately 48 h after transfection).

In the cytosol, fast diffusional motion may reflect the

protein moving freely during vesicle trafficking, whereas

slow diffusional motion may originate from proteins

associated with intracellular organelles such as the endo-

plasmic reticulum (ER) and Golgi. In the protein trafficking

pathway, abnormally folded proteins are normally removed

by the quality control systems of the ER and are subject to

retrotranslocation and degradation. The localization of

G601S (Fig. 2) and its failed form having been extracted

from the trafficking pathways by the ER quality control

systems could contribute to its fast D1 diffusion value.

Advantages and limitations of FCS

The abilities of imaging-based light microscopy for single

molecules are always constrained by the light diffraction limit,

the data acquisition rate, and the fluorescence intensity. In

addition, techniques such as SPT are only successful with

well-separated fluorescence spots to establish a ‘‘single mol-

ecule’’ condition; this requires special sample preparation

techniques. All of these issues make single molecule obser-

vation in real time a highly difficult undertaking. However,

FCS records fluorescence fluctuations within an extremely

small volume at high acquisition rates, allowing a high sen-

sitivity for dynamic molecular behaviors. A notable advantage

of FCS is that no special sample preparation techniques are

required. This is very convenient in biomedical research

in situations where high expression of target proteins is dif-

ficult to attain or when only a small quantity of the sample can

be observed. FCS is also suitable for many biological events

such as antigen-antibody interaction, protein-protein interac-

tion, and the effects of changes in ion concentration. These

unique capabilities of FCS enhance the opportunities to study

dynamic molecular behavior, which is not possible with the

other commonly used techniques. Furthermore, its potential

will continue to be enhanced by technological advances in

ancillary equipment such as CCD cameras and improved

imaging modalities [28, 29].
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Fig. 4 Comparisons of the D1 and D2 diffusion coefficients for

wild-type hERG on day 1 (a) and day 2 (b) after transfection. The

proportion of slowly diffusing particles was greater on day 2 than on

day 1 (t test; p = 0.002). In the fluorescence images, GFP-WT hERG

clearly localized at the plasma membrane (arrow). All scale bars are

5 lm
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On the other hand, the FCS target must have a fluorescent

tag (e.g., GFP) and the size of the tag contributes to the

observed signal in FCS. Therefore, much smaller fluorescent

tags are needed. Recently, a tetracysteine tag, with only four to

six amino acids, combined with biarsenical fluorophores was

introduced as a new fluorescence labeling tool [30]. The small,

2-kDa tetracysteine tag should increase the accuracy of FCS

signals. For the physical aspects of FCS, a narrower laser beam

as well as a smaller optical volume would improve both the

spatial and the temporal resolution of FCS. Furthermore, the

capability of two-photon laser systems will reduce the back-

ground signal and increase the flexibility of sample prepara-

tion methods.

Conclusion

We have shown that the versatility of FCS in terms of sample

preparation and sample analysis allows us to study new aspects

of biological events. In this study of hERG, conventional bio-

physical and biochemical techniques such as patch clamping

and immuno-staining would not have been able to reveal either

the multiple protein populations during protein trafficking nor

the distinct behaviors of the protein in the cytosol. We believe

that FCS shows great potential to evaluate normal and abnor-

mal protein trafficking in diseases such as cystic fibrosis, in

which the mutant cystic fibrosis transmembrane conductance

regulator (CFTR) Cl- channel is abnormally folded and traf-

ficked and is not functional at the plasma membrane [31]. FCS

can also be applied to other genetic diseases to evaluate the

effect and efficacy of drugs on the behavior of target proteins.

For instance, it is now routine practice in the pharmaceutical

industry to test compounds for hERG channel activity early in

the drug-development process. We also expect that the appli-

cation of FCS to the analysis of dynamic protein function will

help to elucidate the mechanisms of some cardiac diseases,

especially those involving abnormal protein trafficking that can

be targeted for pharmacological treatment.

Acknowledgments We thank Dr. Masataka Kinjyo and the staff in

his laboratory, Hokkaido University, for assisting us in establishing

the FCS technique. We thank Drs. Bernardo Nadal-Ginard and Fuyuki

Tokumasu for critical reading of the manuscript and for discussions

regarding WT and G601S hERG. This work was supported by the

Program for Promoting the Establishment of Strategic Research

Centers, and Special Coordination Funds for Promoting Science and

Technology from the Ministry of Education, Culture, Sports, Science

and Technology of Japan.

References

1. Sanguinetti MC (1999) Dysfunction of delayed rectifier potas-

sium channels in an inherited cardiac arrhythmia. Ann N Y Acad

Sci 868:406–413

2. Furutani M, Trudeau MC, Hagiwara N, Seki A, Gong Q, Zhou Z,

Imamura S, Nagashima H, Kasanuki H, Takao A, Momma K,

January CT, Robertson GA, Matsuoka R (1999) Novel mecha-

nism associated with an inherited cardiac arrhythmia: defective

protein trafficking by the mutant HERG (G601S) potassium

channel. Circulation 99:2290–2294

3. Anderson CL, Delisle BP, Anson BD, Kilby JA, Will ML, Tester

DJ, Gong Q, Zhou Z, Ackerman MJ January CT (2006) Most

LQT2 mutations reduce Kv11.1 (hERG) current by a class 2

(trafficking-deficient) mechanism. Circulation 113:365–373

4. Wilson AJ, Quinn KV, Graves FM, Bitner-Glindzicz M, Tinker A

(2005) Abnormal KCNQ1 trafficking influences disease patho-

genesis in hereditary long QT syndromes (LQT1). Cardiovasc

Res 67:476–486

5. Akhavan A, Atanasiu R, Shrier A (2003) Identification of a

COOH-terminal segment involved in maturation and stability of

human ether-a-go-go-related gene potassium channels. J Biol

Chem 278:40105–40112

6. Delisle BP, Anderson CL, Balijepalli RC, Anson BD, Kamp TJ,

January CT (2003) Thapsigargin selectively rescues the traf-

ficking defective LQT2 channels G601S and F805C. J Biol Chem

278:35749–35754

7. Kern A, Bryant-Greenwood GD (2009) Mechanisms of relaxin

receptor (LGR7/RXFP1) expression and function. Ann N Y Acad

Sci 1160:60–66

8. Brooks NL, Corey MJ, Schwalbe RA (2006) Characterization of

N-glycosylation consensus sequences in the Kv3.1 channel.

FEBS J 273:3287–3300

9. Li MS, Demsey AF, Qi J, Linsdell P (2009) Cysteine-independent

inhibition of the CFTR chloride channel by the cysteine-reactive

reagent sodium (2-sulphonatoethyl) methanethiosulphonate. Br J

Pharmacol 157:1065–1071

10. Ficker E, Obejero-Paz CA, Zhao S, Brown AM (2002) The

binding site for channel blockers that rescue misprocessed human

long QT syndrome type 2 ether-a-gogo-related gene (HERG)

mutations. J Biol Chem 277:4989–4998

11. Derler I, Hofbauer M, Kahr H, Fritsch R, Muik M, Kepplinger K,

Hack ME, Moritz S, Schindl R, Groschner K, Romanin C (2006)

Dynamic but not constitutive association of calmodulin with rat

TRPV6 channels enables fine tuning of Ca2?-dependent inacti-

vation. J Physiol 577:31–44

12. Voss TC, Demarco IA, Day RN (2005) Quantitative imaging of

protein interactions in the cell nucleus. Biotechniques

38:413–424

13. Cheezum MK, Walker WF, Guilford WH (2001) Quantitative

comparison of algorithms for tracking single fluorescent particles.

Biophys J 81:2378–2388

14. Qian H, Sheetz MP, Elson EL (1991) Single particle tracking.

Analysis of diffusion and flow in two-dimensional systems.

Biophys J 60:910–921

15. Magde D, Elson EL,Webb WW (1974) Fluorescence correlation

spectroscopy. II. An experimental realization. Biopolymers

13:29–61

16. Kohl T, Haustein E, Schwille P (2005) Determining protease

activity in vivo by fluorescence cross-correlation analysis. Bio-

phys J 89:2770–2782

17. Rigler R (1995) Fluorescence correlations, single molecule

detection and large number screening. Applications in biotech-

nology. J Biotechnol 41:177–186

18. Eigen M, Rigler R (1994) Sorting single molecules: application to

diagnostics and evolutionary biotechnology. Proc Natl Acad Sci

USA 91:5740–5747

19. Nomura Y, Tanaka H, Poellinger L, Higashino F, Kinjo M (2001)

Monitoring of in vitro and in vivo translation of green fluorescent

protein and its fusion proteins by fluorescence correlation spec-

troscopy. Cytometry 44:1–6

318 J Physiol Sci (2011) 61:313–319

123



20. Vukojevic V, Pramanik A, Yakovleva T, Rigler R, Terenius L,

Bakalkin G (2005) Study of molecular events in cells by fluo-

rescence correlation spectroscopy. Cell Mol Life Sci 62:535–550

21. Yoshida N, Kinjo M, Tamura M (2001) Microenvironment of

endosomal aqueous phase investigated by the mobility of mi-

croparticles using fluorescence correlation spectroscopy. Bio-

chem Biophys Res Commun 280:312–318

22. Saito K, Ito E, Takakuwa Y, Tamura M, Kinjo M (2003) In situ

observation of mobility and anchoring of PKCbetaI in plasma

membrane. FEBS Lett 541:126–131

23. Martinez-Marmol R, Villalonga N, Sole L, Vicente R, Tamkun

MM, Soler C, Felipe A (2008) Multiple Kv1.5 targeting to

membrane surface microdomains. J Cell Physiol 217:667–673

24. Martens JR, Sakamoto N, Sullivan SA, Grobaski TD, Tamkun

MM (2001) Isoform-specific localization of voltage-gated K?

channels to distinct lipid raft populations. Targeting of Kv1.5 to

caveolae. J Biol Chem 276:8409–8414

25. Golebiewska U, Nyako M, Woturski W, Zaitseva I, McLaughlin

S (2008) Diffusion coefficient of fluorescent phosphatidylinositol

4,5-bisphosphate in the plasma membrane of cells. Mol Biol Cell

19(4):1663–1669

26. Schmiedeberg L, Weisshart K, Diekmann S, Meyer Zu Hoerste

G, Hemmerich P (2004) High- and low-mobility populations of

HP1 in heterochromatin of mammalian cells. Mol Biol Cell

15:2819–2833

27. Murase K, Fujiwara T, Umemura Y, Suzuki K, Iino R, Yamashita

H, Saito M, Murakoshi H, Ritchie K, Kusumi A (2004) Ultrafine

membrane compartments for molecular diffusion as revealed by

single molecule techniques. Biophys J 86:4075–4093

28. Ohsugi Y, Saito K, Tamura M, Kinjo M (2006) Lateral mobility

of membrane-binding proteins in living cells measured by total

internal reflection fluorescence correlation spectroscopy. Biophys

J 91:3456–3464

29. Hassler K, Leutenegger M, Rigler P, Rao R, Rigler R, Gosch M,

Lasser T (2005) Total internal reflection fluorescence correlation

spectroscopy (TIR-FCS) with low background and high count-

rate per molecule. Opt Express 13:7415–7423

30. Frischknecht F, Renaud O, Shorte SL (2006) Imaging today’s

infectious animalcules. Curr Opin Microbiol 9:297–306

31. Skach WR (2000) Defects in processing and trafficking of the

cystic fibrosis transmembrane conductance regulator. Kidney Int

57:825–831

J Physiol Sci (2011) 61:313–319 319

123


	Comparison of protein behavior between wild-type and G601S hERG in living cells by fluorescence correlation spectroscopy
	Abstract
	Introduction
	Materials and methods
	DNA constructs and transfection
	Confocal light microscopy and FCS measurements

	Results
	Discussion
	Advantages and limitations of FCS

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


