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Abstract

KCNQ1, the major component of the slow-delayed rectifier potassium channel, is responsible

for repolarization of cardiac action potential. Mutations in this channel can lead to a variety

of diseases, most notably long QT syndrome. It is currently unknown how many of these
mutations change channel function and structure on a molecular level. Since tetramerization

is key to proper function and structure of the channel, it is likely that mutations modify the
stability of KCNQL1 oligomers. Presently, the C-terminal domain of KCNQ1 has been noted as
the driving force for oligomer formation. However, truncated versions of this protein lacking the
C-terminal domain still tetramerize. Therefore, we explored the role of native cysteine residues in
a truncated construct of human KCNQZ1, amino acids 100-370, by blocking potential interactions
of cysteines with a nitroxide based spin label. Mobility of the spin labels was investigated with
continuous wave electron paramagnetic resonance (CW-EPR) spectroscopy. The oligomerization
state was examined by gel electrophoresis. The data provide information on tetramerization of
human KCNQ1 without the C-terminal domain. Specifically, how blocking the side chains of
native cysteines residues reduces oligomerization. A better understanding of tetramer formation
could provide improved understanding of the molecular etiology of long QT syndrome and other
diseases related to KCNQL1.
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Introduction

KCNQL1 (Q1, UniProtKB P51787), also known as Kv7.1, is a voltage-gated potassium
channel expressed across the body for various physiological purposes such as heart rhythm,
metabolite homeostasis, and endocochlear homeostasis [1, 2]. A functional Q1 channel
consists of an N-terminal helix (residues 1-121), six transmembrane helices (residues 122—
348, S1-S6), and four C-terminal helices (residues 349-676, HA-HD). The transmembrane
domain (TMD) consists of the voltage sensing domain (VSD) S1-S4 and the pore domain
(PD), S5-S6 [1,3,4]. /n vivo, four monomers of Q1 tetramerize to form a fully functional
channel [5].

There are several ways that Q1 channel function is regulated in the body. Most notably,

Q1 forms a complex with KCNE1 (E1), also known as minK or p-subunit, to form the
slow-delayed rectifier potassium channel, I, which is required for repolarization of the
cardiac action potential. In the I,, E1 modulates Q1 to slow activation kinetics [1,2,6].
Mutations in either protein can cause diseases such as long QT syndrome, Jervell and
Lange-Nielsen syndrome, and familial atrial fibrillation [1,3,7]. Calmodulin, another subunit
of Q1, regulates channel gating by alleviating inactivation in a Ca2*-dependent manner
[4,7,8]. The other main regulator of Q1 channels is the signaling lipid phosphatidylinositol
4,5-bisphosphate (PI1P2) which is essential for activation of Q1 homo-tetramers [1,9]. For the
Iks to be functional, Q1, E1, calmodulin, and PIP2 all need to be present.

Oligomerization has several important roles within organisms, with the most common being
allowing proteins to form large structures without growing the genome [10]. For example,
Q1 exhibits channel activity only as a tetramer [5]. There are several point mutations of Q1
that cause long QT syndrome and other diseases; however, it is currently unknown if or how
these point mutations change channel structure and function on a molecular level. Several
channel diseases could be caused by mutations modifying or disturbing tetramerization

of Q1 [5,10,11]. Thus, increasing our understanding of the molecular underpinnings of

Q1 tetramerization could indicate if any of these point mutations alter channel formation.
Currently, the proximal C-terminal domain, specifically helices HC and HD (Figure 1),

has been tied to protein folding, oligomerization, partner specificity, and trafficking to the
plasma membrane [3,8,12]. Studies indicate that HD is a four-stranded coiled-coil motif that
induces tetramerization within different Kv7 channels [3,12]. This region is similar to the
T1 tetramerization domain found in potassium channels outside the Kv7 family [13]. The
T1 tetramerization domain and HD have been suggested to enhance channel assembly by
increasing proximity of monomeric proteins [13]. Previous studies indicate that isolated Q1
VSD, lacking the pore domain and H domain, is monomeric when expressed in bacteria
[14,15]. Nevertheless, there is likely another component of oligomerization within the
transmembrane region of the protein [12]. In this study, the possibility of the native cysteines
in Q1 TMD, containing both the VSD and PD, to be a major component of tetramerization
was explored.

There are five native cysteines in the TMD of Q1: C122, C136, C180, C214, and C331
(Figure 2). Cryo-EM and X-ray crystallography structures indicate that these cysteines face
the hydrophobic membrane and not the aqueous pore [1,4,16]. However, several studies have
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indicated various adverse functional information from mutated native cysteines [17-20]. For
example, Barro-Soria et al., created a C214A/G219C/C331A construct that, when expressed
in oocytes, was hyperpolarized ~10 mV compared to the wildtype (WT) [19]. Chung et al.,
noted that the C136A mutation drastically changes channel function; however, that study did
not explore changes in oligomer state [20]. These results suggest that the native cysteines
may have a role in channel activity likely through tetramer formation or stability.

Continuous-wave electron paramagnetic resonance (CW-EPR) spectroscopy is a powerful
biophysical spectroscopic technique used to study the structural and dynamic properties

of nitroxide-based spin-labeled proteins. One of the most common spin labels,
S-(1-oxyl-2,2,5,5,-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methane sulfonothioate
(MTSL), attaches to proteins via formation of a disulfide bond with the side chain of
cysteine (Figure 3). This inherently blocks any potential interactions cysteine may have in
the protein structure. Furthermore, line-shape analysis of the peaks of the CW-EPR spectra
can be used to examine the mobility of the spin label attached to the protein [21,22].
Specifically, when the side chain of the spin label is constrained by its environment (e.g.
the membrane or other regions of the protein), the CW-EPR spectra broaden, indicating

a decrease in spin label mobility [21,22]. Conversely, when the linewidths of the CW-

EPR spectra sharpen, the spin label has increased mobility (e.g. less constrained by the
environment) [21,22]. In addition to spin label side chain mobility, the motion of the protein
backbone can impact observed flexibility [22].

Previously, it has been shown that a truncated construct of human Q1 containing the
transmembrane domain (TMD), which includes the VSD and PD (amino acids 100-370),
can be successfully expressed and purified from recombinant £. co/i[23]. This construct of
Q1 TMD still forms oligomers, even though it is missing the C-terminal domain, suggesting
that other interactions play a role in tetramerization [23]. It is hypothesized that the native
cysteines promote or stabilize channel tetramerization. In this study, the role of native
cysteines in the tetramerization of Q1 TMD was explored by blocking the cysteine side
chain with MTSL spin label. Structural and dynamic information of Q1 TMD was obtained
using CW-EPR spectroscopy. The oligomerization state was observed via sodium dodecyl
sulfate — polyacrylamide gel electrophoresis (SDS-PAGE). Our data show tetramerization
changes without the interaction of the native cysteines.

Materials and Methods

Site-Directed Mutagenesis

Primer-based site-directed mutagenesis was performed on the human Q1 TMD in a
pET-21b(+) plasmid using PfuUltra Il High Fidelity DNA Polymerase (Agilent) according
to the manufacturer’s instructions, with the addition of 2% dimethylsulfoxide. Primers were
designed using (DNASTAR Lasergene software (Madison, W1)). Purified plasmid DNA was
obtained from transformed XL-Gold cells using QIAprep Spin Miniprep Kit (Qiagen). All
mutagenesis was confirmed using sanger sequencing (Genewiz).
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Over-Expression and Purification

PET-21b(+) containing the gene for human Q1 TMD was transformed into £. co/iBL21-
CodonPlus (DE3)-RP cells (Agilent). Cells were grown in terrific broth (Fisher Scientific)
at 37 C, supplemented with 200 pg/mL ampicillin and 50 pg/mL chloramphenicol with
continual rotatory shaking at 250 rpm, until the ODggq reached 0.6-0.8. The cultures were
then cooled to 25 C and induced with 1 mM IPTG and incubated overnight with shaking at
250 rpm [23].

The cells were harvested by centrifugation at 11000 xg for 10 minutes at 4 C. The cells
were lysed using a 20 fold excess of lysis buffer to gram of cells (75 mM Tris-base, 300
mM NaCl, 0.2 mM EDTA, pH 7.5), 40x w/v LDR stock (100 mg/mL lysozyme, 10 mg/mL
DNase, 10 mg/mL RNase), 200x PMSF stock (20 mg/mL), 5 mM Magnesium acetate,

and 2 mM TCEP with tumbling at room temperature for 30 minutes. Cell suspension was
then sonicated for 6.5 minutes with pulse 5 sec on/off at 40% amplitude (Fisher Scientific
Sonic Dismembrator Model 500). To dissolve all membranes, 3% empigen BB detergent
(Millipore Sigma) was added and mixed with shaking overnight at 4 C. All remaining
undissolved membranes were removed via centrifugation at 27000 xg and 4 C for 30
minutes, and the supernatant was retained [23].

To purify Q1 TMD, the supernatant was incubated with 3 mL pre-equilibrated Ni(11)-NTA
superflow resin (Qiagen) for 30 minutes at 4 C. The resin-supernatant mixture was then
centrifuged at 2700 xg and 4 C for 10 minutes to separate the protein-bound resin fraction
based on density and then transferred to a column. The protein-bound resin was washed
with cold buffer A (40 mM HEPES and 300 mM NaCl, pH 7.5), 3% empigen BB detergent,
50 mM imidazole, and 2 mM TCEP. Treatment of the column with cold buffer A, 0.3%
n-Dodecylphosphocholine (DPC), also known as Fos-Choline 12, (Anatrace), and 2 mM
TCEP resulted in the exchange of detergent from empigen BB to DPC. Q1 TMD was eluted
with 250 mM imidazole, 0.5% DPC, and 2 mM TCEP. To concentrate, the eluent was placed
on an ultracel regenerated cellulose membrane, 3 kDa molecular cut off (Millipore Sigma)
and centrifuged at 4300 xg at 4 C for 30 minutes. Finally, buffer exchange was conducted
using an ultracel regenerated cellulose membrane, 3 kDa molecular cut-off, with 50 mM
phosphate buffer, pH 7, and 0.05% DPC at 4300 xg at 4 C for 30 minutes, 3 times [23].

MTSL spin-labeling

250 mM stock MTSL (Toronto Research Chemicals) was added directly to concentrated Q1
protein in 50 mM phosphate buffer, pH 7.0, and 0.05% DPC at a 30:1 MTSL.: protein molar
ratio. The solution incubated overnight at room temperature with vigorous shaking. The
mixture was then placed on an ultracel regenerated cellulose membrane, 3 kDa molecular
cut-off, for centrifugal filtering with 50 mM phosphate buffer, pH 7, and 0.05% DPC at
4300 xg at 4 C for 30 minutes, 3 times. To remove any excess spin label, the solution was
incubated with 3 mL pre-equilibrated Ni(Il)-NTA superflow resin overnight at 4 C. The
resin was washed with 300 mL/column 50 mM phosphate buffer, pH 7.0, and 0.05% DPC.
Finally, the protein was eluted with 4 mL/column 50 mM phosphate buffer, pH 7.0, 250 mM
imidazole, and 0.5% DPC.
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Circular Dichroism (CD) Spectroscopy

All CD experiments were performed using an Aviv Circular Dichroism Spectrometer model
435. Twenty scans were collected and signal averaged from 185 nm to 260 nm, at 25 C. The
averaging time was 3.0 sec, and the settling time was 0.333 sec. Protein samples were at

a concentration of 0.090 mg/mL in 50 mM phosphate buffer, pH 7.0, and 0.05% DPC. To
account for background absorbance, spectra of 50 mM phosphate buffer, pH 7.0, and 0.05%
DPC were collected and subtracted from all protein samples. The spectra were analyzed
according to the following formula derived from Chen, 1972 [24].

— M REs,, + 4000 ,

33000 — 4000 100 Equation 1

a helix (%) = (

M RE, is the mean residue ellipticity (MRE) value at 208 nm, 4000 is the MRE value of
structures and random coils at 208 nm, and 33000 is the MRE value of « helices at 208 nm.[24]

CW-EPR Spectroscopy

CW-EPR spectroscopy experiments were conducted on a Bruker EMX X-band spectrometer.
EPR spectra were recorded over a scan width of 100 G with a field modulation of 1 G ata
modulation frequency of 100 kHz. Q1 protein samples were placed in a glass capillary tube
in a volume of 100 pL and at a concentration of 35 uM. Every sample was scanned 20 times
with a microwave intensity of 10 mW at 25 C.

SDS-PAGE and Silver Staining

1 pg of each protein sample were subjected to separation by SDS-PAGE through 12.5%
polyacrylamide gels. Samples were mixed with sample solubilizing buffer (50 mM Tris pH
6.8,0.1 M DTT, 2.5% SDS, 15% glycerol, and 0.05% bromophenol blue) prior to loading
the gel. After electrophoresis, the gel was silver stained according to the protocol developed
by Chavellet, Luche, and Rabilloud [25]. The gel was imaging using a Bio-Rad GelDoc Go
System (Supplemental Figure 1).

Results and Discussion

Circular dichroism (CD) spectroscopy was used to determine the nature of the secondary
structure of Q1 TMD and Q1 C214A TMD in the presence and absence of bound MTSL
spin label (Figure 4) to determine if MTSL binding has an effect on secondary structure.
Under our assay conditions, all variants display clear signs of alpha helical components
with a positive peak at 195 nm and negative peaks at 208 nm and 222 nm. Additionally, all
variants are approximately 25% + 5% alpha helix, as calculated by Equation 1; therefore,
it is reasonable to conclude that a mutation of C214 to alanine (C214A) and labeling

the remaining cysteines with MTSL does not significantly alter the secondary structure of
KCNQ1. Furthermore, the tertiary structure of the protein was inferred to not be disrupted
by the mutagenesis or the MTSL labeling.

Continuous-wave (CW) EPR spectroscopy was used to compare the relative dynamic
properties of the WT and Q1 C214A TMD. EPR line-shape analysis of the Q1 C214A TMD
spectrum indicates that it is broader than the WT Q1 TMD spectra, indicating less spin label
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mobility in the C214A protein (Figure 5). This is likely due to the bound MTSL spin labels
disrupting the stability of WT QL1 tetramers; thereby, reducing the amount of tetramers.

The spin labels are likely less constrained in the Q1 monomer compared to Q1 oligomers
corresponding to more mobility in the monomer as indicated in Figure 5. In addition, C214A
likely destabilizes oligomers due to the lack of interaction of this amino acid position with
the other native cysteines blocked by MTSL. This is further verified by SDS-PAGE in Figure
6.

SDS-PAGE was used to analyze the oligomerization state of the Q1 TMD variants (Figure
6). Comparing WT —MTSL (Lane 2) to WT +MTSL (Lane 3), the quantity of dimers and
higher order oligomers, as observed by the number and density of the bands, decreases
upon adding the spin label. Additionally, comparing C214A -MTSL (Lane 4) to C214A
+MTSL (Lane 5), there are fewer oligomers upon the addition of spin label as evidenced
by less prominant bands at molecular weights that correlate to Q1 TMD oligomers. This
suggests that blocking potential sites of interactions between cysteines during oligomer
formation inhibits this association and may drive nonnative interactions as evidenced by the
increase in the number and density of bands at molecular weights that are not predicted

to be Q1 TMD oligomers as well as the increase of aggregate protein at the top of the

lanes. C214A mutation ~-MTSL (Lane 4) reduced the formation of tetramers compared to
the WT —-MTSL(Lane 2), even though this residue is not predicted to be in the interface of
Q1 association [1]. We expect that C214 interacts with the polar region of the membrane to
stabilize oligomers. Previous studies indicate that S217 is just outside of the membrane [26].
Thus, it is reasonable to predict that a residue close by would be associated with the polar
region of the membrane.

In this study, the role of cysteine residues in the oligomerization of Q1 TMD was explored
in detergent. Detergent is a common membrane mimetic system that encapsulates membrane
proteins in micelles [27,28]. However, recent studies suggest that secondary and tertiary
structures of the same protein can be quite distinct when comparing /in vitroto in vivo
structures, due to the complex environment of the cell [26-31]. Because the secondary and
tertiary structures are different, the assumption is that the native quaternary structure of
proteins also changes depending on the surrounding environment [27,28]. In the context of
homo-oligomers, such as KCNQ1, the macromolecular crowding of the cell would drive and
stabilize oligomer formation; thus, leading to more contacts that cannot be achieved with
membrane mimetics [29].

In conclusion, the proximal C-terminal domain of KCNQL is not the only region that drives
or stabilizes the formation of oligomers. Our data suggest that C214 play a role in the
formation or stability of Q1 tetramers; specifically, by likely stabilizing the tetramer to the
polar region of the membrane. Future studies are needed to explore how the other native
cysteines, C122, C136, C180, and C331, play a role in oligomerization due to the loss of
higher order species upon native cysteine blockage by the spin label MTSL. Additionally,
there may still be another component of Q1 tetramerization that can only be detected in cells
rather than detergents.
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Abbreviations

CD Circular dichroism spectroscopy

CW-EPR Continuous-wave electron paramagnetic resonance spectroscopy

DPC Dodecylphosphocholine or Fos-Choline 12

El KCNE1

Iks slow-delayed rectifier potassium channel

Q1 KCNQ1

MRE mean residue ellipticity

MTSL S-(1-oxyl-2,2,5,5,-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl
methane sulfonothioate

PD Pore domain

PIP2 phosphatidylinositol 4,5-bisphosphate

SDS-PAGE sodium dodecyl sulfate — polyacrylamide gel electrophoresis

TMD Transmembrane domain

VSD \oltage sensing domain
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Highlights
. Exploration of oligomerization of Kv channels without C-terminal domain
. Nitroxide based spin labeling of native cysteine residues alters

oligomerization

. C214 plays a role in the stability and or formation of KCNQ1 tetramers
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Figure 1:
Cartoon depiction of monomeric KCNQ1 containing the voltage sensing domain (VSD),

S1-S4; pore domain (PD), S5-S6; and the C-terminal domain, HA-HD. HC and HD are
indicated in red.
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Figure 2:
Representation of KCNQ1 used in this study, composed of the transmembrane domain

(amino acids 100-370). Native cysteines are circled in purple. For portions of this study,
C214 was changed to alanine (arrowhead). Helical regions are shaded in gray and labeled
S0-S6. Modified from Dixit et al., 2022 [23].
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Figure 3:

Schematic of the reaction between MTSL spin label and how it attaches to protein.
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Figure 4:

Circular Dichroism spectra of all Q1 TMD variants in (0.09 mg/mL) 0.05% DPC and 50
mM phosphate buffer, pH 7.0. Q1 TMD WT -MTSL (blue), Q1 TMD WT +MTSL (black),
Q1 TMD C214A -MTSL (green), and Q1 TMD C214A +MTSL (red).
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Figure 5:

CW-EPR spectra of Q1 TMD WT (black) and Q1 TMD C214A (red) labeled with MTSL in

0.05% DPC and 50 mM phosphate buffer, pH 7.0.
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Silver Stained SDS-PAGE gel of all Q1 TMD variants. Lane 1: Page plus protein ladder

(Fisher), Lane 2: Q1 TMD WT -MTSL, Lane 3: Q1 TMD WT +MTSL, Lane 4: Q1 TMD
C214A -MTSL, Lane 5: Q1 TMD C214A +MTSL. All lanes have approximately 1 pg of
protein. Monomeric Q1 TMD is approximately 24 kDa.
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