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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
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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.
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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
(Gly(’o1 — Ser®) 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 x 107" 1)
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.
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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(t) plot curve of Rho6G is
shown as an example (c)

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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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 pg 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
40x water immersion objective lens, numerical aperture
(NA) = 1.2 (pinhole width, 70 um) [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(t)
was fitted using the following equation:

F(r) =) ((t+71))
= ((al(t) + (1)) (al(t + 7) T (n))
= ((al(t) - al(t + 1)) + (I)
)

where (I(7)) is the average fluorescence intensity, 7 is time,
t + 7 is the intensity measured at a later time, and ¢/(f) and
al(t + 1) are the deviation from the average fluorescence
intensity.

The normalized fluorescence autocorrelation function
G(1) was defined as:

((al(t) - al(t + 7))
(1)?

The acquired G(tr) was fitted using a one- or two-
component model as:

Gir)=1+
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where F; and 7; 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 x 1077 M); Trhosg Was a standard value when

the microscope was started up each time. The diffusion
coefficient of Rho 6G; Drposg (2.8 x 107% cm?/s), was
used as an authentic value. After the diffusion time of the
WT hERG or G601S samples was measured (Tgmpic), their
diffusion coefficients (Dgumpie) Were calculated using the
equation:

Dsample /DRho6G = TRhoéG/ Tsample

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 x 107° £ 1.72 x 10~® cm®/s; mean + SD)
for WT hERG was approximately 100 times faster than the
D2 value (245 x 107'° £ 993 x 107" cm?s). For G601S,
DI (854 x 107® £330 x 107® cm?s) was approximately
200 times faster than D2 (3.82 x 107! £ 2.02 x 107! cm?s).
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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 pm

It should be noted that the average D1 for G601S was more
than two-fold higher than that of the WT hERG DI
(p = 1.62 x 107* by ¢ test). Incomplete glycosylation of
G601S could be responsible for the increase in DI.
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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

slow

However, there was no significant difference in D2
between WT hERG and G6018S. 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). DI at the
plasma membrane (2.65 x 107% £ 1.61 x 10~® cm?%s)
was not significantly different from that in the cytosol
(p = 0.55) but was just a little slower (3.08 x 107® +
1.72 x 1078 cmz/s). The D2 values were also indistin-
guishable between the two locations (2.09 x 107'% £
1.19 x 107'% vs. 245 x 10719 £ 0.99 x 107'° cm?%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.
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Fig. 4 Comparisons of the DI 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 (¢ test; p = 0.002). In the fluorescence images, GFP-WT hERG
clearly localized at the plasma membrane (arrow). All scale bars are
5 um

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, KCNAS and KCNBI1, 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 hRERG. 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 x 107° cm?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 (1078—10710 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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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 anew 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) CI™ 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.
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