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Abstract

The KCNQ1 voltage-gated potassium channel regulates the repolarization of cardiac cells and a
plurality of point mutations in its voltage sensing domain (VSD) are associated with toxic gain or
loss of pore function resulting in disease. As is the case with many disease-associated membrane
proteins, there are hundreds of human variants of interest identified for KCNQL1, but a significant
portion of these variants have not been characterized in relation to their functional and disease
associations. Additionally, as the VSD consists of four transmembrane helices, studies into
dynamic structural differences among KCNQ1 VSD variants are hindered by the current
limitations and deficits in high resolution structure determination of membrane proteins. Here, we
use native ion mobility — mass spectrometry and collision induced unfolding (CIU) to address the
need for a high throughput compatible method for structural characterization of membrane protein
variants of unknown significance using the KCNQ1 VSD as a model system. We perform CIU on
wild-type and three mutant KCNQ1 VSD forms associated with toxic gain or loss of function, and
show through automated feature detection and comprehensive difference analysis of the CIU
datasets that the variants are clearly grouped by function and disease association. We also
construct a classification scheme based on the CIU datasets which is able to differentiate the
variant functional groups and robustly classify a recently characterized variant to its correct
grouping. Further, we probe the stability of the KCNQ1 VSD variants when liberated from C12E8
micelles at pH 8.0 and find preliminary evidence that the R231C mutation associated with gain of
pore function is destabilized relative to wild-type and loss of function variants.
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Membrane proteins maintain cellular homeostasis through regulating signaling, facilitating
ion transport across biological membranes, and performing a wide array of enzymatic
reactions.! Disruption of any of these vital functions can cause cellular dyshomeostasis and
disease.2 The point mutations can significantly alter membrane protein folding, trafficking,
and activity, and thus many such sequence variants have been linked to disease.3 With recent
advances in genome sequencing, more human membrane protein variants are being
discovered, but the significance of these variants is not always readily apparent.4®> Methods
for identifying structural differences in these variants is complicated by their insolubility in
aqueous solutions and difficulty in obtaining pure, high concentration samples.5-8 As there
can be hundreds of variants of interest for a particular membrane protein,3°10 there is an
active need for high-throughput compatible methods to obtain such structural information on
variants of unknown significance (VUS) and classify them according to their functional and
disease associations.

Mass spectrometry (MS) is readily capable of overcoming the complexity and challenges
associated with studying membrane proteins structure.1! In particular, native MS has
enabled insights into the ligand binding,12-14 local lipid environment,1® and protein-protein
interactions of membrane proteins.1® Coupling ion mobility (IM) separation with mass
spectrometry (IM-MS) produces information on the orientationally averaged size of ions
which allows for the evaluation of structural changes within membrane proteins.1”-18 The
use of IM-MS also facilitates collision induced unfolding (CIU) experiments, in which
protein ions are subjected to ramped collision energies within the instrument, causing
unfolding.1® CIU experiments have been shown to be sensitive to lipid binding in membrane
proteins,2%:21 and classification schemes built on CIU experiments,22-23 which has
differentiated disulfide bonding patterns24 and ligand binding modes.2> However, the use of
CIU to differentiate classes of membrane protein variants associated with disease have yet to
be completely explored.

Here, we report the first use of CIU to differentiate variants of the 18 kDa voltage sensor
domain of the KCNQL1 voltage-gated potassium channel. KCNQ1 plays a key role in the
tightly controlled process of action potential repolarization in cardiac cells28 and the pore
opening is modulated by the tetraspan integral voltage sensor domain (VSD).27-28 Specific
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heritable mutations in the KCNQ1 VSD are associated with losses or gains of pore activity,
where a loss of function (LOF) causes Long QT Syndrome (LQTS)2930 and a gain of
function (GOF) causes Short QT Syndrome (SQTS) or atrial fibrillation.31:32 Both
conditions are associated with an increased risk for cardiac arrhythmias and sudden cardiac
death.33:34 There are over 600 human variants of KCNQ1 associated with LQTS.10
However, the significance of many of these variants and the mechanism by which the
mutations cause disregulation is not well understood.

In this work we use native IM-MS and CIU to differentiate KCNQ1 VSD variants, each
having different disease and functional significance. We first show that wild-type (WT)
KCNQ1 VSD can be liberated from detergent micelles in a manner that retains native like
folding in the gas-phase. Then we explore the CIU of WT KCNQL1 alongside three mutants:
R231C which is associated with SQTS and GOF,353¢ E115G which is associated with
LQTS and LOF,37 and H126L which was originally a VUS associated with LQTS, and has
recently been shown to exhibit LOF.38 Qur feature detection and comprehensive difference
analysis approach highlights changes in the unfolding pathway of WT, GOF, and LOF
KCNQ1 VSD variants, where our data support the finding that H126L behaves most similar
to the LOF type. We demonstrate the ability of CIU classification to differentiate WT, GOF,
and LOF KCNQL1 VSD variants and show that the H126L fingerprints classify as LOF.
Further, we quantify the relative stability of the KCNQ1 VSD variants through CIU-based
stability measurements and find preliminary evidence that the R231C mutation is
destabilized relative to WT, which we discuss in the context of cellular data showing
increased expression and cellular trafficking. Lastly, we project the utility of CIU methods in
screening large numbers of VUS and discuss the future of such technologies for advancing
our understanding of membrane protein function.

Membrane Protein Sample Preparation.

WT KCNQL1 and the mutant variants H126L, E115G, and R231C were expressed in £. Coli
and purified using protocols described elsewhere.38 Octaethylene Glycol Monododecy!
Ether (C12E8) was purchased from Anatrace and ammonium acetates was purchased from
Sigma Aldrich (St. Louis, MO). For mass spectrometry experiments, 150 pM KNQ1 in
buffer of 50 mM 2-(N-morpholino)ethanesulfonic acid(MES), 0.5 mM
ethylenediaminetetraacetic acid (EDTA), 2 mM tris(2-carboxyethyl)phosphine (TCEP), and
56 uM n-dodecyl-B-d-maltoside (DDM) at pH 5.5 was simultaneously buffer and detergent-
exchanged to 200 mM ammonium acetate buffer, pH 8.0, containing 0.02% C12E8 (~4 x
CMC) using 10 kDa Amicon Ultra-0.5 centrifugal filter units (MilliporeSigma, Burlington,
MA). The final protein concentration used in mass spectrometry experiments was
approximately 25 pM.

IM-MS and CIU Experiments.

All IM-MS and CIU data was collected using a Synapt G2 HDMS IM-Q-ToF mass
spectrometer (Waters, Milford, MA), with a direct infusion nESI source set to positive ion
mode. Our instrument settings were tuned to generate intact protein ions while completely
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dissociating detergent adducts prior to the IM separator, including appropriately tuned
settings for the source temperature (30° C), source gas flow (50 mL/min), and the sampling
cone (120 V). Trapping cell, helium cell and IM cell gas flow rates were 6 mL/min, 200 mL/
min, and 60 mL/min, respectively. Trapping cell wave velocity and height were 116 m/s and
0.1 V. IMS wave velocity and height were 250 m/s and 15 V. Transfer cell wave velocity and
height were 300 m/s and 10 V, with an accelerating potential of 70 V used to dissociate
empty micelles and salt clusters. Collision cross section analysis was performed using
IMSCal-19v4, a program written in C. The theoretical collision cross section of the KCNQ1
VSD was computed using PDB entry 6MIE and IMPACT.3%-41 All CIU analyses were
performed by increasing the trap collision voltage in a stepwise manner5-50V in 5V
increments, as severe signal loss was observed at voltages above 50 V for mutant KCNQL.
CIU data from the 8+ charge state of KCNQ1 was extracted into a text-based format using
TWIMExtract#2, then processed and analyzed using CIUSuite 2.1.24 Data processing
included three rounds of 2D Savitzky-Golay smoothing with a window of five bins and
interpolation of the collision voltage axis by a factor of four.

Protein stability values, which reflect the trap collision voltage at which 50% of the gas
phase protein has transitioned to an unfolded state, were extracted as described previously
and are referred to here as CIU50 values.2! For mutant KCNQ1, excess surfactant related
noise was noted in the lower drift time region from 35 — 50 V. This noise was removed from
the text-based files manually to eliminate any biased contributions to RMSD analysis, as
shown in Figure S1. To ensure the noise removal did not alter the reported protein unfolding
trajectory, CIU50 analysis was performed before and after noise removal, and reported
CIU50 values were identical. Classification of these denoised data was performed using the
“All Data” mode of ClUSuite 2.1, with automatic feature selection. The algorithms that
enable our CIU classification analysis are described in detail elsewhere.21:22.24

Results and Discussion

IM-MS of KCNQ1 VSD.

Sequence variants associated with toxic LOF or GOF occur throughout the sequence of the
KCNQ1 VSD, as shown in Figure 1A.38 For our assay, we chose mutations from disparate
locations in the protein sequence, with E115G in soluble helix SO, H126L in membrane
spanning helix S1, and R231C in membrane spanning helix S4. The KCNQ1 potassium
channel functions as a tetrameric complex, where four pore domains interact to form a
functional channel.?” The tetraspanning VSD of KCNQ1 is connected to the pore domain by
a flexible linker between helices S4 and S5, as well as a 99 residue soluble domain before
helix S1. The VSD is positioned at the periphery of the pore, and as such is not thought to be
directly involved in pore oligomerization.2’

Figure 1B shows an example native IM-MS dataset for WT KCNQ1, where a range of
signals can be detected after successful dissociation of the detergent from the associated
membrane protein of interest. MS analysis and charge state assignment of these signals
reveal an ion population with an intact mass of 18208 + 44 Da, which agrees well with the
expected sequence mass of a KCNQ1 VSD monomer, 18158 Da. The range of charge states
we observe for KCNQ1, 5-10+ indicate native like structure for the gas phase protein
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(Figure 1C, S2). Collision cross section analysis of the 8+ monomeric WT KCNQ1 VSD
indicated slightly larger gas phase structures relative to the theoretical cross section
computed using a recently published structure for the KCNQ21 VSD intermediate state
(2456A2 and 2039A2, respectively).*! Notably, for all four sequence variants studied here
we observe monomodal IM distributions at low collision energies for the KCNQ1 VSD and
find no evidence of oligomeric species (Figure S2). As has been documented for other IM-
MS experiments of membrane proteins,21:43-46 we observe noise signals related to detergent
and salt clusters that persist despite sample and instrumental optimization (Figure 1B).
These noise signals were more intense in the IM-MS datasets recorded for the mutant
protein forms, perhaps due to the lower protein concentrations used in these experiments in
comparison to those involving WT (Figure S1). The 8+ charge state of the KCNQ1 VSD
(orange) was chosen for subsequent CIU experiments due to its large S/N and relatively low
charge state.40

Differences in CIU features correlate to KCNQ1 VSD variant function.

CIU analysis often focuses on defining regions of stability, or features, within the recorded
data. CIU feature analysis has been used to characterize domain level unfolding*’ and
noncovalent interactions*® within proteins, and we employed such an approach to interrogate
the CIU data collected for the four KCNQ1 VSD sequence variants discussed above. CIU
fingerprints of the KCNQ1 VSD 8+ charge state were collected in triplicate using a collision
voltage range of 5-50 V. While the interference from noise signals was minimal for WT
KCNQ1 VSD, each variant dataset contained noise appearing primarily at larger collision
voltage (CV) values and at drift times shorter than those occupied by the protein ion signals
tracked in our experiments (Figure S1). These noise signals did not alter the CIU features
detected in our fingerprints; however, to eliminate any bias in our workflow, detergent noise
was uniformly removed as described in the methods section for all datasets interrogated in
this study. Figure 2 shows the de-noised CIU fingerprints (left) and detected features (right)
for each KCNQL1 variant. For WT KCNQL1 VSD fingerprints, three features are observed
with median drift times of 16.4 + 0.3 ms, 19.9 + 0.0 ms, and 21.8 £ 0.0 ms. Similarly, the
GOF variant R231C fingerprints also exhibit three features with median drift times
comparable to those observed for WT at 17.0 £ 0.3 ms, 20.0 £ 0.3 ms, and 22.7 + 0.2 ms
respectively. The two LOF variants, E115G and H126L, show two features each at drift
times of 17 £ 0.0 ms and 21.0 £ 0.0 ms, and 16.4 £ 0.3 ms and 20.4 + 0.5 ms, respectively.

The most compact KCNQ1 CIU feature occurs at similar starting drift times for each variant
studied here, which indicates that there are no significant differences in the orientationally
averaged size of the gas phase structures at low collision energies. However, differences
were detected in the overall number of features occurring between 5-50 V across the
mutants we studied, where we specifically detect two CIU features over the voltage range
for E115G and H126L, and three features for WT and R231C. The third feature for WT and
R231C indicates that those gas-phase proteins experience an additional unfolded state
relative to E115G and H126L across the 5 — 50 V range. The similarity observed in the CIU
data recorded for E115G and H126L is further apparent in the similar range of voltages
values over which their features persist, as seen in Figure 2. These results mimic previous
cellular assays which classify these mutants together in terms of their LOF severity.38
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To further investigate the relative differences between KCNQ1 VSD variants, we performed
comprehensive difference analyses using a root mean squared deviation (RMSD) approach.
Such analyses have been used previously to quantify differences detected in CIU data
recorded for antibodies based on glycosylation state.4° Figure 3A shows a difference plot for
the averaged CIU fingerprints recorded for E115G and H126L. KCNQ1 mutants. We find an
overall RMSD across these CIU fingerprints to be 6.6%, which is similar to RSMD values
encountered for comparisons between KCNQ1 technical replicates alone (a range from 6.4%
to 9.5%). In contrast, Figure 3B shows a similar CIU difference plot generated for averaged
H126L and R231C fingerprints. In this comparison, the regions of differences are more
pronounced, with stronger R231C signal apparent at longer drift times relative to H126L.
Unsurprisingly, we find a larger overall RMSD for this comparison, resulting a value almost
three times that for the analysis shown in Figure 3A, at 18.6%.

A comprehensive comparative analysis of our KCNQL1 variant CIU datasets reveals those
mutants that are most and least similar to one another (Figure 3). In this cross-comparison,
we see differences 2—3 times greater than the baseline RMSD values computed through the
analysis of technical replicates of identical samples (thick bordered boxes, values range from
6.4% for WT to 9.5% for H126L), as indicated by the color scale in Figure 3C. Specifically,
we observe no significant differences for the CIU data recorded for H126L and E115G,
while the RMSD recorded for the comparisons of H126L and R231C CIU data is significant.

Interestingly, the datasets exhibiting the largest RMSD value in our cross-comparison ClU
analyses are WT and R231C, producing a value of 24.8%, despite the similarities observed
between these data in Figure 2 (also see Figure S3). A careful analysis of our comparative
ClU data indicates that R231C is destabilized relative to WT and other KCNQ1 VSD
variants. Overall, the comprehensive difference analysis shown in Figure 3C indicates
significant differences between R231C and all other variants, as well as similarities between
E115G and H126L. These results align with the fact that R231C is the lone GOF mutant
studied here, as well as prior trafficking and cellular expression data recorded for this
variant.38

ClIU classification of phenotypic function.

As shown in Figure 1A, there are many possible disease-associated variants of the KCNQ1
VSD. Additionally, some former VUS forms of KCNQ1 were found to exhibit WT-like
function, indicating they may not contribute to disease.3® To probe the ability of CIU to
differentiate these phenotypes, we endeavored to build and test a three-way CIU
classification scheme with the KCNQ1 variants studied here, grouped into the following
classes: WT, gain of function (GOF), and loss of function (LOF). We started with at least
three denoised replicates each of WT, E115G, and R231C KCNQ1 VSD used in the training
dataset to represent each functional phenotype: WT, LOF, and GOF, respectively (Figure
4A). Our efforts identified the most differentiating region within the datasets as those
between 10-20 V, and cross validation revealed that classifiers using only the 15 V datasets
produced the greatest assignment accuracy (0.81 AUC-ROC, Figure 4A inset).
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A classification scheme was built using the chosen 15 V data and the results plotted linear
discriminant space in Figure 4B, where gray data points indicate the WT phenotype, red
indicate the LOF phenotype, and blue indicate the GOF phenotype. To test the performance
of our classification scheme, we input CIU replicates to our classifier that were not part of
the training dataset as unknowns. The classification scheme was then used to analyze these
unknowns, and the resulting probabilities associated with assigning each of these datasets to
one of the three KCNQZ1 classes defined above is shown in Figure 4C. Data for WT, E115G,
and R231C all classify as expected, producing an assignment probability of at least 60% for
the correct class. In order to further test our classifier, we employed it to analyze CIU data
collected for the H126L variant, none of which was in our training data. Our H126L CIU
data classifies, as expected, as an LOF KCNQ1 variant,38 with a total class assignment
probability of 60 = 2%. As such, our results both support prior assignment of H126L as an
LOF KCNQ1 variant, and demonstrate the ability of CIU fingerprints to classify KCNQ1
VSD mutants based on their associated phenotypic function.

ClU reveals evidence of mutant destabilization.

To further probe and quantify differences among KNCQ1 VSD variants relative to WT, we
performed CIU50 analysis in order to quantify stability differences among the mutants
studied here. Due to the different number of CIU features detected across KCNQ1 VSD
variants, WT and R231C fingerprints were fit with two sigmoidal curves and E115G and
H126L fingerprints were fit with one sigmoidal curve, as shown in Figure 5A, during our
analysis. As such, all comparisons here will focus on the first CIU50 value recorded for WT
and R231C variants.

Note that this CIU50 value represents the transition between the first two features in all
variants and these features possess drift time centroids within error of each other (Figure 2).
We therefore consider this transition to be equivalent across all variants and suitable for a
meaningful comparison. Figure 5B summarizes the average CIU50 values extracted for the
first CIU transitions shown in Figure 5A. We record the stability of the WT as25.8 + 1.5V,
which is within error of the stability values we observe for the two LOF mutants E115G and
H126L at 24.8 + 0.3 V and 24.0 + 1.3 V respectively. The GOF mutant, R231C, exhibits
CIU50 values for the first transition that occur at significantly lower energies relative to the
other three variants, producing a value of 17.7 + 1.6 V. In addition, the CIU50 we record for
the second CIU transition for R231C also occurs at lower average voltages than WT, but the
experimental error we compute for these values renders the difference insignificant , with
R231C producing a value of 30.0 £ 4.9 V and WT having a CIU50 of 37.0 + 3.3 V.

Overall, we take these CIU50 data to support the observations made in Figures 2 and 3, in
that the GOF mutant R231C produces CIU data that is significantly different from that
observed from either WT or LOF KCNQ1 mutants, primarily driven by the destabilization
of R231C. This data is interesting to consider in the context of cellular assays which
demonstrate that full-length R231C KCNQL is a super-trafficker, and is highly-expressed
relative to the other variants studied here.%0 As protein mistrafficking has been linked to
destablizaiton,3 our R231C results may appear initially surprising. However, it is important
to note that the construct used in our MS assays only includes the VSD of KCNQ1, whereas
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cellular trafficking assays involve the entire KCNQ1 sequence, which is tetrameric in its
native state. In addition, our /n7 vivo data does not necessarily indicate that the overall folding
stability of R231C is higher than that of WT. Alternative mechanisms that integrate both our
CIU and /in vivo data for R231C include the possibility that the intrinsic trafficking
efficiency of the channel comprised of fully folded voltage sensors populating the inactive
state is much higher than for a channel populating an intermediate state. In addition, the
protein-protein interactions formed with cellular trafficking machinery may not depend on
the VSD region of KCNQ1. Overall, the R231C-induced destabilization of the KCNQ1 may
provide unexpected insights into the molecular mechanisms that underlie KCNQ1
trafficking. Future native IM-MS assays of full length KCNQ1 may further reveal how the
destabilization of R231C KCNQ1 results in increased trafficking and GOF.

Conclusions

CIU is amenable to the characterization of membrane proteins and many past studies have
focused mainly on its ability to characterize lipid binding behavior in such systems.21:48.51
Here we describe a workflow for using CIU to classify membrane protein variants according
to their associated functional role within a given phenotype using the KCNQ1 VSD as a
model system. We first performed comprehensive difference analysis on three types of
KCNQ1 VSD variants: WT, GOF, and LOF, and found strong evidence to support clustering
our CIU data along the known functional consequences associated with each variant
analyzed. We then used an established machine learning approach to build a classification
scheme using CIU data recorded for example WT, GOF, and LOF variants, and found that
this approach was reliably able to group further ClU data into classes based on the above
phenotypes. Lastly, we explored the stability differences associated with these variants using
CIU50 analysis and found evidence that the GOF R231C mutant is destabilized relative to
WT and LOF variants for the KCNQ1 VSD.

Native IM-MS is a method compatible with high throughput analyses, as is our classification
workflow. Using the methods presented here, we estimate that the native IM-MS data
collection needed to classify a VUS with our scheme could be performed in triplicate within
6 minutes. Clearly, our KCNQL classification scheme would be strengthened by the addition
of more known variants for each class prior to testing such high throughput analyses, where
we envision that only the most differentiating regions of CIU space need be collected for
each unknown interrogated. We also project that this same type of CIU classification scheme
could be deployed to detect the five LOF classes described previously for KCNQ1.38
Overall, we anticipate that the workflow presented here could be expanded to broadly
classify KCNQ1 VUSs, or be expanded to accommodate a wide range of membrane protein
systems possessing variants that lack functional annotation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Native IM-MS of the KCNQ1 VSD. A. Sequence and structure of the KCNQ1 VSD with
residues known to mutate and result in disease phenotypes associated with LOF (red) or
GOF (blue). Variants E115G, H126L, and R231C are studied in this work. B,C.
Representative mass spectra and IM-MS data for WT KCNQ1 at 80 V trap collision voltage.
One distribution of charge states, 5-10+, is observed for all variants corresponding to
KCNQ1 VSD monomers (Figure S2). The charge state envelope and CCS analysis indicate
native like folding, and the 8+ charge state (orange) was chosen for further analysis.
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Figure 2.
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CIU fingerprints of KCNQ1 VSD variants. (Top) Fingerprints were collected for the 8+
charge state in triplicate for WT, R231C, E115G, and H126L variants, from 5-50 V, and
then denoised and averaged to produce the images shown here. (Bottom) Automated feature
detection of the fingerprints finds three discrete features between 5-50 V for WT and
R231C, and two discrete features for E115G and H126L. The similarity in starting drift
times of the four fingerprints indicate all forms begin at similar orientationally averaged

sizes.
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Comprehensive difference analysis of KCNQ1 VSD variants CIU fingerprints, N = 3 for

each variant. A, B. Example difference plots of a low RMSD comparison (E115G and
H126L, 6.6%) and high RMSD comparison (H126L and R231C, 18.6%). C. Pairwise

comparisons of WT, E115G, H126L, and R231C. RMSD baseline values are shown in the
thick bordered boxes. Differences of 2—3x above the baseline are considered significant. All

difference plots are shown in Figure S3.
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Figure 4.
CIU based classification of KCNQ1 VSD functional variants A. Each voltage is scored on

its ability to differentiate the three classes: WT, LOF, and GOF, using at least three WT,
E115G, and R231C replicates. All voltages were used in a ‘leave one out’ cross-validation
test, shown in the inset plot, where we tracked the accuracy achieved with the training data
(blue),non-training data (green), and the area under the ROC curve (red) as a function of the
number of voltages included in the classification scheme. These tests indicated one voltage
(*) was best for classification B. Using the voltage indicated in A, the training data set is
plotted in linear discriminant and shows clear separation of the data into the three classes. C.
The probability of assignment for replicates not part of the training data set is displayed in a
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bar chart. Each replicate is correctly assigned, including replicates of the H126L variant for
which no example was included in the training set.
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Figureb.
CIUSO0 stability analysis of KCNQL1 variants. A. Sigmoidal curves are fit between identified

features to describe the transition, where WT and R231C have two transitions and E115G
and H126L have one transition. B. A bar chart of average CIU50 values extracted from the
inflection point determined for each first transition detected, N = 3. Gray is WT, blue is
GOF, and red is LOF.
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