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Purpose: DNA sequencing technology has unmasked a vast
number of uncharacterized single-nucleotide variants in disease-
associated genes, and efficient methods are needed to determine
pathogenicity and enable clinical care.

Methods: We report an E. coli–based solubility assay for assessing
the effects of variants on protein domain stability for three disease-
associated proteins.

Results: First, we examined variants in the Kv11.1 channel PAS
domain (PASD) associated with inherited long QT syndrome type 2
and found that protein solubility correlated well with reported
in vitro protein stabilities. A comprehensive solubility analysis of 56
Kv11.1 PASD variants revealed that disruption of membrane
trafficking, the dominant loss-of-function disease mechanism, is
largely determined by domain stability. We further validated this
assay by using it to identify second-site suppressor PASD variants

that improve domain stability and Kv11.1 protein trafficking.
Finally, we applied this assay to several cancer-linked P53 tumor
suppressor DNA-binding domain and myopathy-linked Lamin A/C
Ig-like domain variants, which also correlated well with reported
protein stabilities and functional analyses.

Conclusion: This simple solubility assay can aid in determining
the likelihood of pathogenicity for sequence variants due to protein
misfolding in structured domains of disease-associated genes as well
as provide insights into the structural basis of disease.
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INTRODUCTION
A pressing challenge in medicine is to understand the
consequences of the enormous genetic variability in humans
demonstrated by exome and genome sequencing projects and
in clinical genetics.1 The classification of low frequency DNA
coding variants as disease causing is critical for the diagnosis,
management, and prognostication of patients and families
who harbor these variants. There is currently a dearth of
functional data to support the American College of Medical
Genetics and Genomics and the Association for Molecular
Pathology (ACMG/AMP)1,2 classification of variants as
benign, likely benign, likely pathogenic, pathogenic, or
uncertain significance. With sequence variants in about
3000 genes underlying over 4000 Mendelian phenotypes as
well as the growing number of cancer-linked somatic variants,
the biochemical and physiological characterization for all
variants is impractical.3 Consequently, dozens of sequence
and structure-based bioinformatics tools have been developed
to predict their functional impact.1,4 In many proteins, the
most common disease mechanism introduced by sequence
variants is domain instability, which can lead to protein
misfolding and aggregation (Fig. S1).5,6 However,

pathogenicity prediction tools such as FoldX,7 a popular
protein stability calculator, have limitations and are often
unreliable8 highlighting the continued need for experimental
characterization.
Assessment of protein stability using bacterial expression

systems has been a focus of intense effort given applications to
develop commercial proteins and biopharmaceuticals. Native
and overexpressed proteins in bacteria can misfold and form
insoluble protein aggregates (inclusion bodies). For the E. coli
protein HypF, variants predicted to be destabilizing have
increased aggregation compared with wild type (WT).9

Further, a high-throughput bacteria colony-based screen
demonstrated a strong correlation between cellular aggrega-
tion and thermal stability for ten proteins from several
different organisms.10 These observations focused on engi-
neering more stable proteins for production, and few studies
have examined the ability of such assays to evaluate human
sequence variants recombinantly expressed in E. coli.11,12

Based on these studies and the simple methods available for
screening protein solubility in bacteria, we set out to test on a
larger scale and with several different proteins whether the
presence of sequence variants causing protein misfolding
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could be efficiently assessed in E. coli by simply measuring the
amount of soluble protein by immunoblot without the need
for additional denaturation steps or bulky tags. We focused on
missense (single-nucleotide) variants since these are the most
common variants and their detrimental effects are less
predictable than the severe changes to protein structure and
function such as insertions, frame-shifts, deletions, and
premature truncations.
We chose three protein domains in human disease-

associated genes with sequence variants reported to cause
loss of function and have decreased thermal stabilities as
benchmarks for testing the solubility assay. First, we tested
variants in the Kv11.1 channel PASD responsible for a major
component of cardiac action potential repolarization and
associated with long QT syndrome type 2 (LQT2).13–16 The
most common mechanism underlying LQT2-associated loss
of Kv11.1 channel function is impaired protein trafficking to
the surface membrane.16 Furthermore, trafficking for many of
these variants can be improved with a variety of interventions
including reduced culture temperature or culture with high
affinity Kv11.1 channel blockers,16 suggesting different
degrees of protein stability. We took advantage of having
trafficking data for over 60 PASD variants already reported to
use for comparison with our solubility assay, toward
providing a structural basis for different Kv11.1 trafficking
phenotypes and helping to identify LQT2-PASD suppressor
variants. Next, we tested our solubility assay on several
oncogenic variants in the DNA-binding domain (DBD) of the
tumor suppressor P53 protein. P53 accounts for half of all
cancers with at least 1200 distinct variants identified.17–20

Finally, we tested variants in the immunoglobulin D domain
(IgD) of Lamin A/C, a major component of the nuclear
envelope, associated with cardiomyopathy, muscular dystro-
phy, lipodystrophy, and premature aging.21,22 Remarkably, we
found solubility to be a good proxy for misfolding of
structural domains in three different disease-associated
proteins. This simple solubility assay should have broad
utility toward rapid and efficient DNA sequence variant
classification regarding pathogenicity via protein domain
misfolding as well as gaining structural insights into disease
and therapies.

MATERIALS AND METHODS
Bioinformatics
Structural models were created in Pymol using Protein Data
Bank (PDB) ID 5K7L for EAG1, PDB: 1BYW for the PASD,13

PDB: 1IFR for the IgD,21 and PDB: 1TSR for the DBD.17

Three models (PDB 1BYW, 4HP9, 4HQA)13,23 were used as
inputs for FoldX PASD calculations7 using the YASARA
molecular graphics interface. PDB structures were first refined
with the FoldX “RepairPDB” function and then predictions
were made using default parameters. For the IgD and DBD,
PDB 1IFR and 1TSR were used as inputs for FoldX
calculations using the iRDP web server, respectively. Amino
acid conservation scores were calculated with ConSurf using
default parameters. Scores are ranked from 1 (variable) to 9

(conserved). Relative solvent accessibilities were calculated
using ASAview. Variants were also evaluated using the
stability prediction web servers: I-Mutant, Eris, CUPSAT,
MuPro, PolyPhen, PoPMuSiC, and MutPred. Variants were
binned using the PolyPhen descriptors “probably damaging”
(ΔΔG values ≥ 2.0), “possibly destabilizing” (0 < ΔΔG < 2) or
benign (ΔΔG ≤ 0). CUPSAT and I-Mutant gave results with
opposite sign, so values were reversed to simplify compar-
isons. MutPred percentages ≥0.75 were assigned probably
destabilizing,” 0.5–0.75 possibly destabilizing, and ≤0.5
benign. References for all bioinformatics tools are in the
supporting supplement.

Expression constructs
All variants were made using the QuikChange II XL kit from
Agilent (Santa Clara, CA) using primers designed with the
Agilent Primer Design Program. Primers were obtained from
Integrated DNA Technologies (Coralville, IA). Templates for
mutagenesis were pcDNA3-Kv11.1 as previously published,16

pEGFP-p53 (Addgene #12091),24 and pcDNA3-GFP-LaminA-
N195K (Addgene #32708),25 which was mutated back to WT.
Restriction digest analysis was used to test the integrity of all
constructs and all variants were verified by sequencing at the
University of Wisconsin (UW) Biotechnology Center. For E.
coli expression constructs, polymerase chain reaction (PCR)
was used to amplify the PASD (amino acids 2–135), IgD
(amino acids 435–553), and DBD (amino acids amino acids
92–292) for ligation independent cloning (LIC) into a 6× His-
tagged pET3 plasmid as previously described.26

Protein expression and solubility assay
Single colonies of BL21 (DE3) cells transformed with each 6×
His-tagged mutant construct were grown overnight (13–18
hours) at 37 °C in 2 ml of autoinduction media (0.5% glycerol,
0.5% glucose, 0.2% α-lactose, 25 mM Na2HPO4, 25 mM
KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4, and 2 mM MgSO4).
An equal number of cells (1.5 ml max) were harvested,
washed (50 mM Tris, 150 mM NaCl, pH 7.5) once, resus-
pended in 100 μL of wash buffer and lysed for 10 minutes in
lysis buffer (1× Cell Lytic B® [Sigma]) in wash buffer and 100
μM PMSF. Then, 5 μL of total cell lysate was diluted in 25 μL
of wash buffer and added to an equal volume of 2× sample
buffer (125 mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 50
mM DTT and 0.005% Bromophenol Blue) before western
blot. Soluble protein was collected from the supernatant after
a 15,000g spin for 10 minutes and diluted in equal amounts of
2× sample buffer for western blot or serially diluted 1:2 for dot
blot (1 μL). All samples were boiled for 1–2 minutes before
12% sodium dodecyl sulfate–polyacrylamide gel electrophor-
esis (SDS-PAGE) (50× more soluble protein was loaded by
volume than total protein) and transferred to nitrocellulose
paper. All blots were first blocked for 10 minutes in blocking
buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween-20,
and 10% dry milk) and detected with anti His-HRP antibodies
(Santa Cruz Biotech for PASD and IgD or Rockland
Immunochemicals Inc. for DBD). Densitometry was
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performed using ImageJ (NIH) to quantify immunoblots. For
dot blots, one representative row from each serially diluted
dot blot was quantified (n ≥ 3) (see Fig. S3 for representative
examples).

Kv11.1 trafficking
HEK 293 cells were cultured at 37 °C and transfected with the
Kv11.1 variants using Lipofectamine 2000 (Invitrogen;
ThermoFisher). Immature and mature Kv11.1 protein bands
were detected by immunoblot analysis of whole-cell lysates.
Briefly, lysates were mixed with an equal amount of Laemmli
sample buffer, separated by 7% SDS-PAGE, and detected with
an antibody to the distal C-terminus as previously
described.16

Kv11.1 function
Stable cell lines were generated by transfecting HEK cells with
mutant Kv11.1 pcDNA3 and selecting in G418 as previously
described.16 Single colonies of G418 resistant cells were then
tested for Kv11.1 expression by immunoblot. Cell lines that
gave a robust 155-kD band on immunoblot were used for
electrophysiological analysis. Kv11.1 current was measured
using the whole-cell patch clamp technique as previously
described.16 Voltage protocols are described in Fig. 3 and data
analysis was done using pCLAMP 8.0 (Axon Instruments)
and Origin (6.0 Microcal).

Lamin A/C aggregation
HEK 293 cells of similar confluence were cultured at 37 °C
and transfected with the GFP-tagged constructs described
above using Lipofectamine 2000 (Invitrogen; ThermoFisher).
Cells were imaged the following day at 20× or 40×
magnification using the EVOS FL Imaging System (Thermo-
Fisher). The percentage of cells with aggregates was obtained
by counting at least 100 cells from several different fields of
view averaged over 4–6 transfections.

Statistics
All data are presented as mean ± SD. One-way analysis of
variance (ANOVA) was used for statistical analysis followed
by the Tukey post hoc test. P < 0.05 was considered
statistically significant.

RESULTS
Assessing Kv11.1 PASD misfolding
Kv11.1 is a large multidomain membrane protein containing
a 110–amino acid N-terminal intracellular PASD harboring
over 60 sequence variants putatively associated with LQT2
(Fig. 1a). We have previously used a membrane trafficking
assay in HEK 293 cells to show that LQT2-associated variants
exhibit different trafficking efficiencies that can be grouped as
follows: (1) trafficking deficient and uncorrectable, (2)
trafficking deficient but correctable by culturing cells at
reduced temperature, (3) trafficking deficient but correctable
with reduced temperature and Kv11.1 channel blockers, and
(4) variants that traffic similar to WT. Because domain

misfolding leads to deficient trafficking, we first sought to see
if computational models could predict the results of published
trafficking assays for LQT2 variants in the PASD.16 Since
destabilizing variants are typically overrepresented at evolu-
tionarily conserved residues,27 in hydrophobic, buried regions
in the core of the domain,5 and are more chemically severe,28

we used the ConSurf and ASAView bioinformatics tools to
determine their conservation score (scored 1–9) and relative
solvent accessibility (RSA), respectively. Using ConSurf,
LQT2 residues averaged 7.1 (9 being the highest) compared
with 6.1 for all residues (Fig. 1a and Table S1). Most of the
variants at highly variable residues involve proline—a unique
amino acid that forces structural rigidity and backbone strain
on PASD folding—or result in other large physicochemical
changes (e.g., S26I, I30T). Using ASAView, LQT2 residues
averaged 26% solvent accessibility compared with 32% for all
residues (Table S1) with the most severe variants (i.e.,
trafficking defective and uncorrectable) being buried (Fig. 1b).
Using the structure-based stability prediction tools FoldX,

PolyPhen, MUpro, CUPSAT, Eris, and I-Mutant 2.0, we
found that ≥75% of LQT2-PASD variants are “possibly to
probably destabilizing” (Fig. S2 and Table S1) but with a great
deal of scatter. Overall, FoldX is the best predictor of stability
when compared with trafficking phenotype but is unreliable
when individual variants are compared with reported changes
in melting temperatures underscoring the need for biochem-
ical characterization (Fig. 1c).
To assess the stability of these variants, we expressed the

PASD with extra N-terminal aliphatic helix region (amino
acids 2–135) and tested their solubility as a proxy. To
benchmark this method, we tested 14 PASD missense variants
reported in two different studies with thermal stabilities that
correlate with their Kv11.1 trafficking properties (i.e.,
thermally unstable PASD variants are trafficking defec-
tive)14,15 and three variants we previously categorized as
likely benign (E58D, V115M, and F125C) (Fig. 2a).16 Fig. 2b
shows the immunoblot results for nine of the reported
proteins where total protein levels were all similar to WT but
the amount of soluble protein varied using western blot
(Fig. 2b and Table S1). Overall, destabilized PASD variants
with lower melting temperatures and trafficking defects are
less soluble than WT in contrast to trafficking competent but
dysfunctional R56Q and N33T as well as WT-like trafficking
and functional E58D, V115M, and F125C (Fig. 2b–d).16

Further, the level of solubility largely trended with stability
(i.e., the more destabilized the variant, the less soluble it is)
(Fig. 2c). To simplify the misfolding assay further, we also
assessed solubility by dot blot, which had a good correlation
to western blot analysis (R2= 0.82) (Fig. 2b–d). We then used
our solubility assay to perform a comprehensive analysis of all
PASD variants previously characterized16 and found that
trafficking phenotype largely correlates with PASD solubility
(Fig. 2e). This result demonstrates a simple and rapid way of
assessing misfolding for PASD variants and could replace
Kv11.1 trafficking as an assay for misfolding and
pathogenicity.
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Rational design of LQT2-PASD suppressor variants
Destabilization can result from loss of noncovalent interac-
tions (Fig. S1). For example, the LQT2-linked variants V41F
and C64Y/W introduce larger side chains at conserved and
buried residues and likely cause PASD destabilization through
conformational strain (Fig. 3a, b). To test this, we used FoldX
and the well-established doublet on immunoblot16 to assess
PASD stability and Kv11.1 trafficking in HEK cells,
respectively. Variants at V41 and C64 show larger ΔΔG
(more destabilizing) and a more severe trafficking phenotype
as the hydrophobic side-chain volume increases, respectively
(Fig. 3c, d and Table S2).
To further support conformational strain of V41F and

C64W, we assessed the solubility of each variant and found

that as the hydrophobic side-chain volume increases,
solubility tends to decrease (Fig. 3e). V41A likely decreases
stability by causing a cavity in the core. However, C64A,
C64M, and C64I traffic normally but show decreased
solubility revealing some limitations to this assay. One
possible explanation is that PASD misfolding may be
compensated for through domain–domain interactions for
some variants. Overall, these results show that this assay can
largely be used to assess the stability of engineered variants,
which in turn can help to identify second-site suppressor
variants. It could also help determine misfolding for different
missense variants at disease-linked residues.
To mitigate conformational strain and improve PASD

stability and consequently Kv11.1 trafficking, our strategy was

a

c

b

Fig. 1 Bioinformatics analysis of Kv11.1 PAS domain (PASD) variants. (a) ConSurf calculated scores color-coded from orange (highly variable) to blue
(highly conserved) for each residue. (b) ASAView calculated relative solvent accessibility percentages for variants grouped by trafficking phenotype. Circles
outlined in black indicate the average. (c) FoldX calculated stabilities color-coded by trafficking phenotype for each variant. Bars represent mean ± SD from
three different structures (PDB: 1BYW, 4HQA, and 4HP9). Inset shows values grouped by trafficking phenotype. Circles outlined in black indicate the
average. Reported changes in melting temperature (Tm) are shown below for comparison.14,15

ANDERSON et al ARTICLE

GENETICS in MEDICINE | Volume 22 | Number 10 | October 2020 1645



to mutate nearby residues to help relieve clashes created by
the larger side chains. We chose the highly conserved residues
C39 and C64, which would clash with larger side chains at
C64 and V41 as well as Q61, which is in a nearby flexible loop
(Fig. 3a, b). Supporting this rationale, FoldX predicted that
mutating these second-site variants to a smaller more flexible
glycine or alanine should improve stability (Fig. 3f, Table S2).
Indeed, Fig. 3g shows that these second-site variants improve
the solubility for V41F and C64Y/W, respectively. Further-
more, immunoblot analysis of transiently transfected HEK
cells showed that C39G, C64A, and C64G corrected the
trafficking of V41F at 27 °C while C64W and nearby I42N

were correctable at 37 °C consistent with the solubility assay
(Fig. 3f). To directly measure surface expression, current
densities of stably transfected HEK cells showed that LQT2-
C64W (4 ± 2 pA/pF) can be significantly improved at 37 °C
with C39G (38 ± 6 pA/pF) and to levels not statistically
different than WT (98 ± 19 pA/pF) with Q61G (69 ± 22 pA/
pF). Likewise, LQT2-I42N (3 ± 1 pA/pF) can also be
significantly improved with Q61G (42 ± 15 pA/pF) (Fig. 3h).
These results show that our solubility assay can be used to
design second-site suppressor variants to help understand the
structural basis of disease as illustrated in (Fig. S4). In
addition, many genes contain common single-nucleotide

a

c

e

d

b

Fig. 2 Misfolding analysis of Kv11.1 PAS domain (PASD) variants. (a) Structure of the Kv11.1 PASD (PDB: 1BYW) with variants color-coded based on
trafficking phenotype. (b) Representative immunoblots for recombinant PASD variants with reported melting temperatures expressed in E. coli. Bars ± SD
represent relative solubility (% of wild type [WT]) determined by dot blot (n ≥ 3). (c) Comparison of solubility determined by western blot and reported
melting temperatures.14,15 Inset compares relative solubilities of dot blot to western blot. (d) Representative immunoblots for recombinant PASD variants
reported to be benign expressed in E. coli. Bars ± SD represent relative solubility (% of WT) determined by western blot (n ≥ 3). (e) Bars ± SD represent
relative solubility (% of WT) determined by western blot for each variant (n ≥ 3). Inset shows relative solubility values grouped by trafficking phenotype.
Circles outlined in black indicate the average. *P < 0.05, a significant reduction in solubility of variants compared with WT.
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Fig. 3 Rational design of PAS domain (PASD) suppressor variants. (a) Structure of the Kv11.1 PASD (PDB: 1BYW) showing the location and (b)
conservation of each variant characterized. (c) FoldX calculated stabilities for increasingly larger hydrophobic substitutions and V41 and C64 variants. Bars ±
SD represent ΔΔG predictions from three different structures (PDB: 1BYW, 4HQA, 4HP9).23 (d) Representative western blot of each full-length Kv11.1
variant expressed in HEK cells under normal conditions (-) or at reduced temperature (27 °C). A lack of a 155-kD bands indicates defective trafficking. (e)
Representative immunoblots of recombinant PASD C64 and V41 hydrophobic substitutions expressed in E. coli. Bars ± SD represent relative solubility (% of
wild type [WT]) determined by dot blot (n ≥ 3). (f) Changes in FoldX stabilities are shown for second-site variants predicted to improve variant stability
(smaller ΔΔG). Representative western blots of each full-length Kv11.1 variant expressed in HEK cells are also shown under normal conditions (-) or at
reduced temperature (27 °C). (g) Representative immunoblots of recombinant PASD suppressor variants expressed in E. coli. Bars ± SD represent relative
solubility (% of WT) determined by dot blot (n ≥ 3). (h) Current densities and western blots for full-length Kv11.1 variants expresses in HEK cells. Inset shows
voltage-clamp protocol with representative current trace. Bars ± SD represent current density levels (n ≥ 4 cells). Dashed line indicates WT current density
level previously reported,16 which was performed at the same time and with the same intracellular and extracellular solutions as these variants. *P < 0.05, a
significant reduction in solubility of variants compared with WT (e), increase in solubility of the double variant compared with the single variant (g) or
increase in current density of the double variant compared with the single variant (h).
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polymorphisms (SNPs) in the same protein domain as rare
sequence variants, and so this assay can study the effects of
rare sequence variants with different genetic backgrounds that
could impact protein folding and pathogenicity.

Assessing P53 DBD misfolding
P53 contains a DBD, which is a hotspot for missense variants
including the six highest frequency cancer-associated P53
variants (Fig. 4a). Using the same ASAView, ConSurf, and
FoldX analyses as above, we focused on 12 missense variants
(V143A, R175H, S241F, C242S, G245S, R248Q, R248W,

R249S, F270L, R273H, C277F, R282W); 9 with reported ΔΔG
values (Table S3). We found that several variants are not
buried (S241F, R248Q/W, R273H, C277F) or highly con-
served (V143A and F270L) and that the correlation between
measured and FoldX ΔΔG was poor (R2= 0.12) further
underscoring the need for biochemical characterization to
determine deleteriousness (Fig. S5 and Table S3).
We used our solubility assay to assess misfolding for 10 of

the 12 missense variants analyzed above and found that while
total protein expression levels are all similar to WT, the
amount of soluble protein varied. Destabilized P53 variants

a

c

d

e

f

b

Fig. 4 Properties of P53 DBD and Lamin A/C IgD variants. (a) Structure of the P53 DBD (PDB: 1TSR) with cancer-associated variants in green. (b)
Representative immunoblots of recombinant DBD variants expressed in E. coli. Bars ± SD represent relative solubility (% of wild type [WT]) determined by dot
blot (n ≥ 3). Reported ΔΔG values are shown below for comparison.18–20 (c) Structure of the Lamin A/C IgD (PDB: 1IFR) with variants color-coded based on
disease. (d) Representative immunoblots of recombinant IgD variants expressed in E. coli. Bars ± SD represent relative solubility (% of WT) determined by dot
blot. (e) 40× images of HEK nuclei after GFP-tagged full-length Lamin A variant overexpression. (f) Bars ± SD represent the percentage of cells showing
aggregation for each variant (n ≥ 4 transfections). Disease classifications from Universal Mutation Database (UMD). *P < 0.05, a significant reduction in
solubility of variants compared with WT (b,d) or significant increase in aggregation (f). 1A–2B coiled-coil “rod” domains, DBD DNA-binding domain, IgD
Immunoglobulin-like domain, n/a not available, OD oligomerization domain, PRD proline rich domain, RegD C-term regulatory domain, TAD transactivation
domain.
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with larger ΔΔG values were less soluble (Fig. 4b and
Table S3). All variants have reduced solubility except for
C277F, which is not predicted to be destabilizing (i.e., not
buried and FoldX ΔΔG=−0.18).

Assessing Lamin A/C IgD misfolding
Lamin A/C contains an IgD, which is a hotspot for disease-
associated missense variants (Fig. 4c). Using the same
ASAView, ConSurf, and FoldX analyses as above, we focused
on four well-characterized variants (G449V, L489P, N456I,
W514R)22 with decreased thermal stabilities reported and
A529V; a homozygous variant not predicted to be destabiliz-
ing (i.e., not buried, highly variable residue, and FoldX ΔΔG
=−1.01). All four variants are buried and predicted to be
destabilizing by FoldX but only two are highly conserved
(G449V and N456I) (Table S4). In contrast to the PASD and
DBD, deleteriousness of these IgD variants was better
predicted using these tools.
We used our solubility assay to assess misfolding of the IgD

missense variants analyzed above and found that while total
protein expression levels are all similar to WT, destabilized
variants with reduced melting temperatures were less soluble
than WT in contrast to A529V, which was similar to WT
(Fig. 4d and Table S4).
Since some Lamin A variants aggregate upon ectopic

expression,29 we transiently transfected HEK cells with each
GFP-tagged Lamin A constructs and compared mutant
aggregation to WT. Representative images are shown in
Fig. 4e. Except for A529V (2 ± 2%), all variants showed an
increased percentage of cells with nuclear aggregation to
varying degrees (W514R [9 ± 10%], G449V [32 ± 17%], N456I
[44 ± 16%], and L489P [40 ± 22%] compared with WT [5 ±
2%]) (Fig. 4f and Table S4). These results again validate our
solubility assay and suggest that IgD misfolding can cause
Lamin A/C aggregation in the nucleus.

DISCUSSION
In this study, we developed a simple E. coli–based solubility
assay to assess the damaging effects of sequence variants in
disease-associated genes on protein domain stability. By
analyzing over 50 LQT2-associated Kv11.1 PASD variants
with reported thermal stabilities14,15 and functional conse-
quences,16 we showed that this assay largely predicts whether
a variant will be destabilizing and thus cause deficient Kv11.1
trafficking. We also extend these findings to several disease-
associated LMNA IgD and P53 DBD variants where, again,
the solubility assay largely correlates with reported thermal
stability studies (i.e., destabilizing variants are less soluble).
Combined, these results suggest that our assay may have
widespread value as a new, simpler approach to assist with the
complex interpretive process of deciding the clinical relevance
of rare sequence variants.29–34

The broader application of this solubility assay across a
range of Mendelian disorders will require further validation
studies focused on missense variants in highly structured
domains that have been studied with other established

functional tests. Assuming the assay is validated for a
particular domain, a strategy for incorporating this solubility
assay into a workflow for determining the pathogenicity of
sequence variants in disease-associated genes is proposed
based on ACMG standards of evidence for pathogenicity
(Fig. 5). Because of the simplicity and efficiency of the
solubility assay, it can rapidly contribute key evidence for the
classification of many missense variants that otherwise would
typically require more cumbersome functional assessment. In
addition, the solubility assay could provide more precision to
certain pathogenicity criteria such as when a novel missense
change occurs at an amino acid residue where a different
missense change was previously documented to be pathogenic
(PM5). Although we anticipate that many missense variants
in a wide range of disease-associated genes will be amenable
to this scheme, there will be a significant fraction of variants
outside of highly structured protein domains or in domains in
which the solubility assay is not possible.
Our solubility assay might also be useful for applications

other than misfolding/pathogenicity assessment for individual
domain variants by combining a second variant. Such second-
site variants could be used to generate suppressor variants to
understand the structural basis of disease,35 to assess the
stability of engineered proteins important in biotechnology,10

and to study the important effect of background variants that
may act as “genetic modifiers.” For example, disease-
associated variants can occur together with more common
sequence variants in the same domain, and the second-site
variant can act as a suppressor by inhibiting misfolding and
thus blocking the disease manifestation. The solubility assay
could efficiently screen multiple combinations of a disease-
associated variant with a range of relevant second-site variants
for suppressor function for improved prediction of patho-
genicity in a given genetic background. Additionally, correct-
ing misfolding and aggregation is a promising therapeutic
goal by directly targeting domains with small stabilizing
molecules or indirectly by modulating the cell’s proteostasis
network.36,37 By simply assessing solubility, our assay should
help determine which variants are potential targets for these
types of correction strategies.
In addition to describing a new method, we note several

interesting biochemical observations. Kv11.1 misfolding, like
many protein conformational diseases, leads to ER-associated
degradation (Fig. S4).37 All trafficking defective PASD
variants studied here have decreased solubility compared
with WT making this assay a good predictor of defective
Kv11.1 trafficking and could potentially be applied to other
trafficking-related diseases. It also supports our previous
model of Kv11.1 misfolding that proposed the level of
defective trafficking correlates with domain stability,16 which
we show here can be improved with stabilizing second-site
variants (Fig. S4). Our findings also support domain
misfolding and aggregation as the likely mechanism under-
lying many Lamin A IgD and P53 DBD variants. Interest-
ingly, destabilized variants within the same IgD can have
variable effects on Lamin A aggregation in HEK cells with
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W514R being more aggregation prone than the other
destabilizing variants. Finally, we provide new stability
insights into three previously uncharacterized P53 variants.
We observed that C277F is soluble (stable) in contrast to
S241F, R248W, and most other DBD variants character-
ized.18–20 Thus, C277F likely would not benefit from targeted
therapeutics designed to stabilize the DBD.

Limitations
There are several limitations to this E.coli–based assay.
Protein expression and solubility in bacteria can vary between
different proteins and optimization may be needed (e.g.,
domain length, tag type and placement, growth and lysis
conditions). Since protein expression levels can change
between variants potentially confounding reduced solubility
results, a second validation experiment should be performed
to either test total expression or compare soluble and
insoluble fractions12 to rule out false positives. Further, this
assay might lead to false negatives where the protein is soluble
but loss of function is through some other mechanism (e.g.,
altered gating16 or higher turnover38); however, when the

assay is incorporated as part of a multistage variant
classification strategy (Fig. 5), such variants can be identified
by other functional assays. Rare false positives were seen as
with a few C64 variants that had decreased solubility, but
normal Kv11.1 trafficking. This points to an important
limitation of this assay in studying multidomain proteins in
which domain–domain interactions can compensate for local
domain misfolding or blunt quality control mechanisms.36,37

Finally, this assay addresses variants only in small protein
domains that are easily expressed in E. coli and not variants in
other regions of disease-associated proteins, and this con-
straint limits the number of clinically relevant variants that
can be studied. However, protein misfolding and aggregation
are major disease mechanisms,5,6 and so this assay should still
be useful for characterizing a great number of targets and
variants.

Conclusion
In summary, we demonstrate a simple solubility assay for
quickly assessing protein misfolding, which should be
applicable to most soluble protein domains that can be

Fig. 5 Proposed strategy for characterizing pathogenicity of variants. Missense variants of interest are initially evaluated using computational
analysis and the solubility/misfolding assay followed by further functional analysis as needed. Computational analysis is performed to determine the minor
allele frequency of the variant in the general population (e.g., gnomAD), to predict if the variant is destabilizing (e.g., FoldX), and to determine if the variant
is evolutionarily conserved (e.g., ConSurf). The rapid solubility assay is used for functional assessment. In the case of a sequence variant that is absent or
extremely rare in the population (PM2) and is also insoluble (PS3), then per American College of Medical Genetics and Genomics (ACMG) guidelines1 this
variant would be categorized as likely pathogenic and hence clinically actionable. Computational models could provide further evidence of pathogenicity
(PP3). In cases where variants have wild type (WT)-like solubilities, further functional studies (e.g., heterologous expression, patient-specific induced
pluripotent stem cells [iPSCs]) are needed to exclude other mechanisms of pathogenesis than domain misfolding. If a variant is soluble, functional studies are
negative (BS3) and computational models are negative (BP4), then it will be classified as likely benign.
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expressed in bacteria. Small culture volume and benchtop
centrifugation also make this solubility assay amenable to
higher throughput multiwell formats. Further, high-
throughput mutagenesis methods32 and E. coli protein
aggregation protocols39 are available that could be adapted
to study domain sequence variants. Finally, this method in
conjunction with in silico analysis will aid in determining
whether putative disease-associated sequence variants are
actionable,40 possibly with strategies to correct misfolding or
aggregation.36
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