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mechanisms underlying heterogeneous epileptic
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Summary
Whole-exome sequencing (WES) in the clinic has identified several rare monogenic developmental and epileptic encephalopathies

(DEE) caused by ion channel variants. However, WES often fails to provide actionable insight for rare diseases, such as DEEs, due to

the challenges of interpreting variants of unknown significance (VUS). Here, we describe a ‘‘personalized structural biology’’ (PSB)

approach that leverages recent innovations in the analysis of protein 3D structures to address this challenge. We illustrate this approach

in an Undiagnosed Diseases Network (UDN) individual with DEE symptoms and a de novo VUS in KCNC2 (p.V469L), the Kv3.2 voltage-

gated potassium channel. A nearby KCNC2 variant (p.V471L) was recently suggested to cause DEE-like phenotypes. Computational

structural modeling suggests that both affect protein function. However, despite their proximity, the p.V469L variant is likely to

sterically block the channel pore, while the p.V471L variant is likely to stabilize the open state. Biochemical and electrophysiological

analyses demonstrate heterogeneous loss-of-function and gain-of-function effects, as well as differential response to 4-aminopyridine

treatment. Molecular dynamics simulations illustrate that the pore of the p.V469L variant is more constricted, increasing the energetic

barrier for Kþ permeation, whereas the p.V471L variant stabilizes the open conformation. Our results implicate variants in KCNC2 as

causative for DEE and guide the interpretation of a UDN individual. They further delineate the molecular basis for the heterogeneous

clinical phenotypes resulting from two proximal pathogenic variants. This demonstrates how the PSB approach can provide an analyt-

ical framework for individualized hypothesis-driven interpretation of protein-coding VUS.
Introduction

The advent of cheaper and more accurate DNA-

sequencing technologies has enabled the integration of

genetic information into diverse areas of medicine. For

example, more than 70% of rare diseases are thought to

have a genetic cause, and recent efforts have identified

the causal variants for thousands of Mendelian dis-

eases.1–3 However, causal variants have not been identi-

fied for approximately half (�3,000) of known rare ge-

netic diseases,4–6 and sequencing often fails to lead to

actionable insights, even after expert clinical evaluation

through programs such as the NIH’s Undiagnosed Dis-

eases Network (UDN).7–9
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Many computational methods have been developed for

interpreting variants observed in clinical sequencing.10–13

However, they have substantial weaknesses and often

disagree.14–18 Commonly used tools provide only ill-

defined, categorical variant classifications, such as ‘‘patho-

genic’’ and ‘‘benign’’ and fail to propose specific hypothe-

ses about the underlying molecular effects of variants. A

prediction that a variant is pathogenic is not of much clin-

ical use without a testable prediction of the mechanisms of

its pathogenicity, pleiotropic effects, and possible insights

to treatment.

Motivated by the challenges of variant interpretation,

recent advances in experimental approaches for protein

structure determination19–24 and recent improvements to
235, USA; 2Department of Pediatrics, Division of Medical Genetics and

37232, USA; 3Pulmonary Hypertension Center, Division of Allergy, Pulmo-

lle, TN 37232, USA; 4Department of Chemistry, Vanderbilt University, Nash-

ine, Vanderbilt UniversityMedical Center, Nashville, TN 37232, USA; 6Cen-

partment of Biomedical Informatics, Vanderbilt University Medical Center,

edical Center, Nashville, TN 37232, USA; 9Department of Genetic Medicine,

illiken Department of Internal Medicine, Washington University School of

onal Institutes of Health Clinical Center, Bethesda, MD 20814, USA; 12Insti-

3, Germany; 13Department of Chemistry, Leipzig University, Leipzig, SAC

zig, SAC 04109, Germany; 15Vanderbilt Genetics Institute, Vanderbilt Uni-

alth Sciences Institute and Department of Epidemiology and Biostatistics,

rg (J.A.P.), tony@capralab.org (J.A.C.)

Genetics and Genomics Advances 3, 100131, October 13, 2022 1

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:georg.kuenze@uni-leipzig.de
mailto:john.a.phillips@vumc.org
mailto:tony@capralab.org
https://doi.org/10.1016/j.xhgg.2022.100131
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xhgg.2022.100131&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


the accuracy of prediction, modeling, and analysis of

native 3D protein structural models,25–28 we propose a

variant interpretation paradigm. Our ‘‘personalized struc-

tural biology’’ approach focuses on making mechanistic

predictions about the effects of the variant(s) observed in

individuals in the context of their genetic background

via computational and experimental evaluation of protein

structure and function. We demonstrate the power of

this approach on two candidate variants of unknown

significance (VUS) in KCNC2, the gene encoding the

homo-tetrameric voltage-gated potassium channel Kv3.2,

one variant from an individual with an unsolved epi-

lepsy-like disease enrolled in the UDN and another variant

from a recent case report29 with epilepsy-like phenotypes;

however, no functional validation was done for the

variant.

Developmental epileptic encephalopathies (DEE) are a

group of devastating disorders in which epileptic activity

contributes to cognitive and behavior impairment in

addition to underlying developmental pathologies.30,31

Genetic etiologies are thought to be the cause of a substan-

tial proportion of individuals with DEE, and with recent

advances in genetic testing technology, many DEE variants

have been discovered. The underlying genetic mechanisms

are diverse,32 but defects in neuronal ion channels

are thought to be a common cause of DEE. For example,

the initial discovery that Dravet syndrome is caused by

variants in SCN1A33 has been followed by the demonstra-

tion that variants in many voltage-gated potassium (Kv)

channels can cause DEE.34 The largest family of these

channels is the Kv family, with 12 subfamilies whose alpha

subunits are encoded by approximately 40 genes. The Kv3

subfamily influences rapid firing of inhibitory interneu-

rons in the central nervous system.35 The general mecha-

nism of Kv3.2 channel gating is thought to be similar to

other closely related voltage-gated potassium ion chan-

nels. Kv channels consist of four homologous subunits,

with each monomer having six transmembrane helical do-

mains (S1-S6). S1-S4 form the voltage-sensing domain

(VSD) and S5-S6 from all four subunits form themembrane

pore. A linker domain between S4 and S5 connects the VSD

to the pore-forming units.36–40 The VSD undergoes confor-

mational changes between the open and closed state of the

channel,41 and the coupling between the S4-S5 linker and

the S6 pore-forming unit is responsible for the voltage-

dependent gating of the channel.42,43 With a pronounced

inward movement of the positively charged S4 voltage

sensor, the S4-S5 linker is pushed downward, which causes

the S6 helix to constrict the pore, thus closing the chan-

nel.39 This gating mechanism is made possible by the pres-

ence of a proline-valine-proline (PVP) motif, which acts as

a hinge domain in the S6 helix. The hinge domain allows

the S6 pore-forming helix to kink at the flexible PVP motif

to open and close the channel pore.

Other members of this subfamily have been implicated

as a potential causes of DEE and other epilepsy-like symp-

toms with discoveries of variants in genes encoding Kv3.1
2 Human Genetics and Genomics Advances 3, 100131, October 13, 2
and Kv3.3 44–46. More recently variants in KCNC2, which is

highly expressed in GABAergic interneurons in the CNS,

have been suggested to be linked to DEE-like phenotypes,

with possibly dominant negative effects.29,47–49 However,

the links and their mechanisms are yet to be established.

Our work makes four main contributions. First, we

demonstrate via expression and electrophysiology ana-

lyses that the two candidate KCNC2 variants (p.V469L,

p.V471L) have heterogeneous loss-of-function and gain-

of-function effects, despite both affecting the essential

hinge region of Kv3.2 responsible for channel gating. Sec-

ond, our protein structural modeling and molecular dy-

namics (MD) simulations rationalize the mechanistic basis

for the phenotypic heterogeneity of these variants. Third,

our results combine to validate links between KCNC2 var-

iants and heterogeneous DEE phenotypes. Finally, our an-

alyses provide a blueprint for integrating genetics, expres-

sion analysis, electrophysiology, and protein structural

modeling to develop mechanistic understanding of the

molecular effects of de novo variants in rare disease.
Methods

Structural modeling of Kv3.2
The tetrameric structural model of human Kv3.2 (UniProtKB

accession number: Q96PR1-1; modeled residues: 1–484) was

generated by homology modeling using the molecular modeling

software suite Rosetta (version 3.10).50 The shaker family voltage-

dependent potassium channel (Kv1.2-Kv2.1 paddle chimera

channel) resolved to 2.4 Å (PDB: 2R9R) was used as a template.

The percent identity between the aligned positions of the se-

quences of Kv3.2 and the template structure was 42.8%, suffi-

ciently high for the chimera channel structure to serve as a reli-

able template. A starting partial tetrameric model of Kv3.2,

which only covered aligned residues, was generated by threading

the sequence of Kv3.2 onto the template structure using the cor-

responding sequence alignment as a guide. Full models were

created using the Rosetta comparative modeling (RosettaCM) pro-

tocol51 guided by the RosettaMembrane energy function52 in a

C4 symmetry mode.53 The boundaries of membrane-spanning

segments were calculated using the PPM server54 based on the

starting model. The boundaries were used to impose mem-

brane-specific Rosetta energy terms on residues within the theo-

retical membrane bilayer. A total of 1,000 full tetrameric models

were generated using RosettaCM. The lowest-energy model was

selected as the final model for structure-based analysis in this

work.

MD system setup
The Kv3.2 channel domain (residues L211-M484) was embedded

in a POPC (palmitoyloleoyl-phosphatidylcholine) bilayer (�240

lipid molecules per leaflet) using the membrane builder tool of

CHARMM-GUI.55 The system was solvated in TIP3P water con-

taining 0.15 M of neutralizing KCl. Three Kþ ions were placed in

the channel selectivity filter at coordination sites S0, S2, and S4

by inferring their positions from the crystal structure of the

Kv1.2-Kv2.1 chimeric channel (PDB: 2R9R).43 Another Kþ ion

was placed below the selectivity filter in the aqueous channel cav-

ity (termed SCav site) and used for running umbrella simulations.
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During conventional MD simulations, the position of the cavity

Kþ ion was constrained by imposing distance restraints to the

selectivity filter residue T437.

Conventional MD simulations
MD simulations of the Kv3.2 channel in POPC membranes were

performed with AMBER16 56 using the ff14SB force field for pro-

teins57 and the Lipid17 force field. The system was simulated in

four replicas with a total simulation time of �1 ms. Bonds

involving hydrogen atoms were constrained with SHAKE.58

Non-bonded interactions were evaluated with a 10 Å cutoff, and

long-range electrostatic interactions were evaluated by the parti-

cle-mesh Ewald method.59 Each MD system was first minimized

using a four-step energy minimization procedure: Minimization

of only lipids was followed by minimization of only water þ
ions, and minimization of protein before the whole system was

minimized. With protein and ions restrained to their initial coor-

dinates, the lipid and water were heated to 50 K over 1,000 steps

with a step size of 1 fs in the NVT ensemble using Langevin dy-

namics with a rapid collision frequency of 10,000 ps�1. The system

was then heated to 100 K over 50,000 steps with a collision fre-

quency of 1,000 ps�1 and finally to 310 K over 200,000 steps

and a collision frequency of 100 ps�1. After changing to the NPT

ensemble, restraints on protein and ions were gradually removed

over 500 ps. The system was equilibrated for another 10 ns at

310 K with weak positional restraints (with a force constant of

5 kcal mol�1 Å�2) applied to protein Ca atoms. The protein re-

straints were then gradually removed over 20 ns, and production

MD was conducted for 260 ns using a step size of 2 fs, constant

pressure periodic boundary conditions, anisotropic pressure

scaling, and Langevin dynamics.

Subsequent to running productionMD,molecules were reimaged

back into the simulationboxusingCPPTRAJ60and thefinal200nsof

each MD replica were analyzed. The Kv3.2 channel was aligned to

the first MD frame and the channel pore radius was measured with

HOLE61 by taking conformations of Kv3.2 at every 1 ns.

Umbrella MD simulations
To estimate the free energy of Kþ ion permeation through the

cytosolic gate of Kv3.2 wild-type (WT), p.V469L, and p.V471L

channels, we calculated the potential of mean force (PMF) of mov-

ing a Kþ ion up the pore axis past the cytosolic constriction site

and into the cavity below the selectivity filter. The center of

mass of the backbone atoms of the selectivity filter residues

(T437-Y440 of all four subunits) was defined as the origin of the

pore axis. Umbrella potentials (with a spring constant of 10 kcal

mol�1 Å�2) were placed at 0.5 Å intervals in the range from

Z ¼ �11 Å (below selectivity filter) to Z ¼ �44 Å (in cytosol), mak-

ing a total of 67 umbrella simulations for each 1D PMF. In addi-

tion, to ensure that the Kþ ion remained in the vicinity of the

pore axis when it was no longer constrained by the S6 helices

(i.e., was in bulk solvent), we used a method described in Fowler

and Sansom62 and applied a flat-bottomed cylindrical constraint

with a radius of 8 Å and a spring constant of 10 kcal mol�1 Å�2.

Starting configurations for each umbrella window were prepared

by taking the last frame from the conventional MD simulation

and gradually pulling the cavity Kþ ion from SCav into cytosolic

solvent over 10 ns using a spring constant of 10 kcal mol�1 Å�2.

To ensure that the direction of the pore axis was well defined

and did not change during the simulation, the positions of the

backbone atoms of the first two helix turns of S6 (W448-G454)

were constrained by a harmonic potential with a force constant
Human
of 5 kcal mol�1 Å�2 during the pulling and umbrella simulations.

Each umbrella simulation was run for 10 ns and repeated twice for

each of the original four MD replicas. The WHAM method,63 as

implemented in the program by Grossfield,64 was used to remove

the umbrella biases and calculate 1D PMFs. A final 1D PMF was

calculated for Kv3.2 WT, p.V469L, and p.V471L, respectively, by

averaging the individual PMFs for each variant, and the height

of the free energy barrier relative to the bulk solvent wasmeasured.

Heterologous expression of Kv3.2 ion channel and

whole-cell voltage clamp electrophysiology
WT Kv3.2, p.V469L, and p.V471L channel plasmids (1 ng/mL for

each plasmid) were separately transfected with green fluorescent

protein (GFP as marker to identify successful ion channel expres-

sion) into Chinese hamster ovary (CHO) cells using 10 mL Fugene

6 (Promega), following the manufacturer’s cell transfection in-

structions. Two days post transfection, cells with green color

were selected for patch clamp experiments.

Whole-cell voltage clamp experiments were performed at room

temperature (22�C–23�C) with 3–5 mU patch microelectrodes, by

using a MultiClamp 700B amplifier and DigiData 1550B low-noise

data acquisition system (Molecular Devices, Sunnydale, CA). The

extracellular solution contained (in mmol/L) NaCl 145, KCl 4.0,

MgCl2 1.0, CaCl2 1.8, glucose 10, and HEPES 10; pH 7.4, adjusted

with NaOH. The pipette (intracellular) solution contained (in

mmol/L) KCl 110, MgCl2 1.0, ATP-K2 5.0, BAPTA-K4 5.0, and

HEPES 10; pH 7.2, adjusted with KOH. Data acquisition was per-

formed using pClamp 10.7 software (Molecular Devices), sampling

at 1 kHz and low-pass-filtered at 5 kHz. Activating current was eli-

cited with 1-s depolarizing pulses from a holding potential of

�80mVat 10-mV increments, and tail current was recorded on re-

turn to �40 mV. Pulses were delivered every 15 s. The current-

voltage relationships were analyzed by fitting the Boltzmann

equation to the data: I ¼ Imax/{1 þ exp [(Vt � V0.5)/k] }, where

Imax is the maximal current, Vt is the test potential, V0.5 is the

membrane potential at which 50% of the channels are activated,

and k is the slope factor. Current densities (pA/pF) were obtained

after normalization to cell surface area calculated by the Mem-

brane Test in pClamp 10.7. A potassium channel blocker

4-aminopyridine (4-AP) at 200 mM (Sigma-Aldrich, St. Louis,

MO, USA) was used to test the sensitivity of WT Kv3.2 and two

variant (p.V469L and p.V471L) channels to drug block using a

1-s repetitive pulsing protocol from a holding potential

of �80 mV to a testing potential of þ60 mV.

DNA constructs for WT and variants of KCNC2
The coding sequences DNA of human Homo sapiens potassium

voltage-gated channel subfamily C member 2 KCNC2

(NM_139137.4)) was subcloned into pcDNA3.1þ/C-(k)-DYK

expression vector with an equipped FLAG tag (DYKDDDDK) in

C-terminal (GenScript, NJ, USA). The mutant KCNC2 variants

Kv3.2-p.V469L and Kv3.2-p.V471L cDNA constructs were gener-

ated by using a pair of designed overlapping primers for the PCR

in the QuikChange Site-Directed Mutagenesis Kit (Agilent, USA,

cat. no. 200523) and by using the PCR Overlap Extension method

to introduce the mutation site. Both variants were confirmed by

DNA sequencing.

Western blot
To detect the Kv3.2 protein expression and to perform protein

functional analysis, the WT and two mutated cDNA plasmids
Genetics and Genomics Advances 3, 100131, October 13, 2022 3



were transfected to CHO stable cells (ATCC, USA) by

X-tremeGENE 9 DNA Transfection Reagent (Roche). The trans-

fected cells were collected and lysed in modified radio-immuno-

precipitation assay lysis buffer (50 mM Tris [pH 7.4], 150 mM

NaCl, 1% NP-40, 0.2% sodium deoxycholate, 1 mM EDTA), and

1% protease inhibitor cocktail (Sigma-Aldrich, USA). Collected

protein samples were subjected to gel electrophoresis using 4%–

12% BisTris NuPAGE precast gels (Invitrogen Life Technologies,

USA) and transferred to PVDF-FL membranes (MilliporeSigma,

USA). Primary antibody against FLAG epitope tag located on

FLAG fusion proteins (Sigma-Aldrich, polyclonal ANTI-FLAG, rab-

bit host. F7425) was used to detect the Kv3.2 protein by indirect

immunofluorescent staining at a 1:500 dilution. Anti-Naþ/Kþ

ATPase antibody (Developmental Studies Hybridoma Bank, anti-

bodies at the University of Iowa for use in research, USA) at a

1:1,000 dilution was used as an internal quality control. IRDye

conjugated secondary anti-rabbit antibody (LI-COR Biosciences,

USA) was used at a 1:10,000 dilution. The membranes were

scanned using the Odyssey Infrared Imaging System, and the inte-

grated density value of bands was determined using the Odyssey

Image Studio software (LI-COR Biosciences, USA).
Clinical report
The UDN subject described here is a male who was born at

39 weeks gestation to a then 26-year-old G1P1 mother via C sec-

tion due to transverse positioning. His maternal grandfather had

a single seizure, but there was no other family history of seizures.

At 4 months of age he was diagnosed with infantile spasms, which

persisted despite treatment with zonisamide, pyridoxine, ACTH,

and ketogenic diet. Around 18 months of age he developed

generalized tonic clonic seizures and was diagnosed with Len-

nox-Gastaut syndrome. He continued to have frequent myoclonic

absence seizures and occasional generalized tonic clonic seizures

that were refractory to valproic acid, clobazam, lamotrigine, rufi-

namide, and cannabidiol. Phenobarbitaol was trialed but not

tolerated due to mood changes.

He also has global developmental delay that was noted by

10 months of age in the gross and fine motor domain. He sat at

24 months and walked at 3.5 years. Central hypotonia with ex-

tremity hypertonia was noted, but he did not have any hyperex-

tension posturing or dystonia. His reflexes were normal. He was

able to walk, but with a wide-based and ataxic gait.

On physical examination at 5.5 years his height andweightwere

both 5%–10%.Hewasmicrocephalic with a head circumference of

<3%. He had no dysmorphic features. He was alert and interactive,

but he did not speak with any clear words. Central hypotonia with

extremity hypertonia was noted, but he did not have any hyperex-

tension posturing or dystonia. His reflexes were normal. He was

able to walk, but with a wide-based and ataxic gait. Neuroimaging

studies included two MRIs and one CT of the brain, performed

when he was less than 1 year old, which were normal. His most

recent EEGs, performed around age 4 years, showedgeneralized sei-

zures and multifocal epileptogenicity. The first captured three

typical spells of staring with rhythmic head and extremity move-

ments. These corresponded to poorly formed generalized spike

and wave discharges most prominent in the bilateral posterior re-

gions that were thought to likely be generalized seizures. Soon after

that an EEG captured occasional medium to high-voltage sharp

waves most prominent in the bilateral mesial frontal regions, but

he did not show any seizures. Both were on a background of gener-

alized, non-specific, cerebral dysfunction.
4 Human Genetics and Genomics Advances 3, 100131, October 13, 2
Basic laboratory evaluation including complete blood counts

and a comprehensive metabolic panel have been normal. A screen

for metabolic disease including ammonia, lactate, pyruvate,

plasma amino acids, urine organic acids, and a plasma acylcarni-

tine profile revealed only minor non-specific abnormalities as

well. Additional tests of pipecolic acid, alpha aminoadipic semial-

dehyde, creatine metabolites, and CDG testing were reported as

WNL. At age 4 years, a lumbar puncture was performed with

normal cell counts, protein, and glucose. CSF amino acids and

neurotransmitter studies including 5-methyltetrahydofolate, neo-

pterin, tetrahydrobiopterin, 5-hydroxyindoleacetic acid, homova-

nilic acid, 3-O-methyldopa, and pyridoxal 5-phosphate were

normal as well.

Our UDN subject with the de novo p.V469L KCNC2 variant

shared several DEE-like symptom phenotypes that overlapped

those of the previously characterized individual29 with the de

novo p.V471L variant. These included DEE with seizures refractory

to medications, developmental delay, microcephaly, and identical

missense de novo KCNC2 variants separated by two codons

(p.V469L and p.V471L). However, they differ in that the reported

individual had also had complete absence of speech, dystonia,

decreased myelination around frontal and occipital horns of the

lateral ventricles and later widespread hypomyelination, spastic

tetraplegia, myoclonic jerks, and opisthotonos attacks. Work in

the Vanderbilt UDN is carried out under the oversight of the Van-

derbilt institutional review board.
Results

UDN individual with DEE-like symptoms

A 4-year-old boy at the Vanderbilt University UDN site pre-

sented with DEE-like phenotypes, includingmultiple types

of refractory seizure and global developmental delay.

Around 18 months of age, he developed generalized tonic

clonic seizures, and was diagnosed with Lennox-Gastaut

syndrome, a severe form of DEE. However, he continued

to have frequent myoclonic absence seizures and occa-

sional generalized tonic clonic seizure. A full clinical report

is available in the supplemental text.

Initial sequencing of the individual on an epilepsy gene

panel through Athena that covered ARHGEF9, ARX,

CDKL5, CNTNAP2, FOXG1, GABRG2, GRIN2A, KCNT1,

MECP2, NRXN1, PCDH19, PNKP, RNASEH2A, RNASEH2B,

RNASEH2C, SAMHD1, SCN1A, SCN1B, SCN2A, SCN8A,

SCN9A, SLC25A22, SLC2A1, SLC9AC, SPTAN1, STXBP1,

SYNGAP1, TCF4, TREX1, UBE3A, and ZEB2 was negative.

Deletion analysis of SCN1Awas negative as well. Secondary

findings, metabolic screens, and mitochondrial DNA

sequencing were also negative.

Following the negative epilepsy panel result, whole-ex-

ome sequencing revealed a candidate variant in a voltage-

gated potassium channel Kv3.2, KCNC2 c.1405G>T

(p.V469L). Sanger sequencing confirmed this variant. This

variant was not seen in either of his parents, and therefore

itwaspresumedtobedenovo. This variant is in the conserved

hinge motif of the channel which is critical for channel

gating (Figure 1). The potential relevance of this variant

is supported by another recently reported discovered
022



Figure 1. Candidate pathogenic variants in KCNC2 are nearby, but have different structural contexts in Kv3.2
(A) Homo-tetrameric structure of Kv3.2. The complete structural model of Kv3.2 (KCNC2) was generated using RosettaCM from
Kv1.2-Kv2.1 paddle chimera channel (PDB: 2R9R, 42.8% sequence identity). Four homologous subunits form the tetrameric channel
pore structure; chain A is shown in color. Each monomeric subunit has intracellular N terminal domain (black) and six transmembrane
helical domains. S1-S4 form the voltage sensing domain (VSD) (beige). The S4-S5 linker (magenta) is the force transducer between the
VSD and the channel pore, formed by the S5 (yellow) and the S6 (red) helices. The S5-S6 linker (orange) acts as the selectivity filter, al-
lowing only potassium ions through the channel. The candidate variant (p.V469L) is located in the PVPmotif (purple; residues 468–470)
which acts a hinge domain facilitating channel gating. The previously discovered variant (p.V471L) suspected to also cause DEE-like
symptoms is located adjacent to the PVP motif.
(B) A view of the carbon backbone of the S6 helix, showing the PVP hinge region. The valines at positions 469 (blue) and 471 (green) are
shown.
(C) A view of the channel pore formed by the tetrameric structure of Kv3.2, showing the selectivity filter (orange) and the hinge domain
(purple).
(D) A closer view of the channel pore with reference amino acids valine at positions 469 (deep blue) and 471 (teal) shown, alongside
variant leucine residues (light blue and cyan). Residue 469 extends into the pore, while residue 471 faces away from the pore.
(E) A view of the carbon backbone of the native (valine) and substituted (leucine) amino acids at positions 469 and 471.
candidate heterozygous variant also located in the hinge

domain of KCNC2 (c.1411G>C, p.V471L), only two amino

acids away from p.V469L, which has been observed in two
Human
European individuals.29,49 The UDN subject and the previ-

ously reported individual29 shared the phenotypes of DEE,

seizures refractory to medications, developmental delay,
Genetics and Genomics Advances 3, 100131, October 13, 2022 5



and microcephaly. However, their phenotypes differed in

that the previously reported individual also had complete

absence of speech, dystonia, decreased myelination around

frontal and occipital horns of the lateral ventricles, spastic

tetraplegia, myoclonic jerks, and opisthotonos attacks.

To evaluate the evidence for these VUS and propose spe-

cific functional hypotheses, we assessed the effects of these

variants on protein expression, structure, and function

with experimental and computational methods.

Structural modeling suggests distinct functional effects

for candidate KCNC2 variants

To evaluate the potential effects of theKCNC2 variants at the

molecular level, we constructed a homology model of its

tetrameric structure based on a high-resolution (2.4 Å)

structure of the Kv1.2-Kv2.1 paddle chimera channel (PDB:

2R9R)42 using the Rosetta molecular modeling suite.65

The homo-tetrameric Kv3.2 model, with six transmem-

brane helical domains (S1-S6) is shown in Figure 1A. The

PVP motif ranges between residues 468 and 470 on the

S6 helix and facilitates channel gating. The variants of in-

terest p.V469L and p.V471L are adjacent to the PVP motif

(Figure 1B). The channel pore is formed by the S5 and S6

helices of all four chains together (Figure 1C), and the

PVP motifs on all four helices act together for channel

gating. This region is almost entirely conserved among ver-

tebrates (Figure S1A). Furthermore, previous studies have

shown that altering the central hydrophobic residues in

Kv1.1 channels from valine to isoleucine affects channel

kinetics, stability, and conformational dynamics.66 The

sequence similarity between the template and Kv3.2 was

42.8%, and the sequence similarity over the force-trans-

ducing and pore-forming domains (S4-S6), was even

higher (>55%).

The UDN subject’s variant (p.V469L) results in a conser-

vative substitution, which changes the hydrophobic valine

at the core of the PVP motif to leucine, another hydropho-

bic amino acid. However, the p.V469L variant is predicted

to have a deleterious effect on the protein by commonly

used variant effect prediction tools such as CADD and

GERP (Figure S1B). The residue at position 469 faces into

the channel pore (Figure 1D), and while conservative

amino acid substitutions do not usually have severe effects,

in this case, the bulkier leucine amino acid (Figure 1E) at

the center of the PVP motif on the hinge domain could in-

fluence ion transfer. We hypothesize that it could sterically

obstruct the pore resulting in a decreased pore radius and

slower kinetics of channel gating. The steric hindrance of

the curving of the S6 helix could lead to fewer ions passing

though the pore.

The second recently reported candidate KCNC2

variant29 (p.V471L) is immediately adjacent to the PVP

motif (Figure 1A); however, the structural context of this

variant in our model suggests potentially different effects

from that of our UDN subject’s p.V469L variant. Residue

p.V471 faces away from the pore (Figure 1D) and, there-

fore, the substitution of the bulkier amino acid leucine
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(Figure 1E) is less likely to lead to a decrease in the pore

radius as the residue faces outward. In this case, we

hypothesize that the molecular effect of the p.V471L

variant would widen the pore and increase its tendency

to remain open, leading to more ions passing through

than normal and thus a gain-of-function phenotype. We

also predict that the channel gating will be affected by

the bulkier leucine residue; however, not to the extent of

the p.V469L variant since p.V471L faces away from the

channel pore.

p.V469L causes mixed gain and loss of channel function,

while p.V471L causes gain of function

To quantify the effects of the candidate variants we

quantified the electrophysiological function of Kv3.2,

potassium channel currents for WT Kv3.2 and the two dis-

ease-causing variants (p.V469L and p.V471L) in CHO cells.

The proteins were expressed in a homo-tetrameric model,

with all four chains carrying the variant, in each case.

The WT form of Kv3.2 showed a very fast deactivation,

in accordance with previously characterized behavior of

the Kv3.2 channel (Figures 2A and S2). KCNC2 is primarily

expressed in the brain, where its product Kv3.2 contributes

to the fast repolarization of action potentials in neurons of

the central nervous system.35,67,68 Therefore, short spike

duration and rapid deactivation of Kv3.2 channels are

important for normal physiology.

The electrophysiological profiles for the p.V469L variant

(Figures 2B and S2) compared with the WT Kv3.2 had a

lower peak current and much longer deactivation tails.

The peak current for the p.V469L mutant was less than

half that of WT (Figure 2D), with a much slower deactiva-

tion and a slight negative shift of �10 mV (Figure 2E). In

contrast, the electrophysiological profile for p.V471L

(Figures 2C and S2) showed a much higher peak current

than WT, with a longer deactivation tail. The p,V471L

peak current was 1.5 times that of the WT channel

(Figure 2D), with a moderately slower deactivation, but a

drastic negative shift of �28 mV (Figure 2E). The very

slow deactivation and slightly negative voltage shift

observed for p.V469L and moderately slow deactivation

and dramatically negative voltage shift for p.V471L align

with the structural hypothesis of loss-of-function and

gain-of-function phenotypes, respectively. However,

p.V469L also exhibits some potential gain-of-function ef-

fects with lower current and very slow deactivation, but a

mild hyperpolarizing shift in steady-state activation,

ameliorating the loss-of-function phenotype. For each

variant, the same amount of plasmid was injected, and

the behavior of the proteins at their native levels of

expression was analyzed.

We further characterized the effect of the variants on

channel function by administration of the voltage-gated

potassium channel blocker 4-AP. Kv3.2 is very sensitive

to 4-AP.69–71 4-AP is known to approach the channel

lumen from the cytoplasmic side69,72,73; and bind the

open channel weakly. Once bound, the channel becomes
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Figure 2. Candidate Kv3.2 variants cause loss and gain of channel function
(A) Representative potassium current traces for wild-type (WT) Kv3.2 in CHO cells recorded by voltage clamp. WT shows the character-
istic current amplitude and fast deactivation (short deactivating tail currents).
(B) Current traces for the p.V469L variant show lower peak current and very slow deactivation.
(C) Current traces for the p.V471L variant demonstrate much higher current and moderately slowed deactivation compared with WT.
Each voltage clamp used the protocol shown in the insert of (A). The deactivation tails are compared in greater detail in Figures S2A–S2C.
(D) Current versus steady-state voltage (I-V) curves for WT Kv3.2, p.V469L, and p.V471L. The p.V469L variant showed a much lower
current at steady state, while the p.V471L variant showed increased current at steady state.
(E) Current versus voltage plots for the tails for each variant p.V469L has a slight negative shift (�10 mV), while p.V471L has a large
negative voltage shift (�28 mV). Each group considered 6 to 10 cells.
(F) Percentage of channel activity (steady-state current) blocked by 200 mM 4-aminopyridine (4-AP), a known voltage-gated potassium
channel blocker, for WT, p.V469L, and p.V471L. The WT and p.V469L Kv3.2 were similarly blocked (p > 0.05, n ¼ 6 for each), but
p.V471L was resistant to 4-AP blockage (p< 0.0001, n¼ 6). Error bars represent standard deviations. Figures S3A–S3C show the protocol
and representative traces for each variant. Altogether, these data demonstrate loss- and gain-of-function effects on channel activity for
p.V469L and p.V471L, respectively.
biased toward the closed state,72 and 4-AP binds strongly to

the closed conformation, blocking the channel.

Interestingly, 4-AP blocked the channel activity similarly

for the WT and p.V469L Kv3.2 (Figures 2F and S3). Both

experienced >70% decreases in activity (p > 0.05, n ¼ 6).

In contrast, the gain-of-function p.V471L variant was resis-

tant to 4-AP compared with WT and p.V469L (p < 0.0001

for both, n ¼ 6), showing a less than 30% reduction in ac-

tivity (Figures 2F and S3). This could be due to the p.V471L

variant stabilizing the channel in the open conformation,

thereby making 4-AP less effective in closing the channel

and less likely to bind. These results further support

the contrasting functional mechanisms we propose for

p.V469L and p.V471L.

p.V469L expression is lower while p.V471L expression is

higher than WT

Rare pathogenic protein-coding variants, in addition to

causing changes to protein structure and molecular func-

tion, can also lead to altered protein expression in cells.

We compared the levels of protein present in cells for the
Human
WT and two Kv3.2 variants with an immunoblot analysis

(western blot).

The homomeric p.V469L Kv3.2 was present at less than

half the amount for homomeric WT, while the levels for

homomeric p.V471L Kv3.2 were greater than 1.5 times

that of WT (Figure 3). Thus, expression differences likely

contribute to the loss- and gain-of-function effects for

the two variants, respectively. However, while the expres-

sion levels could cause the observed differences in the

peak currents for the two variants (Figure 2), differences

in protein levels alone cannot explain the slowed deactiva-

tion dynamics of the p.V469L channel. Thus, both differ-

ences in the molecular function and expression levels of

these KCNC2 variants contribute to their phenotypic

effects.

p.V469L constricts the channel pore in MD simulations

increasing the energetic barrier for Kþ ion permeation

To explore the molecular basis for the functional changes

caused by p.V469L and p.V471L, we performed MD simu-

lations of these ion channel variants and of WT Kv3.2 in
Genetics and Genomics Advances 3, 100131, October 13, 2022 7



A B Figure 3. Candidate KCNC2 variants
modify Kv3.2 expression levels
(A)Western blot showing expression ofWT
Kv3.2, p.V469L, and p.V471L variants in
CHO stable cells. The mock well shows
only the ATPase antibody tag, while the
WT-, p.V469L-, and p.V471L-labeled wells
have the corresponding version of Kv3.2
loaded. Kv3.2 has a molecular weight of
�70 kDa and shows up as one band, below
the 75 kDa marker, thus confirming the
presence of the protein in its native state.
The p.V471L band is larger and more

intense thanWT, while p.V469L is faint. This suggests higher protein levels for p.V471L and lower levels for p.V469L comparedwithWT.
(B) Protein expression estimated from western blot band intensity. The protein levels for p.V469L were roughly half that of the WT, and
the proteins levels for the p.V471L were more than 1.5 times that ofWT. These results support a loss-of-function phenotype for p.V469L
and a potential gain-of-function phenotype for p.V471L. Error bars represent standard deviations.
POPC membranes. Each system was simulated for more

than 1 ms in total. Figures 4A–4C displays simulation snap-

shots of the three ion channel systems and Videos S1–S6

show representative MD trajectories. We observed that

the inner pore helices in p.V469L moved closer together

at their hinge motif sites such that the pore became more

constricted and fewer water molecules were able to enter

the inner channel cavity through the cytosolic gate. This

effect was most likely driven by increased attractive inter-

actions between leucine 469 residues on adjacent and

opposite S6 helices that led to a ‘‘de-wetting’’ of the chan-

nel pore. Calculation of the pore radius along the channel

axis (z axis) (Figure 4D) confirmed that the Kþ ion perme-

ation pathway in the p.V469L channel is more constricted

compared with WT and p.V471L Kv3.2 channels.

Furthermore, we noticed small but distinct differences of

the backbone structure at residue 469 and preceding resi-

dues (Figure S4; Table S1). By contrast, the pore radius of

the p.V471L channel was slightly wider than that of WT

Kv3.2, indicating that p.V471L adopted a stable open

conformation in MD. One possible explanation for this

observation is the difference in the types of interactions

made by residues at positions 469 and 471. While L469

side chains are oriented toward each other and toward

the pore, L471 residues are oriented outward and interact

with residues on S5 in the same subunit and with residues

on S6 in a neighboring subunit. The largest number of

atom contacts of L471 are made with Y480 on an adjacent

S6 helix (Figure S5). In this variant, the number of

heteroatom contacts (within 4 Å radius) for the L471-

Y480 interaction more than doubled relative to the

V471-Y480 interaction in WT Kv3.2 (average of �3.2

contacts in WT Kv3.2 to �7.0 contacts in the p.V471L

channel). This finding offers a plausible explanation for

how this amino acid change at position 471 leads to stabi-

lization of the open channel conformation.

To assess the energetic cost more directly for Kþ ion

permeation in WT Kv3.2 and both channel variants, we

used umbrella MD simulations and calculated the PMF

for moving a Kþ ion from the cytosolic site of the channel

through the S6 helix gate into the water-filled cavity below

the selectivity filter (Figure 5A). Compared with WT, the
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energetic barrier for ion transfer of the p.V469L variant

increased by �0.8 kcal/mol (Figure 5B). The p.V471L

variant, however, required an energy for ion transfer

similar to WT. The highest peak in the PMF and the

p.V469L-specific energy increase occurred at position

P470. This indicates that p.V469L, but not p.V471L, con-

stricts the channel pore at the PVP hinge region, which

is in line with our pore radius measurements.

In summary, MD simulations provided detailed insight

into themolecularmechanismunderlying the altered func-

tion of both variants. Our MD results agree well with the

experimentally observed loss-of-function andgain-of-func-

tion phenotypes for p.V469L and p.V471L, respectively.
Discussion

Deriving actionable information for diagnosis and treat-

ment from clinical sequencing data is a fundamental chal-

lenge in genetics and medicine. Current methods for

analyzing sequencing data often fail due to the inability

to predict the effects of the detected VUS on protein func-

tion. Here, we illustrate the power of a personalized struc-

tural biology pipeline that places candidate VUS into 3D

structural models tailored to the individual. The integra-

tion of cycles of computational and experimental analysis

enabled us to provide mechanistic molecular insights into

the different mechanisms by which two proximal candi-

date KCNC2 VUSs lead to DEE-like phenotypes. DEE has

been previously linked to dysfunction of other ion chan-

nels.74,75 Moreover, Kv3 channel family members have

been previously associated with neurological disorders

such as ataxias, epilepsies, schizophrenia, and Alzheimer

disease.76

The p.V469L variant occupies the central hydrophobic

residue of the PVPmotif and the flexibility of this hinge re-

gion is critical for channel opening and closing kinetics.77

Previous studies in other channels supported this hypoth-

esis, as altering the central hydrophobic residues in Kv1.1

channels from valine to isoleucine, a constitutional isomer

of leucine, affected channel kinetics, stability, and confor-

mational dynamics.66 The p.V469L variant resulted in
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Figure 4. The channel pore of Kv3.2 p.V469L becomes constricted in MD simulations, whereas the pore of p.V471L adopts a stable
open conformation
(A–C) Snapshots from MD simulations of Kv3.2 WT (A), p.V469L (B), and p.V471L (C). The entire MD trajectories are shown in Videos
S1–S6. For each protein, the channel-membrane systemwas simulated in four replicas with a total simulation time ofmore than 1 ms. The
protein is represented as ribbon with each chain shown in a different color. One domain in the front is not shown to better see the chan-
nel cavity. The amino acids at positions 469 and 471 are depicted as spheres and colored cyan and yellow, respectively. Water molecules
are shown as sticks (red-white).
(D) Surface representation of the pore radius of Kv3.2WT (left) and 1D pore radius profiles (right) along the channel axis (z axis) for WT,
p.V469L, and p.V471L. The solid line and shaded area represent the average radius and standard deviation from four independent MD
replicas.
>50% decrease in peak current and a very slow deactiva-

tion with a slight negative shift (�10 mV). Interestingly,

the p.V469L variant caused the Kv3.2 channel to be ex-

pressed at <50% of WT. Molecular dynamics simulations

showed that the p.V469L variant had a smaller pore radius

and a higher energetic barrier to ion transfer. The constric-

tion was likely the result of hydrophobic interactions be-

tween bulkier L469 residues causing part of the channel

pore to become devoid of water molecules.78,79

The V471 variant is immediately adjacent to the PVP

hinge motif and resulted in a >50% increase in the peak

current, with moderately slow deactivation, but a drastic

negative shift (�28 mV). There was also an increase in pro-

tein expression to >150% of WT and the pore remained

fully open in MD and the pore radius for the p.V471L
Human
variant of Kv3.2 channel was slightly wider. An increased

number of inter-subunit contacts made by p.V471L sug-

gests a possible mechanism how this mutant could selec-

tively stabilize the open channel state. The p.V469L and

p.V471L variants had heterogeneous loss-of-function and

gain-of-function effects, respectively.

The lower current for p.V469L versus higher for p.V471L

compared with WT could be explained by the differences

in protein expression levels. However, alterations in the

protein level would not cause changes in the kinetics of

deactivation. The two variants could affect the energy

required for the protein to undergo conformational

changes between the open and closed states. The adja-

cency of the variants to the PVP motif would lead to

changes to the ability of the helix to kink at the hinge
Genetics and Genomics Advances 3, 100131, October 13, 2022 9



Figure 5. p.V469L increases the energy required for Kþ ion transfer through the cytosolic gate of Kv3.2 compared with WT and
p.V471L
(A) We estimated the energy required to transfer a Kþ ion (purple sphere) through the cytosolic channel gate, from the bulk solvent into
the cavity below the selectivity filter by umbrella MD simulation. A close-up view of the gate and aqueous cavity of WT Kv3.2 channel is
shown. The subunit in the front is not depicted to better see the Kþ permeation pathwaywhich is lined by residues on S6. The side chains
of reference amino acids V469, P470, and V471 are drawn as cyan, green, and yellow spheres, respectively.
(B) 1D PMF of Kþ transfer through the channel for Kv3.2WT, p.V469L, and p.V471L. The purple spheres represent Kþ ions. The solid line
and shaded area represent the average PMF and standard deviation of four independent MD simulations. The p.V469L variant induces a
greater energetic barrier to ion transfer compared with WT and p.V471L. The increased energetic requirement is focused on the
conserved P470 residue in the hinge region. This supports the relevance of the disruption of this element to function and the functional
difference between p.V469L and p.V471L despite their spatial proximity.
domain and facilitate channel gating. The p.V469L

variant, which results in the central hydrophobic valine

of the PVP motif to be substituted by a bulkier leucine ex-

tending into the pore, results in a lower tendency for the

helix to kink and, therefore, leads to slower channel gating

and slower deactivation. In contrast, the stabilization of

the p.V471L channel in the ‘‘open’’ conformation, which

would also affect channel gating, is consistent with its

moderately slow deactivation. Thus, our results indicate

that the variants influence both expression and channel

function. However, our results do not identify the cause

of the differences in the expression levels of the two vari-

ants. It is likely that these result from differences in protein

folding or stability. However, further studies, such as anal-

ysis of the amount of protein on the membrane and pro-

tein trafficking in cells, are needed to identify the causes.

For experimental simplicity, we carried out our in vitro

and in silico analyses with all four chains carrying the

variant of interest. In the future, it would be valuable to

evaluate the spectrum of effects for channels carrying

different combinations of variant and WT chains;

although we anticipate similar effects. Furthermore, we

note that our results are based on a computational model
10 Human Genetics and Genomics Advances 3, 100131, October 13,
of Kv3.2; it will be valuable to revisit the modeling as addi-

tional models of Kv3.2 become available.

We have not simulated the entire dynamics involved in

channel activation and deactivation. This process is too

long to be studied by conventional MD methods.

Enhanced MD protocols, which aim at representing the

free energy landscape of the molecular system by a set of

low-dimensional collective variables, have been used to

simulate conformational changes for some ion channel

systems.80 These methods could be helpful for explaining

the observed changes in activation potential and deactiva-

tion time. However, no general protocol for deriving a set

of collective variables that capture the whole activation

and deactivation cycle of Kv channels, such as Kv3.2, is

available yet.

The ability of the channel blocker 4-AP to inhibit the

p.V469L Kv3.2 channel aligned with the loss-of-function

phenotype because 4-AP approaches the channel lumen

from the cytoplasm69,72,73; therefore the steric hindrance

of the pore cavity by p.V469L should not affect its mecha-

nism of action. Furthermore, the decreased ability of 4-AP

to block the p.V471L channel supports the gain-of-

function hypothesis. Channel closing is destabilized in
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p.V471L, so 4-AP may not bind as efficiently to the open

channel. These results also illustrate how the personalized

structural biology approach can help evaluate the effects of

possible pharmacological interventions. For example, 4-AP

is not likely to help individuals with the p.V469L variant, it

is possible that it could counteract some effects of the

p.V471L variant.

Taken together, the clinical features of the UDN and pre-

viously reported individuals and the combined experi-

mental and molecular modeling of their de novo KCNC2

variants demonstrate their functional role as a cause of

DEE. The phenotypes associated with the two variants in

KCNC2 discussed in this work are the result of differentmo-

lecular mechanisms, even though the residues are only two

amino acids away. Analyses of these variants in their struc-

tural context was key to revealing their mechanistic and

functional heterogeneity. Moreover, our results highlight

the need to trace the complex mapping from genotype to

disease phenotype via molecular functions. In addition to

the contribution to diagnosis, our results also suggest that

drugs thatmodulate the activity ofKv3.2havedifferentmo-

lecular consequences based on the presence of individual

missense variants, further elaborating the necessity for a

structural biology motivated personalized approach.

Several additional Kv3.2 variantswere recently reported as

candidates for epilepsy phenotypes.48 For example, four

additional variants with functional evidence are: p.C125W

and p.E135G in the cytosolic domain of the protein,

p.F219S in the S1 helix at the base of the membrane,

and p.T437A in the S5-S6 linker in the membrane

(Figure S6A). T437A lies in the highly conserved and func-

tionally important S5-S6 linker, which acts as the selectivity

filter allowingonlyKþ ions through the channel. Thevariant

alanine has one fewermethyl group than the reference thre-

onine and lacks apolarhydroxyl group.Wehypothesize that

this variantmight lead to a lowered specificity for potassium

ions for the channel, and other ions may be allowed in as

well, leading to disease phenotypes (Figure S6B). These high-

light the diversity of molecular mechanisms by which vari-

ants inKv3.2may influencediseasephenotypes.Weareopti-

mistic that more detailed structural modeling of these

variants will suggest clear functional hypotheses.

This case study demonstrates the strength of personalized

structural biology as a diagnostic method to predict precise

molecular hypotheses by taking the context of the variant

of interest in the 3D structure of the protein into account.

The preliminary structural modeling steps can be performed

within approximately 1 day on standard high-performance

computer clusters, enabling the potential integration of the

resulting insights into clinical decision making. Going for-

ward, this approach has broad applicability across VUS

observed in studies from rare disease to cancer.
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Brünger, T., Hedrich, U.B.S., Augustijn, P.B., Baier, H., Bayat,

A., Bisulli, F., et al. (2021). Heterozygous variants in KCNC2

cause a broad spectrum of epilepsy phenotypes associated

with characteristic functional alterations. Preprint at medRxiv

12, 2021.

49. Rydzanicz, M., Zwoli�nski, P., Gasperowicz, P., Pollak, A., Kostr-

zewa, G., Walczak, A., Konarzewska, M., and P1oski, R. (2021).
A recurrent de novo variant supports KCNC2 involvement in

the pathogenesis of developmental and epileptic encephalop-

athy. Am. J. Med. Genet. 185, 3384–3389.

50. Leman, J.K., Weitzner, B.D., Lewis, S.M., Adolf-Bryfogle, J.,

Alam, N., Alford, R.F., Aprahamian, M., Baker, D., Barlow,

K.A., Barth, P., et al. (2020). Macromolecular modeling and

design in Rosetta: recent methods and frameworks. Nat.

Methods 17, 665–680.

51. Song, Y., Dimaio, F., Wang, R.Y.R., Kim, D., Miles, C., Brunette,

T., Thompson, J., and Baker, D. (2013). High-resolution
enetics and Genomics Advances 3, 100131, October 13, 2022 13

http://refhub.elsevier.com/S2666-2477(22)00047-1/sref19
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref19
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref19
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref20
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref20
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref20
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref21
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref21
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref22
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref22
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref22
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref23
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref23
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref23
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref24
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref24
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref24
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref24
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref24
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref25
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref25
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref26
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref26
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref26
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref26
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref26
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref27
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref27
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref27
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref28
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref28
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref28
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref29
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref29
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref29
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref29
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref29
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref30
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref30
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref30
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref30
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref30
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref31
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref31
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref31
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref32
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref32
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref32
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref33
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref33
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref33
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref33
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref34
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref34
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref34
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref34
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref35
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref35
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref35
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref35
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref36
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref36
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref36
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref36
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref37
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref37
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref38
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref38
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref38
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref38
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref39
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref39
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref39
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref39
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref40
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref40
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref40
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref41
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref41
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref42
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref42
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref42
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref43
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref43
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref43
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref44
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref44
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref44
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref44
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref45
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref45
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref45
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref45
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref45
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref46
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref46
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref46
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref46
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref46
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref46
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref47
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref47
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref47
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref47
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref47
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref48
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref48
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref48
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref48
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref48
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref49
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref49
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref49
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref49
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref49
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref49
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref50
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref50
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref50
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref50
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref50
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref50
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref51
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref51
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref51
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref51
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref51
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref52
http://refhub.elsevier.com/S2666-2477(22)00047-1/sref52


comparative modeling with RosettaCM. Structure 21, 1735–

1742.

52. Barth, P., Wallner, B., and Baker, D. (2009). Prediction of mem-

brane protein structures with complex topologies using

limited constraints. Proc. Natl. Acad. Sci. USA 106, 1409–

1414.

53. DiMaio, F., Leaver-Fay, A., Bradley, P., Baker, D., and André, I.
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