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Abstract

Function of membrane proteins such as ion channels is often regulated by the
accessary subunits. Therefore, the stoichiometry change can give rise to the wide
variety of the biophysical properties of the complex and thus affect the cell excitability.
Kv4, a member of voltage-gated K channel family, is expressed in neurons and
ventricular myocytes, and regulates the cell excitability. It is known that the function
of Kv4 changes with various subunits in physiological condition. K’ channel
interacting protein (KChIP) and dipeptidyl aminopeptidase-like protein (DPP) are
well-known auxiliary subunits for Kv4. KChIP increases the current amplitude of Kv4,
decelerates the inactivation and accelerates the recovery from inactivation of Kv4.
DPP is known to increase the current amplitude of Kv4 and accelerate the inactivation
and the recovery from inactivation of Kv4.

The stoichiometries of Kv4/KChIP and Kv4/DPP complex have been partially
revealed by the crystal structure analysis. However, it remains unknown whether the
stoichiometries of Kv4/KChIP and Kv4/DPP complexes are fixed or variable. For
DPP, even the number of DPPs binding to one Kv4 channel has not yet been determined.
In this thesis, I addressed these questions using two methods; two-electrode voltage
clamp (TEVC) and subunit counting by single-molecule imaging.

To examine how the expression level of KChIP affects the biophysical properties

of Kv4, I expressed human Kv4.2 and rat KChIP4 in Xenopus oocytes with different



ratios and analyzed the currents under two-electrode voltage clamp. The recovery
from inactivation of Kv4.2 was accelerated with the increase in the amount of
co-expressed KChIP4. This raised the possibility that the binding number of KChIP4
could affect the properties of Kv4.2. To examine the effect of the number of KChIP4
on the biophysical properties of Kv4.2, I made two tandem repeat constructs
(KChIP4-Kv4.2, KChIP4-Kv4.2-Kv4.2) in which the stoichiometry was strictly
controlled. I expressed these constructs in Xenopus oocytes and analyzed the currents.
Because Kv4.2 is a tetramer, KChIP4-Kv4.2 was expected to form a 4:4 channel
(Kv4.2:KChIP4).  Similarly, KChIP4-Kv4.2-Kv4.2 was expected to form a 4:2
channel. The 4:4 channel showed faster recovery from inactivation than the 4:2
channel, suggesting that the number of bound KChIP4 affects the biophysical property
of Kv4.2. To directly examine whether the stoichiometry of Kv4.2/KChIP4 complex
actually changes or not, the number of bound KChIP4 to a single Kv4.2 channel was
evaluated using the subunit counting method by single-molecule imaging of monomeric
enhanced GFP (mEGFP) fused to KChIP4. The number of bound KChIP4 was
increased with the increase in the co-expressed KChIP4, indicating that the
stoichiometry of Kv4.2/KChIP4 complex is not fixed but changes depending on the
relative expression level of each subunit.

Next, I analyzed the stoichiometry of Kv4.2/DPP10 complex. As in the case of

Kv4.2/KChIP4 complex, to examine whether the expression level of DPP10 can change



the biophysical properties of Kv4.2 or not, I injected human Kv4.2 and human DPP10
cRNA with different ratios and controlled the expression level of each subunit in
Xenopus oocytes. The biophysical properties of Kv4.2 such as time-to-peak or the
recovery from inactivation changed depending on the co-expression level of DPP10.
Because the previous crystal structure analysis showed that DPP6 forms a dimer on the
plasma membrane, I first analyzed the stoichiometry of DPP10 alone expressed in
Xenopus oocytes. Approximately 70% of DPP10 on the membrane existed as dimers,
whereas the rest existed as monomers. To determine the stoichiometry of
Kv4.2/DPP10 complex, Kv4.2 and DPP10 were co-expressed with different ratios
(100:1, 10:1, 1:1) and the stoichiometry was estimated using the subunit counting
method. To confirm the co-assembly of Kv4.2 and DPP10, monomeric Cherry
(mCherry) and mEGFP were tagged to Kv4.2 and DPP10, respectively. In the subunit
counting experiments, two bleaching steps were mainly observed in all three ratios,
suggesting that the stoichiometry of Kv4.2/DPP10 complex is flexible, but has a
tendency to form the 4:2 channel complex.

Taken together, I conclude that the stoichiometry of Kv4.2/KChIP4 complex
changes with no preferred stoichiometry while that of Kv4.2/DPP10 complex has a
clear preference to 4:2, and that the stoichiometry of both Kv4.2/KChIP4 and
Kv4.2/DPP10 complex changes depending on the relative expression level. As the

stoichiometry difference affects the biophysical properties of Kv4.2, the stoichiometry



change of the Kv4.2 complex is thought to have a significant impact on the

physiological function such as cardiac excitability.



Introduction

Membrane proteins, including ion channels, often function with various auxiliary
subunits in physiological conditions. The stoichiometry of the complex determines the
channel properties and therefore may affect the cell excitability. Kv4 is a member of
the voltage gated K (Kv) channel family. In common with other Kv channels, Kv4 o
subunit has six transmembrane segments (S1-S6). The S1-S4 form a voltage-sensing
domain (VSD) and, in particular, S4 segment is known to include several
positively-charged amino acids (mainly arginine, R) and plays an important role in
voltage sensing (Liman ef al., 1991; Bezanilla, 2000; Tombola ef al., 2006). The S5,
P-loop and S6 form a pore domain. P-loop locating between S5 and S6 includes the
selectivity filter containing a well-known signature sequence “GYG”. Kv4 has the N
and C-termini in intracellular side with “T1 domain” for assembly in the N-terminus.
The hydrophilic residues in the T1 domain is known to contribute to Kv4
tetramerization (Li et al., 1992; Shen et al., 1993; Kreusch et al., 1998).

Kv4 channel sub-family is comprised of three distinct genes: Kv4.1, Kv4.2 and
Kv4.3. The transmembrane domains of Kv4 family are highly conserved while the N-
and C- termini are relatively divergent. Kv4.1, 4.2 and 4.3 are mainly expressed in the
brain and heart (Serodio et al., 1994; Dixon et al., 1996; Serodio & Rudy, 1998; An et
al., 2000; Nerbonne, 2000; Sanguinetti, 2002). According to the previous studies,

Kv4.1 is expressed in brain at low levels while Kv4.2 and Kv4.3 are abundantly



expressed (Serodio et al., 1996; Serodio & Rudy, 1998; Hattori et al., 2003).
Expression of Kv4.2 is predominant in the caudate putamen, the pontine nucleus and the
medullary nuclei, whereas Kv4.3 is expressed in the substantia nigra pars compacta and
the amygdara (Serodio & Rudy, 1998). In neurons, Kv4.2 is especially expressed in
dendrites and produces the somatodendritic subthreshold A-type current (/sp). [Isa i
known to be involved in the control of repetitive firing and the attenuation of the
back-propagation of action potentials (Serodio et al., 1994; Chen et al., 2006). In
ventricular cardiac myocytes, Kv4.2 and Kv4.3 are mainly expressed and they are
known to be expressed in epicardial myocytes than in endocardial ones (Dixon &
McKinnon, 1994; Brahmajothi ef al., 1999). Kv4 generates the transient outward K"
current (/;,) and shapes the first phase of repolarization in ventricular myocytes (Xu et
al., 1999; Nerbonne & Kass, 2005; Niwa & Nerbonne, 2010).

Kv4 forms the multimolecular complex with various subunits in physiological
condition. K" channel interacting protein (KChIP) is one of the auxiliary subunits for
Kv4. KChIP family was first identified by yeast two-hybrid screens using the
N-terminus of Kv4 a subunit (An et al., 2000). Members of the KChIP family consist
of KChIP1-4, with a large number of alternatively spliced isoforms (Patel et al., 2002a;
Takimoto et al., 2002; Burgoyne, 2007; Norris et al., 2010). KChIP3 is also known as
calsenilin (Buxbaum et al., 1998), and as DREAM (downstream regulatory element

antagonistic modulator) (Carrion et al., 1999). KChIPs are the cytoplasmic protein



and have a conserved C-terminal core domain (Pongs & Schwarz, 2010). On the other
hand, the N-termini of KChIPs are diverse not only in amino acid sequences but also in
length (An et al., 2000; Jerng et al., 2004a; Burgoyne, 2007; Pongs & Schwarz, 2010).
KChIP is known to possess four EF hands (EF1-4) for calcium binding. EF2, 3 and 4
mainly contribute to the Ca”" binding (An et al., 2000). KChIPs have substantial
effects on the various properties of Kv4. First, KChIP promotes the surface expression
of Kv4 and increases the current amplitude of Kv4 (Shibata et al., 2003; Hasdemir et al.,
2005). Second, KChIP binding slows the inactivation of Kv4 by restricting the
movement of the N-terminus, which may occlude the ion channel pore (Gebauer et al.,
2004). Third, KChIP accelerates the recovery from inactivation of Kv4 (Patel et al.,
2002b; Patel et al., 2004; Hovind & Campbell, 2011). According to the crystal
structure analysis of Kv4.3/KChIP1 complex, Kv4.3 interacts with KChIP at two sites
(Pioletti et al., 2006; Wang et al., 2007). Site 1 is comprised of the area between 3rd
and 21st amino acid residues of a conserved hydrophobic segment in the N-terminal
side of T1 domain of Kv4.3 and a large hydrophobic pocket which is formed by
KChIP1. Site 2 is between the H2 helix of KChIP1 and the T1 domain of Kv4.3.
KChIP1 interacts at site 1 with one Kv4.3 subunit and at site 2 with another adjacent
subunit. This crystallography analysis also demonstrates that four Kv4.3 a subunits
and four KChIP1subunits form the octameric structure (Pioletti ef al., 2006; Wang et al.,

2007).



Although there are sufficient evidences showing that KChIP interacts with Kv4

channels and changes the properties, the Kv4 current in the presence of KChIPs was

considerably different from the native current in neurons predominantly expressing Kv4

(Nadal et al., 2003; Jerng et al., 2005; Maffie & Rudy, 2008). This led to the

hypothesis that Kv4 contains additional ancillary subunit(s). Another component of

the Kv4 channel complex was then immunopurified and separated by SDS-PAGE.

The new subunit was first identified as a 115 kDa protein. The protein was sequenced

by tandem mass spectrometry and showed sequence similarity to dipeptidyl

aminopeptidase protein (DPP) (Nadal et al, 2003). DPPs belong to prolyl

oligopeptidase family of serine protease family and contain well-known catalytic triad

(Ser, His, Asp), however, this newly-identified protein (DPP6 or DPPX) lacks the

catalytic serine (it is substituted to aspartic acid) and hence catalytic activity (Strop et

al., 2004; Maftie & Rudy, 2008; Jerng & Pfaffinger, 2014). The common topology of

DPP family is the relatively short N terminus, one transmembrane and the huge

extracellular C-terminus domains including a glycosylation domain, a cysteine-rich

domain and an aminopeptidyl peptidase(-like) domain. DPP10 (or DPPY) is another

non-catalytic type of DPP and the catalytic serine is substituted to glycine in DPP10 (Qi

et al., 2003). The members of DPP10 consist of four isoforms (DPP10a-d) (Jerng et

al., 2007; Pongs & Schwarz, 2010). All are known to bind to Kv4 a subunit and

regulate its function including current amplitude. According to the previous
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experiment, co-expression of Kv4.2 with DPP6 results in a ~9-fold increase in the

channel protein on the plasma membrane (Foeger et al., 2012). Additional KChIP

co-expression further increases in the surface expression of Kv4 protein.  This suggests

that KChIP and DPP increase the current amplitude independently (Foeger et al., 2012).

As mentioned above, KChIP facilitates the trafficking of the Kv4 channel protein to the

plasma membrane (Shibata et al., 2003; Hasdemir et al., 2005). On the other hand,

DPP is thought to slow degradation of Kv4 by increasing retention on the plasma

membrane (Foeger ef al., 2012). Although the mechanism remains unknown, DPP

accelerates the inactivation and the recovery from inactivation of Kv4 (Jerng et al.,

2004b; Radicke et al., 2005; Jerng et al., 2007; Jerng et al., 2009). The region from

the N-terminus to the end of the transmembrane of DPP10 plays an important role in

binding to the S1-S2 segments of the Kv4 for the complex formation (Ren et al., 2005).

It remains uncertain how many DPP molecules can bind to a tetrameric Kv4 channel.

Although there is no available crystal structure for the Kv4/DPP complex, crystal

structure of DPP6 alone has been determined and it was suggested that DPP6 exists as a

dimer on the plasma membrane (Strop et al., 2004). This implies a possibility that

Kv4 and DPP may form the 4:2 or the 4:4 (Kv4:DPP) channel. A previous experiment

using tandem repeat constructs suggests that Kv4.2 channel requires four DPP6 subunits

to be fully modulated (Soh & Goldstein, 2008).

In the first part of this thesis, to examine how the expression level of KChIP4
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affects the biophysical properties of Kv4.2, I tested various amounts of Kv4.2 and

KChIP4 cRNAs and expressed both subunits with different ratios. The

electrophysiological properties of Kv4.2 gradually changed along with the increase in

the KChIP4 expression. Next, I made two tandem repeat constructs, in which the

stoichiometry of Kv4.2 and KChIP4 was fixed, and observed that the speed of the

recovery from inactivation of Kv4.2 were regulated by the number of KChIP4 subunits

bound to Kv4.2. Finally, I determined the stoichiometry of Kv4.2/KChIP4 complex

with the subunit counting method by single-molecule imaging. 1 found that the

stoichiometry of Kv4.2/KChIP4 complex changed depending on the relative expression

level of each subunit. In the second part, I examined the stoichiometry of

Kv4.2/DPP10 complex. The -electrophysiological experiments showed that the

expression level of DPP10 also affected the biophysical properties of Kv4.2, as in the

case of KChIP4. 1 examined the stoichiometry of Kv4.2/DPP10 complex and

observed that the stoichiometry of Kv4.2/DPP10 complex had a preference to the 4:2

stoichiometry, showing a clear contrast to the Kv4.2/KChIP4 case without any clear

preferred stoichiometry.
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Materials and Methods

Molecular Biology

Human Kv4.2 (NM_012281.2), rat KChIP4 (NM_181365.2) and human DPP10

(AK 296490.1) were subcloned into the pGEMHE expression vector. To make the

KChIP4-Kv4.2 construct, a flexible GGS linker (GGSGGSGGSGGSGG) and the Notl

site. were introduced to the N-terminus of Kv4.2 by PCR using KOD plus Ver.2

(Toyobo) (“Notl-linker-Kv4.2”). Notl site was also introduced to the C-terminus of

KChIP4 by PCR (“KChIP4-NotI”). Notl-linker-Kv4.2 and KChIP4-Notl were fused

and inserted into pGEMHE expression vector. To make the KChIP4-Kv4.2-Kv4.2

tandem construct, we first made Kv4.2-Kv4.2 construct by PCR. A flexible GGS

linker and EcoRI site were introduced to the C-terminus of Kv4.2

(“Kv4.2-linker-EcoRI”). EcoRI site was also introduced to another Kv4.2 and the

fragments cut by EcoRI site were fused. The fragment from Kv4.2-Kv4.2 cut by

unique BamHI site in Kv4.2 was inserted into the BamHI site of the KChIP4-Kv4.2

tandem construct. For the monomeric enhanced green fluorescent protein

(mEGFP)-tagged constructs, mEGFP was fused to the C-terminus of Kv4.2 or KChIP4

and the N-terminus of DPP10 with a flexible GGS linker (Kv4.2-mEGFP,

KChIP4-mEGFP and mEGFP-DPP10). To make the monomeric Cherry

(mCherry)-tagged Kv4.2, mCherry was fused to the C-terminus of Kv4.2 with a flexible

GGS linker (Kv4.2-mCherry). For Kv4.2-KChIP4-mEGFP, we first made
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Kv4.2-KChIP4 construct, in which Kv4.2-linker-EcoRI was fused to KChIP4
containing EcoRI in the N-terminus. The fragment from KChIP4-mEGFP cut by
unique EcoT22I site in KChIP4 and HindlIII site in the vector was inserted between
EcoT22I and HindIII sites in Kv4.2-KChIP4 construct. All constructs were confirmed
by DNA sequencing. c¢RNA was then synthesized from the linearized plasmid cDNA

using T7 mMessage mMachine kit (Ambion).

Two-Electrode Voltage Clamp with Xenopus laevis oocytes

Oocytes were collected from Xenopus laevis anesthetized in water containing
0.15% tricaine, and treated with collagenase (2 mg/ml; type 1; Sigma-Aldrich) for 6-7
hrs to remove the follicular cell layer. Oocytes of similar size at stage V or VI were
injected with 50 nl of cRNA solution. The injected oocytes were incubated for 1-3
days at 17°C in frog ringer solution containing (in mM): 88 NaCl, 1 KCl, 2.4 NaHCOs,
0.3 Ca(NOs3),, 0.41 CaCl,, and 0.82 MgSOs, pH 7.6, with 0.1% penicillin-streptomaycin
solution (Sigma-Aldrich). All experiments were approved by the Animal Care
Committee of the National Institute for Physiological Sciences, and performed
following the institutional guideline. On 1-3 days after cRNA injection, K currents
were recorded under two-electrode voltage clamp using OC-725C amplifier (Warner
Instruments).  All experiments were performed at room temperature.  The

microelectrodes were drawn from borosilicate glass capillaries (World Precision
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Instruments) to a resistance of 0.2-0.5 MQ and filled with 3 M K-acetate and 10 mM
KCI (pH 7.2). ND-96 was used for the bath solution containing (in mM): 96 NaCl, 2
KCl, 1.8 CaCl,, 1 MgCl, and 5 HEPES, pH 7.2. Holding potential was at -80 mV or
100mV. Stimulation, data acquisition and data analysis were performed using
Digidata 1440 and pCLAMP 10.3 software (Molecular Devices). Data from the

amplifier were digitized at 10 kHz and filtered at 1 kHz.

Western Blotting

One day after injection, oocytes were sonicated in PBS containing (in mM): 137
NaCl, 2.7 KCl, 10 Na,HPO4, 1.76 KH,PO,4, with protein inhibitor (Complete, Mini,
EDTA-free, Roche Applied Science). To remove the yolk, the homogenates were
centrifuged at 3000 rpm, 4°C for 10 min and the supernatant were collected as protein
extract from oocytes. The protein extracts were treated with SDS-DTT solution
containing (in mM): 50 Tris-HCl (pH=6.8), 100 DTT, 10% Glycerol, 0.1%
Bromophenol blue (BPB), 2% SDS, and boiled at 100°C for 5 min. SDS-PAGE was
performed using 2-15% gradient gel in SDS-PAGE buffer containing (in mM): 25
Tris-base, 192 Glycine, 0.1% SDS. Protein concentration for each sample was
measured by Bradford protein assay (Bradford, 1976). The amount of each loaded
protein was adjusted to 10 pg. The proteins were transferred to polyvinylidene

fluoride (PVDF) membranes in western buffer containing (in mM): 25 Tris-base, 192

15



Glycine. The membranes with bound protein were treated with 5 % skim milk in
TBST solution containing (in mM): 20 Tris-HCI (pH=8.0), 150 NaCl, 0.05% Tween 20.
Membranes were then incubated with primary antibodies (1:250) at 37°C for lhr. The
primary antibodies against KChIP4 used in this study were Anti-KCNIP4 (HPA022862,
Sigma-Aldrich). Bound primary antibodies were detected with HRP labeled donkey
anti-rabbit IgG (1:1000) (GE Healthcare). Immunoreactivity was visualized using an
enhanced chemiluminescence (ECL) detection kit (GE Healthcare) and was detected

using a LAS-3000 image analyzer (Fujifilm).

Single-molecule subunit counting

12-20 hrs after injection, to remove the extracellular matrix, the oocytes were
treated by the enzyme mix solution (1 U/ml neuraminidase and 1 mg/ml hyaluronidase;
Sigma-Aldrich) for 15 minutes at 17°C. The oocytes were put in the 2x frog ringer
solution and osmotically shrunk. The vitelline cells were then manually removed with
forceps. The oocytes were placed on the high refractive index coverslip (n=1.78).
The objective lens (Olympus 100%, N.A. 1.65) was mounted on the inverted microscope
(Olympus, IX71). ND-96 was used as extracellular solution. mEGFP was excited
with a Cyan 488-nm solid state laser (Spectra-Physics). mCherry was excited with an
Orange 588-nm solid state laser (Coherent). 1Xon3 EMCCD camera (Andor) was used

for the detection of the fluorescence spots. Sampling area was 25.6 x 25.6-um’ and
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movies of 400 frames were acquired at 20 Hz for 20 s. Fluorescent intensity of each
spot was measured from the off-line movie. Only the spots which were not overlapped
with neighbor spots and stable (not moving) during the 20-s recording were used for

data collection and analyses.

Data analysis

The ionic currents were analyzed using pPCLAMP 10.3 (Molecular Devices) and
Igor Pro software (WaveMetrics, inc). All current traces were analyzed without leak
subtraction. To compare the speed of inactivation among each group, the currents
were fitted by a single or double exponential function:
[=32] 4ie"+ C
Where 4; is the amplitude(s) of each component, ¢ is time, 7 is the time constant(s), 7 is
the number of component (1 or 2) and C is the non-inactivating component.
The kinetics of the recovery from inactivation was fitted with a single exponential
function:

[= Ty (1 - ™)

Where ek 1s the current amplitude of complete recovery and 7. is the recovery time
constant at -80 or -100 mV. [ is normalized by the average of peak current amplitudes
at first test pulse.

The steady state inactivation curves were fitted with a two-state Boltzmann
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equation and the half inactivation voltage V;,was deduced.

[max - [min

1+ e%(v -Vin)

= Lnin +

Where I, and Iy, are the maximum and minimum current amplitude at test pulse, Vi,
is the half inactivation voltage, Z is the effective charge, F' is Faraday’s constant, R is
the gas constant, and 7 is the absolute temperature. For normalization, / was divided
by Inax.

The distributions of subunit counting data were analyzed by Igor Pro software.
For estimating the stoichiometry of the Kv4 channel subunits and the fluorescence
probability for mEGFP, the distributions of observed bleaching steps were fitted with a
binomial distribution P (X = a),

P (X =a)=A uCapa(1-p)na
Where 4 is the total number of spots, n is the number of bound subunits, a is the

observed bleaching steps and p is the fluorescence probability of mEGFP.

Statistical Analyses
All data are presented as the mean + S.E.M and n stands for the number of
samples. Statistical differences were evaluated using Student’s unpaired ¢ test or

Dunnett’s test. Values of P < 0.05 were considered significant. *** stands for the
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value of P < 0.001.
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Results
KChIP4 and DPP10 modulate Kv4.2 channel properties

It is known that the properties of Kv4 are changed by the co-expression of KChIP
or DPP (Patel et al., 2004; Jerng et al., 2005; Radicke et al., 2005). To examine how
KChIP4 or DPP10 change the properties of Kv4.2, Kv4.2 was expressed with KChIP4
or DPP10 in Xenopus oocyte. Both of DPP10 and KChIP4 increased the current
amplitude of Kv4.2 (Fig 1A). DPP10 accelerated the inactivation of Kv4.2. On the
other hand, KChIP4 decelerated the inactivation of Kv4.2. When DPP10 and KChIP4
were co-expressed with Kv4.2 simultaneously, the inactivation speed was between
Kv4.2 with DPP10 and Kv4.2 with KChIP4 (Fig 1A). The recovery from inactivation
of Kv4.2 was accelerated when DPP10 or KChIP4 was expressed with Kv4.2 and the
co-expression of the three subunits showed the fastest recovery from inactivation (Fig

1B).

Biophysical properties of Kv4.2 gradually change depending on the co-expression
level of KChIP4

To examine the effect of expression level of KChIP4 in the modulation, I injected
various amounts of KChIP4 cRNA (0, 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5, 10 ng) with a
constant amount of Kv4.2 cRNA (5 ng) in Xenopus oocytes and compared the current

(Fig. 2A). To confirm that the KChIP4 protein level was properly controlled, I
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checked the expression level of KChIP4 by western blotting. Two bands were

observed with more than 0.5 ng of KChIP4 cRNA injection. The larger bands

gradually intensified along with the increase in the injected amount of KChIP4 cRNA,

indicating that the co-expression levels of KChIP4 were controlled as expected (Fig.

2B). KChIP is known to increase the current amplitude of Kv4 (An et al., 2000;

Bahring et al.,, 2001; Hatano et al, 2002). To examine whether or not the

co-expression level of KChIP4 affects the biophysical properties of Kv4.2, various

amounts of KChIP4 were expressed with Kv4.2. The current amplitudes of Kv4.2

gradually increased in the range between 0.25 ng and 2.5 ng of co-expressed KChIP4

(Fig. 2C). To examine the effect of KChIP4 on the surface expression of Kv4.2,

Kv4.2-mEGFP was expressed with various amounts of KChIP4 cRNA (0, 0.005, 0.05

and 0.5 ng) in oocytes and the expression of Kv4.2 was evaluated by counting the

number of fluorescent spots on the surface under TIRF microscopy (Fig. 3A). The

expression of Kv4.2 was gradually augmented with the increase in the KChIP4

co-expression and showed considerable changes between 0.005 ng and 0.05 ng of

co-injected KChIP4 cRNA (Fig. 3B).

Next I analyzed the biophysical properties of Kv4.2 with various amounts of

KChIP4 expression. To examine whether or not the expression level of KChIP4

affects the activation of Kv4.2, I compared the I-V relationships of Kv4.2 with various

amounts of KChIP4 and observed that normalized I-V relationships were not changed
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by the amount of KChIP4 (Fig. 4A). In contrast, the steady-state inactivation showed

a gradual positive shift by increasing co-expressed KChIP4. The amount of change is

approximately +10 mV between Kv4.2 alone (-66.7 £ 2.2 mV; n = 3) and Kv4.2 (5 ng)

+ KChIP4 (10 ng) (-56.0 £ 1.3 mV; n = 5) in V), values of inactivation (Fig. 4B). The

inactivation of Kv4.2 was also gradually decelerated with the increase in KChIP4.

When the amount of co-expressed KChIP4 was between 0 — 1 ng, the inactivation

curves at each potential were best fitted by double exponential function with the fast

and slow components (Fig. 4C). In all cases (0, 0.05, 0.1, 0.25, 0.5, 1 ng of

co-expressed KChIP4), the fast components were dominant (Fig. 4D). The fast time

constants of inactivation at +50 mV varied between 17.9 + 0.6 ms (Kv4.2 alone; n = 3)

and 37.3 £ 0.7 ms (Kv4.2 (5ng) + KChIP4 (1 ng); n = 5). On the other hand, when

more than 2.5 ng of KChIP4 was co-expressed with Kv4.2, the inactivation curve of

Kv4.2 was best fitted with a single exponential function. The time constants at +50

mV for 2.5, 5 and 10 ng of KChIP4 were 69.4 2.3 ms (n=8), 72.0 £ 2.3 ms (n=7)

and 69.7 = 1.5 (n = 13), respectively. In each case, the time constant was gradually

increased along with the increase in the membrane potential (Fig. 4C, D).

Next, I investigated how various amounts of KChIP4 modified the recovery from

inactivation. The same range of KChIP4 ¢cRNA as used in Figs.2 and 4 (0, 0.05, 0.1,

0.25, 0.5, 1, 2.5, 5, 10 ng) was co-injected with Kv4.2 cRNA (5 ng) and the currents

were evoked by a two pulse protocol (Fig. 5A). Time courses of the recovery from
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inactivation were plotted in Fig. 5B. The recovery time constants were determined by

fitting with a single exponential function to the recovery curve in Fig. 5B. The

recovery from inactivation of Kv4.2 was gradually accelerated between 0 and 1 ng of

co-expressed KChIP4. The time constant was reduced from 358 = 72 ms (Kv4.2 alone,

n=3)to 50 + 3 ms (Kv4.2 (5 ng) + KChIP4 (2.5 ng), n = 8) (Fig. 5C).

Taken together, these gradual changes of electrophysiological properties with

various amounts of co-expressed KChIP4 suggest that the number of bound KChIP4 to

Kv4.2 channel changes by the expression level of KChIP4 and affects the biophysical

properties of Kv4.2.

The recovery from inactivation of Kv4.2 was regulated by the number of bound

KChIP4

To examine the possibility that the biophysical properties of Kv4.2 are changed

by the number of bound KChIP4, I made two tandem repeat constructs, in which the

stoichiometry of Kv4.2 and KChIP4 is strictly controlled. KChIP4-Kv4.2-Kv4.2

construct was expected to form the 4:2 channel (Kv4.2:KChIP4) and KChIP4-Kv4.2

construct was expected to form the 4:4 channel (Fig. 6A). The current traces from

each construct were shown in Fig. 6B. They are not significantly different in terms of

the current amplitude at +40mV. The averaged peak current amplitudes of 4:2 channel

and 4:4 channel were 6.9 £ 1.8 pA and 4.8 £ 0.8 pA, respectively (Fig. 6B). 1 also
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compared the I-V relationships, the inactivation time constants, and the voltage

dependence of the steady-state inactivation between the 4:2 and the 4:4 channels. The

current amplitude and the normalized I-V relationships were not significantly different

between the 4:2 and the 4:4 channel (Fig. 7A, B). The 4:2 channel showed slightly

slower inactivation than the 4:4 channel (Fig. 7C). The V), of the steady-state

inactivation was slightly but significantly (P < 0.01) different between the 4:2 (-60.6 £

0.3 mV, n = 3) and the 4:4 channel (-57.9 £ 0.5 mV, n = 4) (Fig. 7D). On the other

hand, the recovery from inactivation of the 4:4 channel showed faster inactivation than

the 4:2 channel (Fig. 8A). The 4:4 channel showed the similar kinetics to that of

Kv4.2 (5 ng) with KChIP4 (5 ng) and the 4:2 channel showed the similar kinetics to that

of Kv4.2 (5 ng) with KChIP4 (0.5 ng) (Fig. 8B). Each time course was fitted with a

single exponential function. The recovery time constants of the 4:4 channel (68.6 +

1.5 ms, n = 4) and the 4:2 channel (105.8 &+ 4.2, n = 4) were significantly different (P <

0.001).

I next examined whether or not additional KChIP4 could bind to the residual

binding sites of the 4:2 channel and further accelerate the recovery from inactivation.

KChIP4-Kv4.2-Kv4.2 tandem construct (5 ng) was expressed with additional wild-type

KChIP4 (5 ng) to compare the recovery kinetics. The recovery from inactivation of

the 4:2 channel with additional KChIP4 showed similar kinetics to that of the 4:4

channel (Fig. 8B). The time constant of the 4:2 channel with KChIP4 was also fitted
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with a single exponential function and the time constant of the 4:2 channel with KChIP4
(61.8 = 1.0 ms, n = 4) was significantly smaller than that of the 4:2 channel (105.8 £ 4.2,
n=4) (P <0.001) (Fig. 8C). These results suggest that the kinetics of recovery from

inactivation in Kv4.2 is dependent on the number of bound KChIP4.

Kv4.2 forms a tetramer

Before determining the stoichiometry of Kv4.2/KChIP4 complex, I confirmed
tetramer formation of Kv4.2 on the membrane using subunit counting method by
single-molecule imaging (Ulbrich & Isacoff, 2007). The C-terminus of Kv4.2 was
tagged with mEGFP (Kv4.2-mEGFP) and expressed in Xenopus oocyte (Fig. 9A).
First, I confirmed that the currents of Kv4.2-mEGFP evoked by step pulses showed
similar kinetics to those of wild type Kv4.2 (Fig. 9A). Next, I expressed
Kv4.2-mEGFP with low density to minimize the probability of two spots overlapping
and observed discrete fluorescent spots on the membrane under TIRF microscope.
The fluorescent spots from Kv4.2-mEGFP were observed as clear and immobile spots
(Fig. 9B). I analyzed the fluorescence intensity change from each spot and counted the
number of bleaching steps.  Because the probability of mEGFP to be fluorescent is
not 100% due to misfolding of the mEGFP or other reasons, three, two and one
bleaching spots were observed even in Kv4.2 channels known to form a tetramer (Fig.

9C). I counted the bleaching steps from total 168 spots. The obtained distribution
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was fitted with a binomial distribution with p = 76%, suggesting that the fluorescent

probability of mEGFP tagged to Kv4.2 is 76% (Fig. 9D). I repeated the experiment

with another data set (188 spots) and again obtained p = 76%.

The stoichiometry of Kv4.2/KChIP4 complex changes depending on the relative

expression level of each subunit

To determine the stoichiometry of Kv4.2/KChIP4 complex, mEGFP was fused to

the C-terminus of KChIP4 (KChIP4-mEGFP) (Fig. 10A). Before the subunit counting

experiment, I confirmed that tagged mEGFP did not affect the functions of KChIP4.

The current of Kv4.2 (5 ng) with KChIP4-mEGFP (5 ng) showed a similar slow

inactivation to that of Kv4.2 with wild type KChIP4 (5 ng) (Fig. 10B). Kv4.2 and

KChIP4-mEGFP were expressed with three different ratios (Kv4.2/KChIP4-mEGFP =

100:1 (0.5ng:0.005ng),10:1(0.1ng:0.01 ng)and 1 :1 (0.05ng:0.05 ng)) and the

fluorescent spots from Kv4.2/KChIP4-mEGFP complex were detected under TIRF

conditions (Fig. 10C). The bleaching steps from the fluorescent spots were counted to

obtain the distribution histograms (Fig. 10D). In oocytes expressing Kv4.2 and

KChIP4-mEGFP with 1 : 1 and 10 : 1 ratios, the three and four bleaching spots were

mainly observed and the two and one bleaching spots were minor. On the other hand,

in oocytes expressing Kv4.2 and KChIP4-mEGFP with 100 : 1 ratio, the two and one

bleaching steps were frequently observed. The largest number of the bleaching steps
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was four in any case, suggesting that up to four KChIP4s can bind to single Kv4.2
channel. The distributions from bleaching steps were fitted by a binomial distribution
with an apparent fluorescence probability (p’), which should be a product of
(fluorescent probability of mEGFP) X (association probability of KChIP4-mEGFP
with Kv4.2). The values of p” were 24% (100 : 1), 63% (10 : 1) and 76% (1 : 1),
respectively. I repeated the experiments with second data sets and obtained the values
of p” = 26% (100 :1), 63% (10 : 1) and 76% (1 : 1) (Fig. 10E). To estimate the
fluorescent probability of mEGFP tagged to KChIP4, I made a Kv4.2-KChIP4-mEGFP
tandem construct, in which KChIP4-mEGFP was fused to the C-terminus of Kv4.2 (Fig.
11A). Kv4.2-KChIP4-mEGFP construct is expected to form a 4:4 channel (Kv4.2 :
KChIP4-mEGFP). Therefore, association probability of the channel complex formed
by Kv4.2-KChIP4-mEGFP construct is supposed to be 100%. This construct was
expressed on the plasma membrane and the fluorescent spots were detected under TIRF
illumination (Fig. 11B). I analyzed the fluorescent intensity from each spot and
counted the bleaching steps. The obtained distributions of bleaching spots were fitted
by a binomial distribution with 77% of fluorescent probability of mEGFP attached to
KChIP4 (Fig. 11C). By dividing p’ of Fig. 10E by the fluorescent probability of
mEGFP attached to KChIP4 (77%), 1 calculated association probabilities of KChIP4
with Kv4.2. Calculated association probabilities of KChIP4 with Kv4.2 from first data

set were 32% (100 : 1), 83% (10 : 1) and 99% (1 : 1), respectively (Fig. 11D). Taken
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together, the stoichiometry of Kv4.2/KChIP4 complex is not fixed but variable and

changes depending on the expression level of KChIP4.

The stoichiometry of Kv4.2/KChIP4 complex is not significantly changed with

co-expression of DPP10.

DPP is also known to bind to Kv4 and modify the biophysical properties of Kv4.

In neurons, Kv4 forms a ternary complex with KChIP and DPP (Jerng et al., 2005).

To examine the possibility that co-expression of DPP can change the stoichiometry of

Kv4/KChIP complex, I expressed simultaneously Kv4.2, KChIP4-mEGFP and DPP10

and observed that DPP10 accelerates the inactivation of Kv4.2/KChIP4 complex (Fig.

12A, B). I next estimated the stoichiometry of Kv4.2/KChIP4 complex with subunit

counting by single-molecule imaging. Expression level of each subunit was controlled

by the amount of injected cRNA (Kv4.2 : KChIP4-mEGFP : DPP10=100:1: 100 (0.5

ng : 0.005 ng : 0.5 ng) and 10 : 1 : 10 (0.1 ng : 0.01 ng : 0.1 ng)) (Fig. 12C). The

observed distributions were fitted by a binomial distribution with an apparent

fluorescence probability (p”). The values of p’ were 27% (100 : 1 : 100) and 69% (10 :

1 : 10). By dividing p’ by the fluorescent probability of mEGFP attached to KChIP4

(77%), association probabilities of KChIP4 with Kv4.2 in the presence of DPP were

obtained. Association probabilities were 36% (100 : 1 : 100) and 90 % (10 : 1 : 10),

respectively (Fig. 12D). Compared with the case in the absence of DPP10, association
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probabilities of KChIP4 with Kv4.2 were not significantly changed, suggesting that

co-expression of DPP10 does not markedly affect the stoichiometry of Kv4.2/KChIP4

complex.

The biophysical properties of Kv4.2 change depending on the expression level of

DPP10

DPP10 is another Kv4 subunit, which is known to increase the current amplitude

of Kv4.2 and accelerates the inactivation and the recovery from inactivation of Kv4.2

(Jerng et al., 2004b; Zagha et al., 2005; Nadal et al., 2006). I first investigated if the

biophysical properties of Kv4.2 were dependent on the expression level of DPP10 as in

the case of KChIP4. Kv4.2 (2.5 ng) was expressed with various amounts of DPP10 (0,

0.025, 0.25 and 2.5 ng) and the currents were recorded under two electrode voltage

clamp (Fig. 13A). The normalized I-V relationships were not significantly different

among each group (Fig. 13C). On the other hand, the current amplitudes at +40 mV,

the inactivation and the time-to-peak of Kv4.2 changed with various amounts of

co-expressed DPP10 (Fig. 13B & 14). The current amplitudes at +40 mV increased

between 0.25 (3.2 = 0.4 uA, n=19) and 2.5 ng (8.6 = 1.2uA, n = 10) of co-expressed

DPP10 (Fig. 13B). The inactivation was gradually accelerated with the increase in the

DPP10 co-expression. The inactivation curves were fitted with a double exponential

function and the fast component dominantly contributed to the inactivation (Fig. 14A,
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B). Vi of the steady-state inactivation showed a slight hyperpolarized shift between

0.25 ng (-72.6 £ 0.4 mV, n = 8) and 2.5 ng (-74.6 = 0.3, n = 9) of co-injected DPP10

(Fig. 14C). The time-to-peak was gradually accelerated depending on the expression

level of DPP10 (Fig. 14D). The kinetics of the recovery from inactivation were tested

using a two-pulse protocol (Fig. 15). A +40 mV depolarizing pulse was applied and a

second +40mV test pulse was subsequently applied after hyperpolarizing at -100mV for

10-490 ms to measure the recovery from inactivation (Fig. 15A). The kinetics of the

recovery from inactivation was fitted with a single exponential function (Fig. 15B).

The time constants were diminished from 145.9 + 2.7 ms (Kv4.2 (2.5 ng) + DPP10

(0.025 ng); n=7) to 69.3 £ 3.2 ms (Kv4.2 (2.5 ng) + DPP10 (2.5 ng); n = 8§), suggesting

that the recovery from inactivation of Kv4.2 also gradually accelerated when more than

0.025 ng of DPP10 cRNA was injected with Kv4.2 cRNA (Fig. 15C).

Taken together, the biophysical properties of Kv4.2 were changed depending on

the expression level of DPP10, as in the case of KChIP4 with Kv4.2.

Approximately 70% of DPP10s on the membrane exist as dimers

DPP6 is also known as an accessory subunit for Kv4 (Kim et al., 2008; Sun et al.,

2011; Jerng & Pfaffinger, 2012). Crystal structure analyses demonstrated that the

extracellular domain of DPP6 forms a dimer (Strop et al., 2004). To examine whether

DPP10 also exists as a dimer on the membrane or not, I made mEGFP tagged DPP10
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(DPP10-mEGFP), in which mEGFP was fused to the intracellular N-terminus of DPP10

(Fig. 16A). DPP10-mEGFP alone was expressed in Xenopus oocytes and the

fluorescent spots were observed with TIRF microscopy (Fig. 16B). 1 counted the

bleaching steps of a total 185 spots and the numbers of spots for each bleaching steps

were plotted as a histogram (Fig. 16C, D). The spots showing two and one bleaching

steps were mainly observed and the spots showing three or four steps were minor,

suggesting that DPP10 on the membrane exist as the mixture of monomers and dimers

(Fig. 16C, D). The probability of mEGFP to be fluorescent is around 70-80% as

shown in other samples including Kv4.2-mEGFP and KChIP4-mEGFP (Ulbrich &

Isacoft, 2007; Nakajo et al., 2010; Kitazawa et al., 2014). Therefore, I could estimate

the proportion of monomers and dimers based on the distributions obtained from a

binomial distribution, with an assumption of fluorescent probability p = 80%, for

example (Fig. 16E). Approximately 70% of the spots on the membrane consist of

DPP10 dimers and around 30% were DPP10 monomers if 76% of mEGFP were

fluorescent (Fig. 16E, F).

The stoichiometry of Kv4.2/DPP10 complex has a preference to 4:2

To examine the stoichiometry of Kv4.2/DPP10 complex, DPP10-mEGFP was

expressed with Kv4.2 tagged with a red fluorescent protein mCherry (Kv4.2-mCherry)

(Fig. 17A). 1 first confirmed that Kv4.2-mCherry (2.5 ng) was functional.
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Kv4.2-mCherry (2.5 ng) with DPP10-mEGFP (2.5 ng) showed fast inactivating currents
similar to those of wild-type Kv4.2 (2.5 ng) with wild-type DPP10 (2.5 ng) (Fig. 17B).
To confirm the co-assembly of Kv4.2-mCherry and DPP10-mEGFP, mCherry was first
excited by a 588 nm laser and mEGFP was subsequently excited by a 488 nm laser (Fig.
17C, D, E).

Kv4.2-mCherry and DPP10-mEGFP were expressed in Xenopus oocytes with
various cRNA ratios (100 : 1 (20 ng : 0.2 ng), 10 : 1 (20 ng : 2 ng), 1 : 1 (2ng : 2 ng))
and the bleaching steps from each mEGFP fluorescent spot were counted (Fig. 18A).
Throughout the three different expression levels, the two bleaching step spots were
always mainly observed although the three and four bleaching step spots were gradually
increased depending on the increase in the DPP10 expression (Fig. 18B). This
suggests that the stoichiometry of Kv4.2/DPP10 complex is variable depending on the
expression level of DPP10, yet has a preference to form the 4:2 complex (Kv4.2 :

DPP10).

Co-expression of KChIP4 does not significantly change the stoichiometry of
Kv4.2/DPP10 complex

To test if the co-expression of KChIP4 affects the stoichiometry of Kv4.2/DPP10
complex, Kv4.2-mCherry, KChIP4 and DPPI10-mEGFP were all expressed

simultaneously (Fig. 19A). The stoichiometry of Kv4.2/DPP10 complex with various
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amounts of cRNA ratios of Kv4.2, KChIP4 and DPP10 (Kv4.2-mCherry : KChIP4 :
DPP10-mEGFP =100:100:1(5ng:5ng:0.05ng),10:10:1 (5ng:5ng:0.5ng)
and1:1:1(1ng:1ng: Ing)) were examined by the subunit counting. In all three
cases, the two bleaching step spots were mainly observed and the three and four
bleaching steps were increased along with the increase in the DPP10-mEGFP
expression (Fig. 19B). Compared with the stoichiometry of Kv4.2/DPP10 complex in
the absence of KChIP4 (Fig. 18B), no notable stoichiometry changes were observed in
the presence of KChIP4, suggesting that the stoichiometry of Kv4.2/DPP10 complex
was independent of KChIP4 expression, similarly to the stoichiometry of

Kv4.2/KChIP4 which was independent of DPP10 expression (Fig. 12).
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Discussions

In this doctoral thesis, I have analyzed the biophysical properties and
stoichiometries of Kv4.2/KChIP4 and Kv4.2/DPP10 complex with various expression
levels of each subunit. The biophysical properties of Kv4.2/KChIP4 and
Kv4.2/DPP10 complex were gradually changed with the change in the relative
expression level of each subunit. The stoichiometry of Kv4.2/KChIP4 complex was
also gradually changed depending on the expression level of KChIP4 with no specific
preference, whereas the stoichiometry of Kv4.2/DPP10 complex had a preference to 4:2

(Fig. 20).

The biophysical properties of Kv4 channel complex change depending on the
subunit composition

Previous studies demonstrated that KChIP proteins including KChIP4 (not
KChIP4a containing K™ channel inactivation suppressor domain (Holmgqvist et al.,
2002; Jerng & Pfaffinger, 2008; Liang et al., 2009; Tang et al., 2013)) increase the
current amplitude, decelerate the inactivation and accelerate the recovery from
inactivation of Kv4 (An et al., 2000; Patel et al., 2002b; Jerng et al., 2005). DPP10
(and DPP6), another Kv4 subunit, is known to increase the current amplitude and
accelerate the inactivation and the recovery from inactivation of Kv4 (Zagha et al.,

2005; Li et al., 2006; Takimoto et al., 2006). Consistent with these previous reports, |
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observed that KChIP4 and DPP10 changed the biophysical properties of Kv4.2. T also

found that the degree of current modulation was dependent on the amount of the

co-injected cRNA (Figs. 2, 3, 4, 5, 13, 14 and 15). Interestingly, the current

amplitude was increased with co-injection of more than 0.25 ng of KChIP4 cRNA (Fig.

2C), while the recovery from inactivation of Kv4.2 was already accelerated with even

0.05 ng of KChIP4 cRNA (Fig. 5C). In the case of DPP10, the current amplitude

augmentation required 2.5 ng of DPP10 cRNA (Fig. 13B), whereas the recovery from

inactivation of Kv4.2 was accelerated with 0.25 ng of DPP10 (Fig. 15C). These

findings suggest that the number of subunits required for each modulation is different:

the smaller number of KChIP4 or DPP10 subunit can accelerate the recovery from

inactivation while more subunits are required for the augmentation of the current

amplitude in both cases.

I observed that Kv4.2 tends to form 4:2 (Kv4.2 : DPP10) complex with DPP10

when the co-expression level of DPP10 is low and more DPP10 subunits can bind to

Kv4.2 channel with the increase in the DPP10 co-expression (Fig. 18). According to

the previous study using the tandem repeat constructs, the 4:4 (Kv4.2 : DPP6) channel

and the 4:2 with additional DPP6 showed the biophysical properties similar to those of

wild-type Kv4.2 with wild-type DPP6 ; therefore they concluded that Kv4.2 needs four

DPP6 subunits to generate /sa current (Soh & Goldstein, 2008). My observation does

not support their conclusion that the binding of four DPP10 subunits requires for the
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modulation of Kv4.2, but suggest that third and fourth DPP10 play a role in regulating
the function of Kv4.2/DPP10 complex.

In the experiment using the tandem repeat constructs, I observed that the recovery
from inactivation of the 4:4 channel (Kv4.2 : KChIP4) showed similar kinetics to that of
Kv4.2 (5 ng) with KChIP4 (5 ng), and the 4:2 channel showed similar kinetics to that of
Kv4.2 (5 ng) with KChIP4 (0.5 ng), respectively. The recovery from inactivation of
the 4:2 channel with additional KChIP4 (5 ng) also showed similar kinetics to that of
the 4:4 channel (Fig. 8B, C). This means that approximately two KChIP4 subunits
bind to a single Kv4.2 channel with Kv4.2 (5 ng) and KChIP4 (0.5 ng) cRNAs, and also
means that maximum four KChIP4 subunits can bind to a single Kv4.2 channel.

Unexpectedly, the 4:2 channel showed slower inactivation than the 4:4 channel
(Fig. 7C). This result is not consistent with the result from wild-type Kv4.2 with
wild-type KChIP4. According to the previous study, the N-terminus truncated mutant
of Kv4.2 (Kv4.2A40) showed slower inactivation than that of wild-type Kv4.2, and the
additional N-terminus peptide of Kv4.2 accelerated the inactivation of Kv4.2A40.
Therefore, they concluded that the N-terminus of Kv4.2 generates the rapid inactivation
by occluding the pore (Gebauer et al., 2004). Because KChIP binding to the
N-terminus of Kv4.2 decelerates the inactivation, free N-terminus without KChIP
binding may be required for the rapid inactivation. In KChIP4-Kv4.2-Kv4.2 construct

we made, the N-terminus of the second Kv4.2 is connected to the GGS linker. This
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may restrict the movement of the N-terminus of the second Kv4.2 and cause the slower
inactivation than the 4:4 channel.

The current amplitude of Kv4.2 was gradually increased depending on the
co-expression level of KChIP4 (Fig. 2C). This suggests two possibilities: 1) KChIP4
increases the single channel conductance of Kv4.2. 2) The expression of Kv4.2 on the
membrane was increased with the co-expression of KChIP4. Previous study revealed
that KChIP does not affect the single channel conductance of Kv4.2 (~ 5 pS) (Beck et
al., 2002; Holmgqvist et al., 2002). It is also known that KChIP binding to the
N-terminus of Kv4.2 can promote the Kv4.2 expression to the plasma membrane
through endoplasmic reticulum (ER) or Golgi apparatus (Shibata et al., 2003; Hasdemir
et al., 2005; Jerng & Pfaffinger, 2008; Foeger et al., 2010). Consistent with these
findings, I observed that the expression of Kv4.2 on the membrane is increased with
co-expression of KChIP4 (Fig. 3). Taken together, the augmentation of the current
amplitude of Kv4.2 is likely to be due to the increased surface expression of Kv4.2 by

KChIP4 binding rather than the increase in the single channel conductance of Kv4.2.

Does the stoichiometry of Kv4.2 change on the membrane?
As mentioned above, KChIP promotes the surface expression of Kv4 from ER or
Golgi (Shibata et al., 2003; Hasdemir et al., 2005; Jerng & Pfaffinger, 2008; Foeger et

al., 2010), suggesting that KChIP binds to Kv4.2 in ER or Golgi and is required for
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transport of the complex to the plasma membrane. In addition, crystal structure
showed that Kv4/KChIP complex forms the 4:4 channel (Pioletti et al., 2006, Wang et
al., 2007). These data suggest that the Kv4.2-KChIP complex is formed in ER or
Golgi and transported to the plasma membrane. On the other hand, I observed that the
stoichiometry of Kv4.2/KChIP4 complex on the membrane changes depending on the
relative expression level of each subunit. In addition to this, when KChIP4 alone
(without Kv4.2) was expressed, freely moving KChIP4 proteins were observed in the
cytosol. Therefore, free KChIP4 proteins in the cytosol could access and bind to the
N-terminus of the Kv4.2 channel, and conversely bound KChIP4 could be released from
the N-terminus of Kv4.2. My observations here suggest that the stoichiometry of
Kv4.2/KChIP4 complex can be changed on the membrane depending on the expression

level of KChIP4.

How is the Kv4.2/DPP10 complex formed?

Under the TIRF microscope, I found that approximately 70% of the DPP
proteins on the membrane exist as dimers and the rest of approximately 30% exist as
monomers (Fig. 16E, F). Which form of DPP10 binds to Kv4.2 and form the
complex? In the previous study, the chimeras of Kvl.4 (not bind to DPP10) and
Kv4.3, and the chimeras of DPP4 (not bind to Kv4.3) and DPP10 were constructed to

identify the binding site between Kv4.3 and DPP10 (Ren ef al., 2005). The Kv4.3
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chimera, which contains the N-terminus to the end of S1 segment (or the end of S2
segment) of Kvl.4, were unable to associate with DPP10. Also the DPP10 chimera
containing the cytosolic and transmembrane domain of DPP4 was incapable of
associating with Kv4.3. Crystal structure demonstrated that the extracellular domain
of DPP6 forms a dimeric structure (Strop et al., 2004). In addition to this finding,
DPP4, which is a related protein but does not modulate Kv4, shows the catalytic activity
when DPP4 forms a dimer (Chien et al., 2004). The N-terminus and transmembrane
domain are thought to bind to the S1 and S2 domain of Kv4. Because Kv4 forms a
tetramer, there are four binding sites for DPPs in one Kv4.2 channel. If dimerized
DPP10 are involved in the Kv4.2/DPP10 complex formation, four DPP10 dimers can
bind to a single Kv4.2 channel. This means that maximum eight DPP10 subunits can
exist in one Kv4.2/DPP10 complex (Fig. 21, left). However, single-molecule
experiment demonstrated that up to four DPP10 subunits can bind to a single Kv4.2
channel (Fig. 18). These findings suggest that DPP10 subunit binds as a monomer and
may form a dimeric structure in Kv4.2/DPP10 complex (Fig. 21, right).

Why does the stoichiometry of Kv4.2/DPP10 complex have a preference?
The extracellular domain of the DPP family is quite large compared with the
cytoplasmic and transmembrane domain (Jerng et al., 2004b; Strop et al., 2004; Jerng et
al., 2007). Because DPP itself has a preference to dimerization as shown in Fig. 16,

one possibility is that two monomer DPP10 subunits form a dimer after binding to

39



Kv4.2 channel. The large extracellular domain might prevent the additional DPP10

from binding to Kv4.2.

The stoichiometry change in physiological condition

According to the previous studies, the expression levels of Kv4.2 and KChIP2 are
oscillated along with the endogenous circadian rhythm and the expression ratio of
Kv4.2 and KChIP2 changes in one day (Yamashita et al., 2003; Jeyaraj et al., 2012).
The expression ratio difference affects the repolarizing duration of the action potential.
This could cause ventricular arrhythmia and/or sudden death during a certain time of the
day. In this study, I revealed that the stoichiometry of Kv4.2/KChIP4 complex
changes depending on the expression level of KChIP4 and that the stoichiometry can
affect the biophysical properties of Kv4.2 (Fig. 20A). The stoichiometry change I
observed here may also be occurred in ventricular myocytes and have an impact on

physiological functions such as heart rhythm.
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Figures and Legends

Figure 1

The biophysical properties of Kv4.2 are modulated by the auxiliary subunits.

(A) The representative current traces of Kv4.2, Kv4.2 with DPP10, Kv4.2 with
KChIP4 and Kv4.2 with KChIP4 and DPP10 evoked by depolarizing step pulses. The
holding potential was at -80 mV. After a 500-ms hyperpolarized at -110 mV to
remove the inactivation, the currents were stimulated by the voltages for 1-s between
-100 mV and +50 mV in 10 mV increments. (B) The recovery from inactivation of
Kv4.2, Kv4.2 with DPP10, Kv4.2 with KChIP4 and Kv4.2 with KChIP4 and DPP10.
The currents were elicited by two-pulse protocol. The holding potential was at -80 mV.
After a +40 mV stimulation for 500 ms, the currents were hyperpolarized at -80 mV for
each duration and were elicited by second +40 mV depolarization. The increments of
the hyperpolarized duration were 40 ms for Kv4.2 and Kv4.2 with DPP10 and 20 ms for

Kv4.2 with KChIP4 and Kv4.2 with KChIP4 and DPP10.
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Figure 2

Increase in the KChIP4 co-expression augments the current amplitude of Kv4.2.

(A) The representative current traces of Kv4.2 (5 ng), Kv4.2 (5 ng) with KChIP4
(0.05 ng), Kv4.2 (5 ng) with KChIP4 (0.5 ng) and Kv4.2 (5 ng) with KChIP4 (5 ng).
The currents were evoked by step pulses shown below. (B) The co-expressed
KChIP4 proteins with various amounts of injected cRNA were detected by western
blotting. The expression of KChIP4 gradually increased with the increase in the
amount of co-injected cCRNA amount. (C) Comparison of the peak current amplitude

of Kv4.2 with various amounts of KChIP4 cRNA (n = 6-12).
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Figure 3

The expression of Kv4.2 is augmented with increase in the co-expressed KChIP4.

(A) The expressions of Kv4.2-mEGFP cRNA (0.05 ng) with various amounts of
KChIP4 cRNA (0, 0.005, 0.05, 0.5 ng) were detected by the single molecule imaging
under TIRF microscope. Each single spot corresponds to a tetrameric Kv4.2. White
bars indicate 2 um. (B) Comparison of the numbers of the fluorescent spots from

Kv4.2-mEGFP with various amounts of co-injected KChIP4 cRNA (n = 10 for each).
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Figure. 3
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Figure 4

The biophysical properties of Kv4.2 are gradually affected with increase in the

co-expressed KChIP4.

(A) I-V relationships of Kv4.2 (5 ng) with various amounts of KChIP4 cRNA (0-10

ng). The peak currents at each potential were normalized by the peak current

amplitude at +50 mV and plotted (n = 3-13). (B) The steady-state inactivation

curves of Kv4.2 with various amounts of KChIP4. After a 5-s pre-pulse at the voltage

from -120 mV to 0 mV in 10 mV increment, the currents were stimulated by a test pulse

at +40 mV (n = 3-5). (C) Comparison of the inactivation time constant of Kv4.2

with various amounts of co-expressed KChIP4. The inactivating current traces from

Kv4.2 (5 ng) with KChIP4 (2.5, 5, 10 ng) were fitted with a single exponential function.

On the other hand, the current traces from Kv4.2 (5 ng) with KChIP4 (0-1 ng) were

fitted with a double exponential function (n = 3-13). (D) Fractional contributions of

fast and slow time constants for Kv4.2 (5 ng) with KChIP4 (0-1 ng) were shown.

Error bars show S.E.
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Figure 5
The recovery from inactivation of Kv4.2 is gradually accelerated with increase in the

KChIP4 co-expression.

(A) The representative current traces of Kv4.2 (5 ng) with KChIP4 (0, 0.05, 0.5, 5 ng)
are shown. The currents were evoked by a two-pulse protocol shown below.
Holding potential was at -80 mV. (B) The kinetics of the recovery from inactivation
of Kv4.2 with various expression levels of KChIP4 are shown. The peak current
amplitude at second +40 mV stimulation were normalized by the average of the peak
current amplitude at +40 mV pre-pulse. The normalized currents at 10, 100, 200, 300,
400, 500, 600, 700, 800 ms of the hyperpolarized duration were shown (n = 3-13). (C)
The time constants of the recovery from inactivation of Kv4.2 with various amounts of
KChIP4 were plotted. The time constants were obtained from (B) by fitting the curves

with a single exponential function. Error bars indicate S.E.
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Figure 6

The tandem repeat constructs form the 4:2 or the 4:4 (Kv4.2:KChIP4) channel complex.

(A) The schematic illustrations of the tandem repeat constructs. Because Kv4.2
forms a tetramer, KChIP4-Kv4.2-Kv4.2 forms the 4:2 (Kv4.2:KChIP4) channel and
KChIP4-Kv4.2 forms the 4:4 channel. (B) The representative current traces of the 4:2
and the 4:4 channel evoked by step pulses from -100 mV to +50 mV in 10 mV

increments.
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Figure. 6
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Figure 7

Biophysical properties of the 4:2 and the 4:4 (Kv4.2:KChIP4) channels.

The peak current amplitudes at +40 mV of the 4:2 channel (black bar) and the 4:4

channel (white bar) are plotted (n = 5 for each). (B) I-V relationships for the 4:2

channel (filled triangles) and the 4:4 channel (open circles) are shown. The peak

currents at each potential were normalized by the peak current at +50 mV (n = 4 for

each). (C) The inactivation time constants of the 4:2 channel (filled triangles, n = 3)

and the 4:4 channel (open circles, n = 4) are shown. Time constants were obtained by

fitting the inactivating current traces (Fig. 6B) with a single exponential function. (D)

The steady-state inactivation curves of the 4:2 channel (filled triangles, n = 3) and the

4:4 channel (open circles, n = 4) are shown.
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Figure 8
The 4:4 (Kv4.2:KChIP4) channel shows faster recovery from inactivation than the 4:2

channel.

(A) The representative current traces of the 4:2 (top) and the 4:4 channel (botttom) are
shown. The currents were evoked by a two-pulse protocol as shown below. (B)
The kinetics of the recovery from inactivation of the 4:4 channel (n = 4), the 4:2 channel
(n = 4), the 4:2 channel with additional KChIP4 (n = 4), Kv4.2 (5 ng) with KChIP4 (5
or 0.5 ng) (n =4 for each) and Kv4.2 alone (5 ng) (n = 6) are plotted. The peak current
amplitudes at +40 mV test pulse after hyperpolarization were normalized by the average
of the pre-pulse current amplitude at +40 mV. (C) Time constants of the recovery
from inactivation from (B) were plotted. *** shows the statistically significant

difference P < 0.001. Error bars show S.E.
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Figure 9

Kv4.2 forms a tetramer.

(A) The schematic illustration of Kv4.2-mEGFP. mEGFP was tagged to the

C-terminus of Kv4.2. The representative current traces of Kv4.2 and Kv4.2-mEGFP

evoked by the step pulse protocol as used in Figure 1A, 2A and 6B are shown. (B) A

single frame from a movie of Kv4.2-mEGFP expressed in Xenopus oocyte under TIRF

microscope. Green circles show the countable spots for analysis. White bar indicates

2 um. (C) The representative fluorescent traces showing four, three, two and one

bleaching steps are shown. The green bars indicate the continuous excitation by a

488-nm laser. The green arrows indicate the bleaching events. (D) The distribution

of the number of bleaching steps from each spot is plotted. The green bar shows the

observed distribution and white bar shows the fitting with a binomial distribution with p

=76%. p is the fluorescent probability of mEGFP attached to Kv4.2.
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Figure 10
The stoichiometry of Kv4.2/KChIP4 complex changes with the co-expression level of

KChIP4.

(A) The schemes of Kv4.2 and KChIP4-mEGFP are shown. mEGFP was fused to
the C-terminus of KChIP4. (B) The representative current traces of Kv4.2 (5 ng)
with KChIP4-mEGFP (5 ng) (top) and Kv4.2 (5 ng) with wild-type KChIP4 (5 ng)
(bottom) are shown. The currents were elicited by step pulses between -100 mV and
+50 mV in 10 ms increments. (C) A single image from the movie of the oocyte
expressing Kv4.2 and KChIP4-mEGFP taken under TIRF microscope. The green
circles indicate countable fluorescent spots of KChIP4-mEGFP. Scale bar indicates 2
um. (D) The representative bleaching traces of KChIP4-mEGFP with four, three,
two and one bleaching steps. The green bar indicates the illumination with a 488-nm
laser and the green arrows indicate the bleaching steps. (E) The distributions of the
number of the bleaching steps with different ratios of Kv4.2 and KChIP4-mEGFP
cRNA (100 : 1, 10 : 1, 1 : 1) are plotted (red bars). The distributions are fitted with a
binomial distribution with an apparent fluorescent probability (p’), which is the product
of (fluorescent probability of mEGFP) X (association probability of KChIP4-mEGFP

with Kv4.2) (blue bars). The experiment was repeated twice in the same conditions
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Figure 11

Fluorescent probability of mEGFP attached to KChIP4 is 77%.

(A) The scheme of Kv4.2-KChIP4-mEGFP tandem repeat construct. Kv4.2,

KChIP4 and mEGFP are linked with flexible GGS linkers. (B) A single frame of the

fluorescent movie from the Xenopus oocyte expressing Kv4.2-KChIP4-mEGFP is

shown. The green circles indicate the spots used for counting the bleaching steps.

(C) The distribution of each bleaching step was fitted with a binomial distribution

with p (77%) of the fluorescent probability of mEGFP attached to KChIP4. (D) The

association probabilities of KChIP4 with Kv4.2 for each cRNA ratios are calculated by

dividing p’ taken from Fig. 10E by fluorescent probability of mEGFP attached to

KChIP4 (77%).
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Figure 12

Expression of DPP10 does not affect the stoichiometry of Kv4.2/KChIP4 complex.

(A) Kv4.2, KChIP4-mEGFP and DPP10 all were expressed together in Xenopus
oocyte. (B) The representative current traces of Kv4.2 and KChIP4 in the absence
(left) and the presence (right) of DPP10. (C) The distributions of the bleaching steps
with each cRNA ratios are represented and fitted with a binomial distribution with p’
(27% for Kv4.2 : KChIP4 : DPP10 = 100 : 1 : 100, 69% for 10 : 1 : 10). (D)
Association probabilities of the KChIP4 with Kv4.2 in the presence of DPP10 are
calculated. The association probabilities were 36% (Kv4.2 : KChIP4-mEGFP : DPP10

=100:1:100,)and 90% (10 : 1 : 10).
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Figure. 12
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Figure 13

The expression level of DPP10 affects the current amplitude of Kv4.2.

(A) The representative current traces of Kv4.2 (2.5 ng) with DPP10 (0, 0.025, 0.25
and 2.5 ng) are shown. The currents were elicited by step pluses as shown in the inset.
(B) The current amplitudes of Kv4.2 with various expression levels of DPP10 are
compared (n = 10-19). (C) I-V relationships of Kv4.2 with various amounts of
DPP10 cRNA are shown. The peak current amplitudes at each potential taken from

(A) are normalized by the peak current amplitude at +50 mV (n = 10-19).
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Figure. 13
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Figure 14

The biophysical properties of Kv4.2 are affected by the co-expressed amount of DPP10.

(A) The inactivation time constants of Kv4.2 without DPP10 (open circles) and with
DPP10 (0.025 ng, open squares), (0.25 ng, open triangles) and (2.5 ng, open inverted
triangles) are compared (n = 5-10). The inactivation kinetics is fitted with a double
exponential function and both of the fast and slow time constants are plotted. (B)
Fractional contribution of the fast and slow inactivation time constants. (C) The
steady state inactivation curves of Kv4.2 with different expression ratios of Kv4.2 and
DPP10 are shown (n = 6-9). (D) Times for reaching peak current (time to peak)

upon initiation of test pulse are plotted for each cRNA ratios.
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Figure 15
The recovery from inactivation of Kv4.2 is gradually accelerated along with increase in

the expression level of DPP10.

(A) The representative current traces of the recovery from inactivation are shown.
Various amounts of DPP10 cRNA (0, 0.025, 0.25 and 2.5 ng) were co-injected with 2.5
ng of Kv4.2 cRNA. The currents were elicited by a two-pulse protocol. Holding
potential was -100 mV. (B) The kinetics of the recovery from inactivation of Kv4.2
with various expression levels of DPP10 are shown (n = 7-9). The peak current
amplitude at second +40 mV stimulation was normalized by the average of the peak
current amplitude at +40 mV pre-pulse. (C) Time constants of the recovery from
inactivation of Kv4.2 with the different DPP10 expression amount are compared. The
time constants are obtained by fitting the curves taken from (B) with a single

exponential. Error bars are S.E.
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Figure 16

Approximately 70% of DPP10 complex exist as dimers.

(A) The schematic illustration of DPP10-mEGFP is shown. mEGFP was fused to
the N terminus of DPP10, which is an intracellular side. (B) A single frame of the
TIRF movie from the Xenopus oocyte expressing DPP10-mEGFP is shown. The green
circles indicate the fluorescent spots of DPP10-mEGFP. Scale bar is 2 um. (C)
The representative fluorescent traces taken from the fluorescent spots in (B) are shown.
The green bar shows the time of illumination with a 488-nm laser. The green arrows
indicate the bleaching steps. (D) The observed distribution of the number of
bleaching steps is plotted as histogram. (E) The proportions of dimer and monomer
DPP10 based on the distribution in (D). The value of fluorescent probability of
mEGFP (p) was changed between 0.63 and 1. (F) The schematic illustrations of
dimer DPP10 and monomer DPP10. If p is assumed to be between 70%-80%,

approximately 70% of DPP exist as a dimer and 30% of DPP exist as a monomer.
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Figure 17

Confirmation of co-localization of Kv4.2 and DPP10.

(A) The schematic illustrations of Kv4.2-mCherry and DPP10-mEGFP. mCherry is
fused to the C-terminus of Kv4.2 and mEGFP is fused to the N-terminus of DPP10.
(B) The representative current traces of Kv4.2 (2.5 ng) with DPP10 (2.5 ng) (top) and
Kv4.2-mCherry (2.5 ng) with DPP10-mEGFP (2.5 ng) (bottom) are shown. (C)
Image of fluorescent spots of Kv4.2-mCherry is shown. (D) Image of fluorescent
spots of DPP10-mEGFP is shown. (E) The images from (C) and (D) are overlaid.
The white arrowheads (yellow spots) indicate the co-localization of Kv4.2-mCherry and

DPP10-mEGFP. Scale bars are 2 pm.
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Figure. 17

Kv4.2 (2.5nQg)
+ DPP10 (2.5ng)

5 A

DPP10-mEGFP |

Kv4.2- mCherry 00 ms

< Kv4.2-mCherry (2.5 ng)
u:{ .+ DPP10-mEGFP (2.5 ng)

] §

200 ms

C D

Kv4.2-mCherry DPP10-mEGFP

|

82



Figure 18

The stoichiometry of Kv4.2/DPP10 complex has a preference to 4:2.

(A) The representative fluorescent traces of one, two, three and four bleaching steps
are shown. The red bars indicate the illumination with a 588-nm laser and the green
bars indicate the illumination with a 488-nm laser. The green arrows show the
bleaching steps. (B) The distributions of the number of each bleaching steps are
plotted as histograms. Kv4.2-mCherry and DPP10-mEGFP are expressed with

different ratios (100 : 1,10: T and 1 : 1).

83



A
8 8
6 6
4 4
5 2 2
LS 0
b T T T T 1 1 L) T T 1
2 0 5 10 15 20 0 5 10 15 20
L Time (s) Time (s)
=
()
S 12
()
)
=
L
41
0-
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)
B
Kv4.2-mCherry : DPP10-mEGFP
100 : 1 10 : 1 1:1
200 - 100 - 80 -
0 150- 80~ 60 -
§ 60 -
o 100 40
O 40 -
+
50 - 5 I 20 -
oA (-,
1 2 3 4 1 2 3 4

# of bleaching steps

84

.18



Figure 19
The co-expression of KChIP4 does not affect the stoichiometry of Kv4.2/DPP10

complex.

(A) The schematic illustrations of Kv4.2-mCherry, KChIP4 and DPP10-mEGFP are
shown. (B) Kv4.2-mCherry, KChIP4 and DPP10-mEGFP were expressed in
Xenopus oocyte with different ratios as shown. Distributions of the bleaching steps

from the spots of DPP10-mEGFP are plotted as histograms.
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Figure 20

The schematic illustration of the stoichiometry change in Kv4.2/KChIP4 and
Kv4.2/DPP10 complex.

(A) The stoichiometry of Kv4.2/KChIP4 complex changes depending on the relative
expression level of Kv4.2 and KChIP4 subunits. KChIP4 can bind to Kv4.2 with no
clear preference. (B) Although the stoichiometry of Kv4.2/DPP10 complex changes
depending on the relative expression level of Kv4.2 and DPP10 subunits, the

stoichiometry of Kv4.2/DPP10 complex shows a clear preference to 4:2.
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Figure 21

The schematic illustrations of Kv4.2/DPP10 complex formed by DPP10 dimer or

DPP10 monomer.

DPP10 exists as mixture of dimers and monomers on the plasma membrane. If a

dimer binds to Kv4.2, eight DPP10 subunits can bind to a single Kv4.2 channel, but that

is not the case according to my subunit counting experiment (left). If a monomer

binds to Kv4.2, up to four DPP10 subunits can bind (right). Large extracellular

domain may prevent the third and fourth DPP10 from binding to Kv4.2 channel. This

may be why the 4:2 stoichiometry is preferred in Kv4/DPP complex.
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