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ARTICLE INFO ABSTRACT

Keywords: Various computational methods have been developed to predict the pathogenicity of missense variants, which is
Missense _"?“am crucial for diagnosing rare diseases. Recently, we introduced VarMeter, a diagnostic tool for predicting variant
Pathogenicity pathogenicity based on normalized solvent-accessible surface area (nSASA) and mutation energy calculated from

N -sulphogluc0§amine sulphohydrolase AlphaFold 3D models, and validated it on arylsulfatase L. To evaluate the broader applicability of VarMeter and
Solvent accessible surface area

Mutation energy enhance its predictive accuracy, here we analyzed 296 pathogenic and 240 benign variants extracted from the

pLDDT ClinVar database. By comparing structural features including nSASA, mutation energy, and predicted local
distance difference test (pLDDT) score, we identified distinct characteristics between pathogenic and benign
variants. These features were used to develop VarMeter2, which classifies variants based on Mahalanobis dis-
tance. VarMeter2 achieved a prediction accuracy of 82 % for the ClinVar dataset, a marked improvement over
the original VarMeter (74 %), and 84 % for published missense variants of N-sulphoglucosamine sulphohydrolase
(SGSH), an enzyme associated with Sanfillippo syndrome A. Application of VarMeter 2 to SGSH variants in our
clinical database identified a novel SGSH variant, Q365P, as pathogenic. The recombinant Q365P protein lacked
enzymatic activity as compared with wild-type SGSH. Furthermore, it was largely retained in the endoplasmic
reticulum and failed to reach the Golgi, probably due to misfolding. Protein stability assays confirmed reduced
stability of the variant, further explaining its loss of function. Consistently, the patient homozygous for this
variant was diagnosed with Sanfilippo syndrome A. These results underscore the predictive power and versatility
of VarMeter2 in assessing the pathogenicity of missense variants.

1. Introduction challenges in distinguishing pathogenic variants from benign ones,
however, many rare genetic diseases remain without identified causa-

Advancements in genome sequencing technologies have led to the tive variants. One approach to addressing this issue has been the
accumulation of vast data on human genetic variants. Due to the development of algorithms that assess missense variants based on 3D
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protein structures [1,2].

In this context, we recently developed a novel prediction method
called VarMeter (VARiant impact predicting MEthod combining mu-
Tation Energy and solvent-accessible surface aRea) [3]. Unlike many
other pathogenicity prediction tools, which frequently incorporate
sequence conservation and human variation data, VarMeter focuses
solely on physical parameters derived from AlphaFold2 structural
models [4,5]. The two key parameters are (i) normalized
solvent-accessible surface area (nSASA) of the amino acid residue in the
wild-type protein; and (ii) mutation energy, which reflects the difference
in Gibbs free energy (AAG) of protein folding between wild-type and
variant proteins. This unique approach enables VarMeter to make pre-
dictions independent of evolutionary data, facilitating its application to
proteins with limited sequence conservation or functional annotations.
The initial version of VarMeter was developed using 70 pathogenic and
16 benign missense variants from three proteins: arylsulfatase L (ARSL),
chitobiosyldiphosphodolichol p-mannosyltransferase (ALG1), and
mannose-6-phosphate isomerase (MPI). This method was successfully
applied to predict the pathogenicity of a newly identified ARSL variant
in a patient with undiagnosed disease [3].

A crucial factor in improving the accuracy of missense variant pre-
dictions is determining the optimal thresholds for nSASA and mutation
energy to discriminate between pathogenic and benign variants. This
can be achieved by increasing the number of variants analyzed across a
wider variety of proteins. Additionally, the confidence level of Alpha-
Fold2 models, reflected in the predicted local distance difference test
(pLDDT) score, is important as it directly affects prediction reliability.
Because VarMeter relies on AlphaFold2 models, careful consideration of
residue-level confidence is essential for accurate predictions.

To improve the precision and generalizability of VarMeter, here we
analyzed key structural parameters — nSASA, mutation energy, and
pLDDT scores — using missense variants from the ClinVar database [6],
a widely used resource for training and validating pathogenicity pre-
diction models [7,8]. By incorporating Mahalanobis distance into the
analysis of these three parameters, we developed an enhanced version of
our tool, termed VarMeter2. To evaluate its effectiveness, we applied
VarMeter2 to N-sulphoglucosamine sulphohydrolase (SGSH), a protein
associated with numerous missense variants linked to Sanfilippo syn-
drome A (mucopolysaccharidosis type III) [9]. We compared our results
with those from VarMeter [3], AlphaMissense [10], and CADD [11].
Furthermore, the pathogenicity of an SGSH variant (Q365P), newly
identified by VarMeter2 was experimentally confirmed through enzy-
matic activity, immunostaining, and protein stability assays.

2. Materials and methods
2.1. Missense variants from the ClinVar database and related parameters

To update VarMeter, missense variants were extracted from the
ClinVar database as of July 6, 2023. The dataset includes 296 pathogenic
missense variants of 24 proteins and 240 benign variants of 23 proteins,
with a review status of “Expert panel” (three stars). The amino acid
sequences of each protein were retrieved from the UniProt database
[12]. Allele frequencies of the missense variants were extracted from the
Genome Aggregation Database (gnomAD) v4.1 (December 3, 2024)
[13], and data were obtained from the TogoVar ftp site [14]. Alpha-
Missense scores were obtained from Zendo (https://zenodo.org/records
/8208688; June 2024), and CADD v1.7 scores were downloaded from
the CADD homepage (https://cadd.bihealth.org/; December 19, 2024)
[15]. The ClinVar dataset analyzed in this study is included in Supple-
mental Table S1.

2.2. Preparation of 3D models of variants

The 3D models of the reference (wild-type) proteins were obtained
from the AlphaFold2 Protein Structure Database [4]. The 3D models of
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each missense variant were generated using the “Calculate Mutation
Energy/Stability” module in Discovery Studio 2021 (BIOVIA, Dassault
Systemes, San Diego, CA, USA).

2.3. Calculation of mutation energy and normalized solvent-accessible
surface area

Mutation energy (AAG), reflecting the impact of the mutation on
protein stability in kcal/mol, was calculated using the “Calculate Mu-
tation Energy/Stability” module in Discovery Studio 2021, as described
previously [3]. The solvent-accessible surface area (SASA) of each res-
idue was calculated based on the AlphaFold2 model of the wild-type
protein using Discovery Studio 2021. Each SASA was normalized
(nSASA) by using reference SASA values [16].

2.4. Calculation of Mahalanobis distance from mutation energy, nSASA
and pLDDT

The squared Mahalanobis distance (Diz) was calculated for the 296
pathogenic variants and 240 benign variants in the ClinVar dataset using
mutation energy (x;), nSASA (y;) and pLDDT (z;). The following equa-
tion, which incorporates the inverse covariance matrix (3 x 3), was
used:

Sxz

X xi—)_c
— — — 2 —
Di=(xi—X yi—y z—Z)| Sy S, Sy Yi—y
2 2 — 2

Sxe Sy S, i

where X, y and z represent the mean values of mutation energy, nSASA
and pLDDT, respectively; s2, s§ and s2 are the variances of mutation
energy, nSASA and pLDDT, respectively; and s,y, sy, and s, are the co-
variances between mutation energy and nSASA, mutation energy and
pLDDT, and nSASA and pLDDT, respectively. The squared Mahalanobis
distances (D2 for pathogenic and D% for benign variants) were calculated

and used to predict the pathogenicity of the variants.

2.5. Missense variants of SGSH

Missense variants of SGSH were collected from published studies
using the Human Gene Mutation Database (HGMD). Pathogenic variants
of SGSH were identified from patients clinically diagnosed with Sanfil-
lippo syndrome A and were experimentally validated to have reduced
enzymatic activity. In-house whole-exome sequencing data from pa-
tients with rare or undiagnosed disease were screened for the presence
of SGSH gene variants. The studies for in-house database were approved
by the ethical committee of the National Center for Child Health and
Development (Approval No. 2020-326). SGSH variants with a ClinVar
clinical significance of "benign" and a homozygote count of 2 or more
were extracted from the gnomAD database (v2.1.1) (https://gnomad.
broadinstitute.org/) as benign variants. The amino acid sequence of
SGSH was obtained from the UniProt database (UniProt ID: P51688).
Allele frequencies and prediction scores (AlphaMissense and CADD)
were obtained using the same approach applied to the ClinVar dataset,
as described in Section 2.1.

2.6. Plasmid construction

All expression vectors were generated using the Gateway cloning
system (Thermo Fisher Scientific, Waltham, MA, USA). In brief, the gene
encoding SGSH (NCBI reference sequence NM_000199) was amplified
from cDNA prepared from HEK293 cells (Human Embryonic Kidney
cells 293) using attB adaptor primers, and recombined into pDONR201
(Thermo Fisher Scientific, Waltham, MA, USA) to generate an entry
clone. Nucleotide substitutions (A1094 to C: corresponding to amino
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Fig. 1. Distribution of benign and pathogenic variants by pLDDT score and by allele frequency. (A) Benign and pathogenic variants were grouped into four con-
fidence levels: very low (pLDDT<50), low (50 <pLDDT<70), confident (70 <pLDDT<90), and very high (pLDDT>90). (B) Benign and pathogenic variants were
grouped into five levels of allele frequency (AF): AF< 0.000001, 0.000001 <AF< 0.00001, 0.00001 <AF< 0.0001, 0.0001 <AF< 0.001, and AF> 0.001. In (A) and

(B), red bars indicate pathogenic variants; blue bars indicate benign variants.

Table 1
Statistical parameters of mutation energy, nSASA and pLDDT for the pathogenic
and benign variants from the ClinVar dataset.

Pathogenic (n = 296) Benign (n = 240)

Mutation nSASA pLDDT  Mutation nSASA pLDDT

energy energy

(kcal/ (kcal/

mol) mol)
Mean 39+9.6 0.21 88.2 0.1 +2.0 0.64 53.1

+SD +0.28 +14.2 +0.29 £279

Variance 91.3 0.076 202.0 3.9 0.086 775.5
Covariance  -0.4 (mutation energy—nSASA) —0.1 (mutation energy-nSASA)

18.0 (mutation energy—pLDDT)
2.7 (nSASA-pLDDT)

9.8 (mutation energy—pLDDT)
-6.1 (nSASA-pLDDT)

Abbreviations: nSASA, normalized surface-accessible area; pLDDT, predicted
local distance difference test.

acid substitution Q365 to P) were introduced by site-directed muta-
genesis using a KOD-Plus-Mutagenesis Kit (TOYOBO, Osaka, Japan).
The entry clone encoding wild-type or variant SGSH genes without
signal peptide (M1 to A20) was recombined via LR reaction into plasmid
PFLAG-CMV-3-DEST-IRES-puro (a kind gift of Dr. Takashi Sato) [17],
which contains the secretory signal peptide of Preprotrypsin, a FLAG tag
at the N-terminus with a linker (LAAANSSIDLISTSLYKK), and the
IRES-puro fragment from pIRESpuro3 (Takara Bio USA, Inc., Mountain
View, CA, USA).

2.7. HEK293 cell transfection and selection of stable transformants
HEK293 cells were maintained in DMEM (Thermo Fisher Scientific,

Waltham, MA, USA) supplemented with 10 % FBS (BioWest, Nuaillé,
France) and 1 x Penicillin-Streptomycin Solution (FUJIFILM Wako Pure
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Chemical Corporation, Osaka, Japan) at 37°C and 5 % CO,. Cells were
seeded in a 10-cm dish at 6 x 10° cells and incubated for 24 h. Cultured
cells were transfected with 30 pg of expression vector (wild-type or
Q365P SGSH-FLAG fusion protein) using 30 pL of Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA, USA). Cells were grown for an
additional 48 h, and then one-tenth of the cells were transferred to
medium containing 2 pg/mL of puromycin (Merck, Darmstadt, Ger-
many) to select transformants: HEK293-WT cells and HEK293-Q365P
cells, stably expressing wild-type and Q365P SGSH-FLAG fusion pro-
teins, respectively. The transformants were harvested, detached by
treatment with 0.02 % EDTA (Kanto Chemical Co., Inc. Tokyo, Japan),
washed three times with PBS, and stored at —80°C until use.

2.8. Protein expression and purification

The stored cell pellet was thawed on ice, resuspended in 50 mM Tris-
HCI (pH 7.5), 150 mM NaCl, 1 % Triton X-100, and 1 x Protease in-
hibitor cocktail (Nacalai Tesque, Kyoto, Japan), and incubated on ice
with occasional mixing for 10 min. The supernatant containing solubi-
lized protein was obtained by centrifugation at 20,600 xg for 5 min at
4°C, diluted five times with 50 mM Tris-HCl (pH 7.5) and 150 mM NaCl,
and incubated with anti-FLAG magnetic beads (Anti-DYKDDDDK tag
Antibody Magnetic Beads; FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan), overnight at 4°C. After removing the supernatant, the
beads were washed with 5 mM Tris-HCl (pH 7.5), 13.8 mM NaCl and
0.27 mM KCl. The beads with purified wild-type or Q365P SGSH-FLAG
fusion protein were used for SGSH activity assay.

2.9. Western blot analysis

Samples were solubilized with 62.5 mM Tris-HCI (pH 6.8) containing
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Fig. 2. Scatter plots of nSASA, mutation energy, and pLDDT for variants from the ClinVar dataset. Upper panels, benign variants (n = 240); lower panels, pathogenic
variants (n = 296). Each plot illustrates the relationships between these three parameters, highlighting differences between benign and pathogenic variant behavior.

Table 2
Square of Mahalanobis distance (DIZ) and Dﬁ) for the pathogenic and benign
variants.

Pathogenic (n = 296) Benign (n = 240)

D% (mean =+ SD)
D% (mean =+ SD)

3.0+6.8
30.5 £ 157.9

11.6 +7.5
3.0+£7.0

10 % glycerol, 2 % SDS, 1 % 2-mercaptoethanol and 0.01 % bromo-
phenol blue, denatured at 99°C, separated on an SDS-PAGE, and
transferred to a PVDF membrane (Millipore, Burlington, MA, USA).
Membranes were blocked with 1% BSA and incubated with HRP-
conjugated anti-FLAG mouse monoclonal antibody (Sigma, St. Louis,
MO, USA) at 4 °C overnight. Detection was performed with ECL Prime
(Cytiva, Tokyo, Japan).

2.10. Immunostaining of HEK293 stable transformants expressing wild-
type or Q365P SGSH protein

Cells were fixed with 4 % paraformaldehyde in PBS at room tem-
perature for 10 min and then washed three times with PBS. Fixed cells
were blocked with 1 % BSA/0.1 % Triton X-100 in PBS. For primary
labeling, cells were incubated with anti-FLAG mouse monoclonal anti-
body (Sigma-Aldrich, St. Louis, MO, USA) and anti-calnexin (CANX)
rabbit polyclonal antibody (GeneTex, Irvine, CA, USA) or anti-GOLPH2
rabbit polyclonal antibody (GeneTex, Irvine, CA, USA) at 4°C overnight.
After three washes with PBS, the cells were stained with Alexa Fluor
647-conjugated anti-mouse IgG1 (Thermo Fisher Scientific, Waltham,
MA, USA) and Alexa Fluor 555-conjugated anti-rabbit IgG (Thermo
Fisher Scientific, Waltham, MA, USA). Hoechst 33258 (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) was used as a nuclear

(fP' }_]P' Z_P)
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Fig. 3. Conceptual diagram of variant classification using Mahalanobis dis-
tance. The means of three variables (mutation energy, nSASA and pLDDT) are
calculated for the pathogenic (red) and benign (blue) groups, denoted as (Xp,yp,
zp) and (Xp,Y5,2g), respectively. The Mahalanobis distances (Dp and Dg) are
calculated for each data point (xi, yi,zi) using the inverse covariance matrix
(see Materials and Methods). A variant is classified as pathogenic if Dp < Dg and
as benign if Dp > Dg.

counterstain. Images were obtained using an LSM 700 confocal laser
microscope (Carl Zeiss, Oberkochen, Baden-Wiirttemberg, Germany).
Three-dimensional images were constructed by IMARIS software
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Table 3
Prediction accuracy of VarMeter, VarMeter2, AlphaMissense and CADD for the
ClinVar dataset.

Prediction tool Pathogenic (%) Benign (%) Overall accuracy (%)

VarMeter 72 75 74
VarMeter2 85 78 82
AlphaMissense” 91 92 91
CADD* 96 85 91

# Ambiguous variants were not included in the calculation of prediction
accuracy.

(Bitplane, Belfast, United Kingdom). Colocalization analysis was per-
formed by ImarisColoc software (Bitplane AG, Zurich, Switzerland).

2.11. Quantitative analysis of SGSH colocalization in confocal
microscopy images

Quantitative analysis of SGSH colocalization with the Golgi marker
GOLPH2 or the ER marker calnexin (CANX) was evaluated in two-
dimensional images using ZEN 2012 software (Black Edition, Carl
Zeiss). Quantitative results were calculated as the ratio of the total in-
tensity of SGSH colocalizing with GOLPH2 or CANX to the total intensity
of SGSH (Figs. 6F and 6G), or the ratio of the total number of pixels
representing GOLPH2 or CANX colocalizing with SGSH to the total
number of pixels representing GOLPH2 or CANX (Supplemental Fig. S2A
and S2B). At least 12 cells were analyzed for each colocalization
measurement.

Computational and Structural Biotechnology Journal 27 (2025) 1034-1047

2.12. Real-time PCR

Total RNA was isolated from cells using TRI Reagent (Molecular
Research Center, Cincinnati, OH, USA) and reverse transcribed using
Oligo dT primer (Thermo Fisher Scientific, Waltham, MA, USA) and
Super Script II Reverse Transcriptase (Thermo Fisher Scientific, Wal-
tham, MA, USA). Real-time PCR of SGSH mRNA in each HEK293
transformant was performed by Quant Studio 12 K Flex (Applied Bio-
systems, Waltham, MA, USA) using primers for SGSH (forward, 5’-
GCATCAGAATGGGATGTACGG-3’; reverse, 5-GAAGAAAGGCCGGTC
ATCC-3’) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; for-
ward, 5’-CAAAGTTGTCATGGATGACC-3’; reverse, 5- CCATGGA-
GAAGGCTGGGG-3’). The amount of each SGSH mRNA was normalized
to that of GAPDH mRNA in the same sample.

2.13. Engymatic assay of SGSH variant

The activity of the purified wild-type and Q365P SGSH proteins was
measured by a fluorometric two-step enzyme assay using 4-methylum-
belliferyl =~ 2-deoxy-2-sulfamino-a-p-glucopyranoside  (4-MU-GIcNS)
(Biosynth, Zurich, Switzerland) as substrate, as described previously
[18,19] with a slight modification. In this assay, 4MU-GIcNS is hydro-
lyzed by SGSH to 4-methylumbelliferyl 2-deoxy-2-amino-o-p-
glucopyranoside (4-MU-GlcNH,), which is then hydrolyzed to the fluo-
rescent product, 4-methylumbelliferone (4-MU), by yeast a-glucosidase
(Sigma-Aldrich, St. Louis, MO, USA). The purified protein on beads was
incubated in 30 pL of Mcllvaine’s buffer containing 3.3 mM substrate for
16 h at 37°C; 30 uL of Mcllvaine’s buffer containing 0.1 units of
a-glucosidase was then added, followed by incubation for 24 h at 37°C.

(A) B VarMeter
Pathogenic W VarMeter ©) Pathogenic+Benign B VarMeter2
(n=296) B VarMeter2 Py (n=536) I AlphaMissense
;\3100 ~ - OAlphaMissense 5100 -~ 3 O CADD
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Fig. 4. Prediction accuracy of VarMeter, VarMeter2, AlphaMissense, and CADD methods for the ClinVar dataset based on allele frequency. (A) Prediction accuracy
for pathogenic variants (n = 296). (B) Prediction accuracy for benign variants (n = 240). (C) overall prediction accuracy for all variants (pathogenic and

benign, n = 536).
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Fig. 5. Structural comparison and variant mapping of human SGSH. (A) Crystal structure of human SGSH dimer resolved at 2 A resolution (PDB ID: 4MHX, cyan) and
the 3D AlphaFold model of monomeric human SGSH (green). The AlphaFold model is superimposed on the A chain of the crystal structure for comparison. (B)
AlphaFold model of monomeric wild-type SGSH with missense variants mapped onto the structure. The positions of pathogenic and benign variants are highlighted in
red and blue, respectively. The active site residues of SGSH (D31, D32, C70 and D273) are shown as blue mesh, while N274 is shown as red mesh. (C) Detailed view of
the SGSH active site from the AlphaFold model, corresponding to the dotted box in (B). The structure is depicted in cartoon representation; the figure was generated

using PyMOL software.

The reaction was terminated by the addition of 200 pL stop buffer
(0.5 M NayCOs, pH 10.7, 0.025 % Triton X-100), and 50 pL was trans-
ferred to a 384-well plate. Fluorescence of 4-MU was measured by a
Varioskan LUX instrument (Thermo Fisher Scientific, Waltham, MA,
USA) at room temperature with excitation at 360 nm (bandwidth
12 nm), emission at 445 nm, and a measurement time of 100 ms.

2.14. Cycloheximide chase assay

To assess protein stability, a cycloheximide chase assay was per-
formed on HEK293-WT and HEK293-Q365P cells. Cells were collected at
2, 4, and 8 hours after the addition of 100 pg/mL of cycloheximide
(CHX) to the cell culture. Western blot analysis was subsequently con-
ducted using 10 ug of cell lysate proteins, probed with an HRP-
conjugated anti-FLAG mouse monoclonal antibody.

2.15. Trypsin sensitivity assay

Wild-type and variant SGSH proteins, whose concentrations were
quantified using DYKDDDDK-BAP (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) as a standard, were diluted to 3 pg/pL in
TBS (pH 7.5) (25 mM Tris-HCl, 2.7 mM KCl, 137 mM NacCl), and mixed
with 10 ng/pL of sequencing-grade modified trypsin (Promega, Madi-
son, WI, USA) in an 8:1 ratio. Control samples were prepared using the
same buffer without trypsin. The reaction was incubated at 37°C for 1 h
and stopped by adding 10 mM PMSF to a final concentration of 1 mM.
After SDS-PAGE, the gels were stained using Lumitein Protein Gel Stain
(Biotium, Fremont, CA, USA), and the bands were quantified using
ImageJ.
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2.16. Statistical analysis

Statistical evaluation of differences between the groups was carried
out by Student’s t-test or Tukey-Kramer test, implemented in Microsoft
Excel. Differences were considered to be significant at a p-value of less
than 0.05.

3. Results and discussion

3.1. Comparison of pathogenic and benign variants from the ClinVar
dataset

Our previous prediction tool was based on the mutation energy and
nSASA of 70 pathogenic and 16 benign missense variants of ARSL, ALG1
and MPI [3]. To improve the accuracy of the prediction, we expanded
the dataset to 536 missense variants extracted from the ClinVar data-
base, comprising 296 pathogenic and 240 benign variants
(Supplemental Table S1), all of which had a review status classified as
“Expert panel” (three stars). We chose this dataset to ensure both the
reliability and feasibility of our analyses. It should be noted that the
trained dataset predominantly includes variants of BRCA1 and MLH1
(Supplemental Fig. S1), which together comprise nearly half of the
dataset, limiting overall gene representation. Further studies will be
needed to expand and diversify the dataset for future development and
variation.

We first investigated the correlation between pathogenicity and the
predicted local distance difference test (pLDDT) score, which reflects the
per-residue structural accuracy provided by the AlphaFold structure
database [4]. The pLDDT scores of the 296 pathogenic and 240 benign
variants were categorized into four confidence levels: very low
(pLDDT<50), low (50 <pLDDT<70), confident (70 <pLDDT<90), and
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Table 4

Prediction outcomes for published SGSH variants using VarMeter, VarMeter2, AlphaMissense and CADD °.
SGSH variants Var Var Alpha CADD Reference
(AA change) Meter Meter2 Missense
Pathogenic

(n=24)

A30P P P P P [38]
N42K P P P B [39]
S66W PD P P P [40]
R74C P P P P [41]
GI90R PD P P P [42]
F101S° PD P P P [43]
S106R P P P B [44]
G191R P P P P [44]
D235N PD P P P [45]
R245H P P P P [40]
N274D P P P A [46]
E292K PD P P P [47]1
P293s P P P A [39]
S298P PD P P P [42]
E300V B B B B [48]
Q307P PD P A P [48]
S347F PD P P P [49]
R377H P P P P [41]
R377L P P P P [38]
R377C P P P P [50]
Q380R PD P B B [41]
L411R P P P P [51]
R433W PD P P P [45]
D444G PD P P P [49]
Benign (n = 8)
R55C PD B B A
A234G PD B B B [41]
G251A PD P A P [52]
V3611 P P B B
M3721 P P P P
V387M PD P A B [53]
M3941° B B A A
R456H B B B B

@ The classifications are denoted as follows: P (pathogenic), PD (possibly damaging), B (benign), and A (ambiguous). 3D structural parameters, allele frequencies,

and prediction scores are shown in Supplemental Table S2.
b Located at dimer interface.

Table 5
Comparison of prediction accuracy (%) for SGSH variants by VarMeter, Var-
Meter2, AlphaMissense and CADD *.

Pathogenic Benign Total
(P + PD) ()
VarMeter 96 25 78
VarMeter2 96 50 84
AlphaMissense” 91 80 89
CADD" 82 67 79

2 Abbreviations: P, pathogenic (damaging); PD, possibly damaging; B, benign.
> Ambiguous variants were not included in the calculation of prediction
accuracy.

very high (pLDDT>90). Whereas the majority of pathogenic variants
had high pLDDT values (pLDDT>70), a significant proportion of benign
variants had lower pLDDT values (pLDDT<50) and only a small pro-
portion had high pLDDT values (pLDDT>70) (Fig. 1A).

Intrinsically disordered regions are frequently associated with low
pLDDT scores [20-22], which suggests that the mutations in pathogenic
variants are predominantly located in well-structured (folded) regions of
proteins. By contrast, those in benign variants tend to occur in un-
structured regions, and are present to a lesser extent in folded regions.
This trend highlights the importance of considering protein folding
status when evaluating the potential pathogenicity of missense variants.

We then analyzed the correlation between pathogenicity and allele
frequency for the 296 pathogenic and 240 benign variants. The resulting
histogram revealed that most pathogenic variants tend to have lower
allele frequencies compared with benign variants (Fig. 1B), consistent
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with previous findings that lower allele frequencies are strongly asso-
ciated with pathogenicity [23,24]; however, there is an overlap in allele
frequencies between pathogenic and benign variants within the range of
0.000001-0.0001. While allele frequency can be a valuable parameter
for distinguishing pathogenic variants from benign ones, this overlap
highlights the need for careful interpretation.

Next, we calculated mutation energy and nSASA for the 240 benign
and 296 pathogenic variants. The mean + SD pLDDT for benign variants
was 53.1 + 27.9, while that for pathogenic variants was significantly
higher at 88.2 + 14.2 (Table 1). The mean nSASA for benign variants
was 0.64 + 0.29 as compared with 0.21 + 0.28 for pathogenic variants.
A negative correlation was observed between pLDDT and nSASA for
both benign and pathogenic variants (Fig. 2). Variants with low pLDDT
scores (20—40) tended to have high nSASA values (0.6-1.0), indicating
that the mutated residues are generally solvent-exposed, while those
with high pLDDT scores (80—100) tended to have low nSASA values
(0-0.4), reflecting the location of the mutations in more structured,
buried region. This result is consistent with previous studies reporting
that pathogenic variants are more buried than benign variants [25,26].

The correlation between mutation energy and pLDDT was analyzed
for both benign and pathogenic variants (Fig. 2, upper and lower middle
panels). On average, benign variants exhibited a mutation energy of 0.1
+ 2.0 kcal/mol, while pathogenic variants displayed a significantly
higher average of 3.9 + 9.6 kcal/mol (Table 1). This trend confirmed
that pathogenic variants generally show greater destabilization of pro-
tein structure, reflected by higher mutation energy, and is consistent
with the findings of previous studies that used using Gibbs free energy
(AAG) to distinguish between benign and pathogenic variants [27-30].
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Fig. 6. Enzymatic activity of the wild-type and Q365P SGSH proteins. (A) SGSH mRNA levels in HEK293-WT and HEK293-Q365P cells stably expressing the
respective wild-type and Q365P SGSH-FLAG fusion proteins, were analyzed by real-time PCR and normalized to GAPDH mRNA in the same sample. Expression levels
are shown relative to those of control HEK293 cells (1.0) in which an empty vector was transfected. **p < 0.001 by one-way ANOVA followed by Tukey-Kramer test
(n = 3). (B) Western blot analysis of wild-type (WT) and Q365P SGSH FLAG fusion proteins in the culture supernatant (sup) and cell lysate (CL) from HEK293-WT
cells and HEK293-Q365P cells using anti-FLAG. For cell lysates, 10 ug of total protein was applied; for supernatants, 5 % of WT SGSH-FLAG or 5 % or 10 % of
immuno-precipitated Q365P SGSH-FLAG was applied. (left) Representative Western blots. (right) Quantification of the protein bands in each cell lysate. Protein
levels are shown relative to those of HEK293-WT cells (1.0). *p < 0.05 by Student’s t-test (n = 3). (C) Activity of the Q365P SGSH protein. (left) Western blot analysis
using anti-FLAG of purified wild-type (WT) and Q365P SGSH FLAG fusion proteins used in the activity assay (n = 3). (middle) 4-MU production by Q365P SGSH is
normalized by the protein amount used and shown relative to that of WT SGSH. Ratios are given as mean =+ S.E. of three independent experiments. *p < 0.05 by
Student’s t-test. (right top) Scheme of activity assay. Production of 4-MU after SGSH enzymatic reaction (16 h) using 4MU-GIcNS as a substrate, followed by
a-glucosidase reaction (24 h). (right bottom) The fluorescence spectra of each sample are shown. The amount of 4-MU was determined from the fluorescence in-
tensity at 445 nm. (D and E) Three-dimensional confocal images of the intracellular localization of wild-type (WT) and Q365P SGSH-FLAG fusion proteins in
HEK293-WT cells and HEK293-Q365P cells, respectively. SGSH (green) and nucleus (blue) are labeled with anti-FLAG and Hoechst 33258, respectively. Cis-Golgi
body (magenta in D) and endoplasmic reticulum (ER; magenta in E) are labeled with anti-GOLPH2 and anti-CANX, respectively. Colocalization of SGSH/
GOLPH2 (D) or SGSH/CANX (E) is indicated in white in the second panels from the right. Surface rendering models of the colocalization image are shown in the
rightmost panels. Scale bar: 10 um. (F and G) Quantitative analysis of SGSH colocalization with Golgi and ER markers. The ratio of SGSH colocalizing with GOLPH2
(F) or CANX (G) to total SGSH in HEK293-WT cells and HEK293-Q365P cells is shown. **p < 0.001, n.s.: not significant by Student’s t-test. (H) CHX chase assay
performed in HEK293-WT and HEK293-Q365P cells. Cells were incubated for 0 hours (untreated), 2, 4, and 8 hours (h) with 100 ug/mL of CHX. (Upper) Repre-
sentative Western blot images of wild-type (WT) and Q365P SGSH-FLAG fusion proteins detected using anti-FLAG antibody. (Lower) Quantification of protein bands
normalized to GAPDH and expressed relative to the 0-hour sample. *p < 0.05 by Student’s t-test (n = 3). (I) Stability of the wild-type (WT) and Q365P SGSH proteins.
(left) SDS-PAGE analysis of SGSH proteins treated with trypsin. Black arrowhead indicates full-length SGSH; red arrowhead indicates the trypsin-resistant fragment.
(right) Proportion of trypsin-resistant fragment remaining after trypsin digestion, calculated as the intensity of the trypsin digestion-resistant band relative to that of
fAull—length SGSH in untreated samples. The values shown have been normalized to WT SGSH. ***p < 0.0001 by Student’s t-test (n = 3).

However, a subset of pathogenic variants showed low mutation en- Condition (ii), VarMeter2 (this study):
ergy (Fig. 2, lower middle). One possible explanation is that the muta-
tions in these variants occur at functionally critical sites, such as residues - Pathogenic variant (P): D% < D%
involved in ligand or protein binding, where even minor structural - Benign variant (B): D§ > D}
changes might impair function. Assessing this phenomenon in future
studies will be important for further refining pathogenicity prediction Condition (iii), AlphaMissense [10]:
models.
As observed in our previous study [3], there was a negative corre- - Pathogenic variant (P): 0.564 < AM score < 1
lation between nSASA and mutation energy (Fig. 2, right panels). In - Ambiguous variant (A): 0.340 < AM score < 0.564
benign variants, high nSASA values were typically associated with low - Benign variant (B): 0 < AM score < 0.340
mutation energy (Fig. 2, upper right); in pathogenic variants,
conversely, low nSASA values tended to be connected with relatively Condition (iv), CADD [11,32]:
higher mutation energy (Fig. 2, lower right). This suggests that patho-
genic mutations are more likely to occur in buried, structurally impor- - Pathogenic variant (P): CADD score > 25.3
tant regions, where even small changes may have a significant - Ambiguous variant (A): 22.7 < CADD score < 25.3
destabilizing effect. - Benign variant (B): CADD score < 22.7
3.2. Classification of missense variants based on Mahalanobis distance The prediction accuracies are summarized in Table 3. VarMeter2
showed 85 % prediction accuracy for pathogenic variants and 78 %
To classify pathogenic and benign variants using mutation energy, accuracy for benign variants, yielding an overall accuracy of 82 %. This
nSASA and pLDDT, we applied Mahalanobis distance [31], a statistical represents a significant improvement over the prediction accuracy of the
method used in various applications to determine members of groups. original VarMeter (74 %). However, AlphaMissense [10], a deep
First, the mean, variance and covariance of the three variables were learning approach adapted from AlphaFold [4], outperformed Var-
calculated for the pathogenic and benign variants (Table 1). These pa- Meter2 with an overall accuracy of 91 % for the ClinVar dataset. CADD
rameters were then used to calculate Mahalanobis distance for both showed a similar accuracy of 91 %.
pathogenic and benign variants (Supplemental Table S1 and Table 2). To evaluate whether prediction accuracy depends on allele fre-
These Mahalanobis distances (Dp and Dg) were used to update the quency, we plotted accuracy against allele frequency (Fig. 4). The results
VarMeter prediction method as VarMeter2, integrating mutation en- indicated that the prediction accuracy of VarMeter2 is not significantly
ergy, nSASA, and pLDDT scores into a unified framework (Fig. 3). To influenced by the allele frequency, probably because VarMeter2 relies
evaluate the performance of VarMeter2, defined by Condition (ii) below, solely on 3D structural parameters and does not incorporate allele fre-
we applied it to the ClinVar dataset alongside the original VarMeter [3], quency into calculations. In contrast, CADD demonstrated higher pre-
AlphaMissense [10], and CADD [11] methods, defined by Conditions (i), diction accuracy for variants with lower allele frequencies, probably
(iii) and (iv), respectively. because it incorporates annotations reflecting population-level metrics
Condition (i), original VarMeter [3]: as part of its scoring framework [33]. Despite these advances, challenges
Requirement #1: nSASA < 0.11 remain in 3D structure-based prediction, including the refinement of
Requirement #2: mutation energy > 0.88 kcal/mol variant protein models, more precise mutation energy calculations
(AAG) and optimizing structural parameters for greater predictive
- Damaging (pathogenic) variant (D): satisfying both requirements #1 power. Further developments in these areas will be essential for
and #2 improving pathogenicity predictions.
- Possibly damaging (pathogenic) (PD): satisfying either requirement
#1 or #2

. . . . . 3.3. Evaluation of VarMeter2 using SGSH variant data
- Benign variant (B): satisfying neither requirement #1 or #2

To validate VarMeter2 further, we applied it to published data on
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variants of SGSH, an enzyme responsible for catalyzing the conversion of
N-sulfo-p-glucosamine into p-glucosamine during the degradation of
heparan sulfate. This enzyme was selected due to the large number of
reported pathogenic variants linked to Sanfilippo syndrome A. The
crystal structure of glycosylated SGSH has been reported at 2 A resolu-
tion (Fig. 5A) [34]; the root mean square deviation (RMSD) of Ca atoms
between the crystal structure and the corresponding AlphaFold model is
0.2 A, indicating that the AlphaFold model of SGSH is sufficiently ac-
curate for calculating mutation energy and solvent-accessible surface
area. We therefore mapped the positions of the pathogenic variants onto
the 3D structural model of SGSH (Figs. 5B, 5C).

First, we calculated the mutation energy, nSASA and pLDDT for the
pathogenic (n = 24) and benign (n = 8) SGSH variants (Table 4). Var-
Meter2 was then used to classify the SGSH variants as pathogenic or
benign. For comparison, we also carried out predictions using the
original VarMeter, AlphaMissense and CADD methods (Table 4). The
overall accuracy of VarMeter2 (84 %) to predict variants of SGSH was
higher than either the original VarMeter (78 %) or CADD (79 %), and
lower than AlphaMissense (89 %) (Table 5). In addition, the accuracy of
VarMeter2 to predict pathogenic variants was 96 %. This evaluation
demonstrates VarMeter2’s potential to accurately classify SGSH vari-
ants, offering an improved approach over previous prediction methods.

3.4. Characterization of a novel SGSH variant

To test the ability of VarMeter2 to identify novel pathogenic variants,
we applied it to the prediction of SGSH variants identified in our in-
house database of 900 individuals with rare or undiagnosed diseases.
Among the missense variants in the database, the Q365P variant was
newly identified and predicted to be pathogenic by VarMeter2 with the
following parameters: D3, 0.7; D3, 14.8; nSASA, 0.03; mutation energy,
7.2 kcal/mol; and pLDDT, 98.89. Additionally, the AlphaMissense score
for this variant was 0.90, similarly predicting it as pathogenic. Based on
the clinical symptoms observed in the patient, we suspected that this
variant might be pathogenic. Therefore, to determine whether this
newly identified Q365P mutation directly contributes to the observed
symptoms and to support diagnosis, we assessed the activity and
expression of the Q365P SGSH protein through detailed experimental
studies.

The wild-type and Q365P SGSH proteins were expressed, purified,
and subjected to an enzymatic assay using the artificial substrate 4-MU-
GlcNS (Fig. 6). First, HEK293-WT cells and HEK293-Q365P cells, stably
expressing the respective wild-type and Q365P SGSH-FLAG fusion pro-
teins, were established. The exogenous expression of SGSH mRNA was
approximately 300 times higher in HEK293-WT cells, and about 150
times higher in HEK293-Q365P cells, as compared with the expression
of endogenous SGSH mRNA in control HEK293 cells (Fig. 6A). The
amount of the Q365P protein in HEK293-Q365P cells was 66 % of that
of the wild-type protein in HEK293-WT cells (Fig. 6B). In contrast, the
Q365P SGSH-FLAG fusion protein was not detected in the culture me-
dium, whereas the wild-type SGSH-FLAG fusion protein was secreted.

To test the enzymatic activity of the Q365P variant, we purified the
wild-type and Q365P SGSH proteins from their respective cell lysates
using anti-FLAG magnetic beads. The SGSH enzymatic activity using
4MU-aGlcNS, showed that the Q365P protein had no activity, whereas
the wild-type protein had high activity (Fig. 6C).

Next, we compared the intracellular localization of the Q365P and
wild-type SGSH proteins by immunostaining of the respective HEK293
stable transformants. Whereas wild-type SGSH colocalized with the cis-
Golgi marker GOLPH2, the Q365P SGSH protein showed minimal
colocalization with this marker (Fig. 6D and Supplemental Movies 1-4),
consistent with our above observation that the Q365P SGSH-FLAG
fusion protein was not secreted. However, both wild-type and Q365P
SGSH proteins colocalized with the endoplasmic reticulum (ER) marker
calnexin (CANX) (Fig. 6E and Suppmenental Movies 5-8). Quantitative
analysis showed that the ratio of SGSH colocalizing with the Golgi
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marker GOLPH2 to total SGSH was significantly decreased in HEK293-
Q365P cells as compared with HEK293-WT cells (Fig. 6F); similarly,
the ratio of GOLPH2 colocalizing with SGSH to total GOLPH2 was
significantly lower in HEK293-Q365P cells than in HEK293-WT cells
(Supplemental Fig. S2A). In contrast, both the ratio of SGSH colocalizing
with the ER marker CANX to total SGSH and that of CANX colocalizing
with SGSH to total CANX were comparable between HEK293-WT and
HEK293-Q365P cells (Fig. 6G and Supplemental Fig. S2B). Thus, almost
all of the Q365P SGSH protein was localized in the ER rather than in the
Golgi.

Collectively, these results suggest that the Q365P variant SGSH
protein fails to fold into a stable 3D structure, cannot be transferred to
the Golgi, and is retained in the ER, which is likely to be the cause of its
loss of activity. Moreover, a cycloheximide chase assay showed that the
stability of Q365P SGSH protein was decreased as compared with wild-
type SGSH (Fig. 6H and Supplemental Fig. S3). Incompletely folded
proteins, such as destabilized proteins, are much more sensitive to
protease digestion than native proteins [35]. Therefore, we compared
the protease resistance of the two purified SGSH proteins. After treat-
ment with trypsin, the intensity of the trypsin-resistant band was
significantly reduced for the Q365P protein as compared with wild-type
SGSH (Fig. 6I), further confirming that the loss of activity of Q365P
SGSH is due to a decrease in protein stability, as predicted by VarMeter2.

Mutations such as Q365P SGSH, identified here as causing protein
destabilization, not only may reduce enzymatic activity and serve as a
primary cause of disease but also, as reported in conditions like
Congenital Insensitivity to Pain with Anhidrosis (CIPA) [36], may lead
to the accumulation of destabilized proteins in the ER, inducing ER
stress and further exacerbating disease pathology.

3.5. Clinical manifestation of the patient with SGSH variant Q365P

The patient with the Q365P variant of SGSH was diagnosed with
Sanfilippo syndrome or mucopolysaccharidosis type IIl, a rare auto-
somal recessive lysosomal storage disease caused by impaired degra-
dation of heparan sulfate. This diagnosis aligns with the prediction by
Vi . . - coco

Supplemental Movie S1. Three-dimensional confocal image of a wild-type
SGSH-expressing cell with visualization of the cis-Golgi body. SGSH pro-
tein, cis-Golgi body, and the nucleus are indicated in green, magenta, and
blue, respectively. Movie corresponds to the image in Fig. 6D.. A video clip
is available online. Supplementary material related to this article can be found
online at doi:10.1016/j.csbj.2025.02.008.
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Supplemental Movie S2. Surface rendering model of a wild-type SGSH-
expressing cell in which SGSH protein and GOLPH2 are colocalized.
Colocalization is indicated in white; the nucleus is indicated in blue.
Movie corresponds to the image in Fig. 6D.. A video clip is available online.
Supplementary material related to this article can be found online at doi:10.10
16/j.csbj.2025.02.008.

Supplemental Movie S3. Three-dimensional confocal image of a Q365P
SGSH-expressing cell with visualization of the cis-Golgi body. SGSH pro-
tein, cis-Golgi body, and the nucleus are indicated in green, magenta, and
blue, respectively. Movie corresponds to the image in Fig. 6D.. A video clip
is available online. Supplementary material related to this article can be found
online at doi:10.1016/] 25.02.008.

and reduced protein stability, contributing to the disease manifestation.
Sanfilippo syndrome is characterized by severe degeneration of the
central nervous system.

The patient was a 16-year-old female. She was born at 28 weeks of
gestation with a birth weight of 1338 g. At the age of 2 years and 1
month, she underwent surgery for a right inguinal hernia, and 5 months

Supplemental Movie S4. Surface rendering model of a Q365P SGSH-
expressing cell in which SGSH protein and GOLPH2 are colocalized
scarcely. Colocalization is indicated in white; the nucleus is indicated in
blue. Movie corresponds to the image in Fig. 6D.. A video clip is available
online. Supplementary material related to this article can be found online at
doi:10.1016/j.c 25.02.008.

Supplemental Movie S5. Three-dimensional confocal image of a wild-type
SGSH-expressing cell with visualization of the ER. SGSH protein, ER, and
the nucleus are indicated in green, magenta, and blue, respectively.
Movie corresponds to the image in Fig. 6E.. A video clip is available online.
Supplementary material related to this article can be found online at doi:10.10
16/j.csbj.2025.02.008.

later she underwent surgery for a ventral wall scarring hernia. She was
noted to have hearing loss, hepatomegaly, hypertrichosis and develop-
mental delay. She also had adenoids, which were removed. At the age of
5 years and 3 months, an increase in urinary mucopolysaccharides and a
decrease in heparan N-sulfatase activity in the blood were detected. At
the age of 11, the homozygous pathogenic variant (p.Q365P) in the
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Supplemental Movie S6. Surface rendering model of a wild-type SGSH-
expressing cell in which SGSH protein and CANX are colocalized. Coloc-
alization is indicated in white; the nucleus is indicated in blue. Movie
corresponds to the image in Fig. 6E.. A video clip is available online. Sup-
plementary material related to this article can be found online at doi:10.1016/j.
¢sbj.2025.02.008.

Supplemental Movie S7. Three-dimensional confocal image of a Q365P
SGSH-expressing cell with visualization of the ER. SGSH protein, ER, and
the nucleus are indicated in green, magenta, and blue, respectively.
Movie corresponds to the image in Fig. 6E.. A video clip is available online.
Supplementary material related to this article can be found online at doi:10.10
16/j.csbj.2025.02.008.

SGSH gene was identified in the patient by trio-whole-exome sequencing
analysis. This diagnosis was further supported by VarMeter2, which
predicted that the Q365P variant is associated with reduced protein
stability, contributing to disease manifestation. She gradually showed
regression, and her digital quotient score was less than 10 at the age of
16 years.
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Supplemental Movie S8. Surface rendering model of a Q365P SGSH-
expressing cell in which SGSH protein and CANX are colocalized. Coloc-
alization is indicated in white; the nucleus is indicated in blue color.
Movie corresponds to the image in Fig. 6E.. A video clip is available online.
Supplementary material related to this article can be found online at Movie 8d
0i:10.1016/j.csbj.2025.02.008.

In summary, we have developed VarMeter2, an improved tool for
predicting the pathogenicity of missense variants. Utilizing nSASA,
mutation energy and pLDDT values, VarMeter2 applies Mahalanobis
distance calculations to distinguish pathogenic from benign variants
with 82 % accuracy based on the ClinVar dataset. We validated the
method with both reported and novel SGSH variants, demonstrating its
practical application and confirming its effectiveness. Unlike many
other prediction tools, VarMeter2 relies solely on physical parameters
derived from 3D structural models, setting it apart from conservation-
based tools but also complementing them by focusing on physico-
chemical changes that may be directly associated with the mechanism of
pathogenicity [37]. As a result, VarMeter2 may serve as a complemen-
tarily approach, especially for variants that are challenging for
conservation-based methods. However, this reliance on structural data
also introduces limitations. First, the performance of VarMeter2 is
contingent on the accuracy of AlphaFold models, which may be less
reliable for disordered regions or proteins with low-confidence struc-
tural predictions. Second, the absence of sequence conservation analysis
might limit its predictive power for variants in highly conserved regions
where evolutionary information is critical. Ongoing efforts are under-
way to refine the tool further to address these limitations and to enhance
its power to identify pathogenic missense variants. VarMeter analyses
for missense variants can be conducted collaboratively upon request,
and in future we will develop an online tool to further facilitate
accessibility.
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