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Abstract

Background: Best vitelliform macular dystrophy (BYMD) is an autosomal dominant macular degeneration. The typi-
cal central yellowish yolk-like lesion usually appears in childhood and gradually worsens. Most cases are caused by
variants in the BESTT gene which encodes bestrophin-1, an integral membrane protein found primarily in the retinal
pigment epithelium.

Methods: Here we describe the spectrum of BESTT variants identified in a cohort of 57 Italian patients analyzed by
Sanger sequencing. In 13 cases, the study also included segregation analysis in affected and unaffected relatives. We
used molecular mechanics to calculate two quantitative parameters related to calcium-activated chloride channel
(CaCC composed of 5 BESTT subunits) stability and calcium-dependent activation and related them to the potential
pathogenicity of individual missense variants detected in the probands.

Results: Thirty-six out of 57 probands (63% positivity) and 16 out of 18 relatives proved positive to genetic testing.
Family study confirmed the variable penetrance and expressivity of the disease. Six of the 27 genetic variants discov-
ered were novel: p.(Val9Gly), p.(Ser108Arg), p.(Asn179Asp), p.(Trp182Arg), p.(Glu292GIn) and p.(Asn296Lys). All BESTT
variants were assessed in silico for potential pathogenicity. Our computational structural biology approach based

on 3D model structure of the CaCC showed that individual amino acid replacements may affect channel shape,
stability, activation, gating, selectivity and throughput, and possibly also other features, depending on where the
individual mutated amino acid residues are located in the tertiary structure of BEST1. Statistically significant correla-
tions between mean logMAR best-corrected visual acuity (BCVA), age and modulus of computed BEST1 dimeriza-
tion energies, which reflect variations in the in CaCC stability due to amino acid changes, permitted us to assess the
pathogenicity of individual BESTT variants.

Conclusions: Using this computational approach, we designed a method for estimating BCVA progression in
patients with BESTT variants.
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Background

Best vitelliform macular dystrophy (BVMD) (OMIM
#153700), also known as Best’s disease, is an autoso-
mal dominant slowly progressive form of retinal macu-
lar degeneration. The typical central yellowish yolk-like
lesion due to accumulation of lipofuscin in the retinal
pigment epithelium (RPE) usually appears in childhood.
The lesion gradually worsens [1] causing progressive
macular atrophy or fibrosis and subsequent loss of visual
acuity [2].

Five stages of the disease have been described: in the
first or pre-vitelliform stage, usually discovered inciden-
tally, subtle RPE alterations of the macula cause no symp-
toms. The second or vitelliform stage is characterized by
a well-defined 0.5 to 2 mm diameter “egg-yolk” lesion in
the macula, and patients may experience symptoms such
as metamorphopsia, blurred vision and a decrease in vis-
ual acuity. In stage 3, this deposit is partially reabsorbed
and deposited in a layer in the macula, known as “pseu-
dohypopyon” In the fourth or vitelliruptive stage, there
is partial reabsorption of the material (scrambled-egg
lesion) and macular atrophy. Macular fibrosis develops in
stage 5 [3].

The vast majority of cases are caused by a variant in the
BEST1I gene (also known as VMD2) which encodes bes-
trophin-1 (BEST1) [4].

Bestrophin-1 protein is expressed in the basolateral
membrane of the RPE [4]. It is essential for normal eye
development during embryogenesis and for retinal home-
ostasis throughout life [5]. Bestrophin-1 belongs to the
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family of calcium-activated chloride channels (CaCCs)
that regulate the flow of chloride and other monovalent
anions across cell membranes in response to intracel-
lular Ca®* levels [6-8]. These channels occur in various
types of cell. The mechanisms of CaCC anion selectivity,
calcium-dependent gating and the bestrophin-1 domains
involved in channel regulation are not fully understood.
The X-ray structure of BEST1 from Gallus gallus, which
shares 74% sequence identity with human BEST1, showed
that five bestrophin-1 molecules compose a CaCC, which
contains a single long pore along a five-fold symmetry
axis (Fig. 1) [9, 10]. The pore extends from the extracel-
lular side across the cell membrane and through the cyto-
sol. Its variable diameter defines two narrow hydrophobic
regions: the neck and the aperture, which are thought to
be related to channel gating and anion selectivity [9, 10].
The X-ray structure of BEST1 CaCC also shows five cal-
cium-binding sites in the cytosolic portions of the subu-
nits (Ca>" clasps) and three binding sites for Cl~ for each
subunit in the channel pore [9, 10].

The N-terminal region of bestrophin-1 (residues 1-390
in human BEST1) is highly conserved in eukaryotic
CaCCs and has been shown sufficient for CaCC activ-
ity and CI™ ion transport [11]. The C-terminal cytosolic
portion of the protein (amino acids 391-585) is predicted
to be unstructured with an as yet undefined role in chan-
nel regulation [10]. A water molecule, acidic residues
Asp301, Asp304 and backbone carbonyl groups of two
neighboring bestrophin-1 subunits cooperate in calcium
ion coordination in the Ca*" clasps [9, 10], Fig. 2.

extracellular

Fig. 1 X-ray structure of bestrophin-1 from Gallus gallus [9, 10] forming a calcium-activated chloride transmembrane channel (CaCC) composed
of five identical subunits and containing a single long pore along the axis of symmetry. a Top view (extracellular side), b side view, ¢ bottom view
(cytosol side, channel aperture). The CaCC is shown in Corey—Pauling—Koltun (CPK) representation, dark green spheres—chloride ions (A), orange
spheres—potassium ions (not visible), blue spheres—calcium ions (not visible)
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Fig. 2 Crystal structure of the “Ca’* clasp” of BEST1 from Gallus
gallus [9, 10]. The calcium binding site is formed by two bestrophin-1
subunits represented by the red (subunit A) and blue ribbons
(subunit B) and is involved in the CaCC activation. Ca>* is shown as

a dark blue sphere. Yellow lines indicate calcium ion coordination by
residues side chains and backbone carbony!l groups of both subunits.
A water molecule coordinating the calcium ion in the crystal
structure is not shown

Most of the approximatively 200 known disease-caus-
ing variants in BESTI associated with retinal degen-
erative disorders have been reported to induce CaCC
aberrations [5, 12—15]. Alterations in BEST1 CaCC func-
tions lead to a diminished electrooculogram (EOG) light
peak to dark trough ratio typical of BVMD [16]. BVMD is
a heterogeneous pleomorphic disease underling different
phenotypes and with alternative modes of inheritance.
Although most cases show autosomal dominant inher-
itance, recessive inheritance has also been described [7,
9, 10]. Patients with recessive inheritance may have the
classic features of Best disease [17], including a central
vitelliform lesion, or may have extramacular punctate
flecks without any notable central lesion [18]. Variants
in BESTI are also responsible for other clinically dis-
tinct human diseases: autosomal dominant vitreoretino-
choroidopathy (ADVIRC) (OMIM #193220), autosomal
recessive bestrophinopathy (ARB) (OMIM #611809) and
retinitis pigmentosa (RP) (OMIM #613194) [19].

Here we report the results of the characterization of
BESTI variants in an Italian population consisting of
57 probands and 13 families, thus contributing to the
molecular epidemiology of Best disease in our country.
Six of the 27 BEST variants detected are novel.
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All variants were assessed by computational structural
biology. The conclusions of computational modelling
led to the formulation of simple approximate quantita-
tive structure-pathogenicity relationships (QSPR) of the
BEST1 variants and a tool for predicting visual acuity
progression in individuals with inherited BESTI variants.

Methods

Genetic testing

Fifty-seven probands with clinical features suggesting
Best’s disease were examined in different eye clinics and
hospitals. Most of the patients underwent complete oph-
thalmic examination, including logMAR best-corrected
visual acuity (BCVA), anterior and posterior segment
examination and retinal imaging. Imaging included fun-
dus photography (Zeiss, Visucam, Oberkochen, Ger-
many), spectral domain optical coherence tomography
(SD-OCT, Spectralis HRA + OCT, Heidelberg Engineer-
ing, Heidelberg, Germany), infra-red (IR) imaging and
blue fundus autofluorescence (B-FAF) (Spectralis HRA
and HRA II, Heidelberg Engineering). Some patients also
underwent electrophysiological testing including elec-
tro-oculogram and multifocal electroretinogram [EOG,
mfERG, VERIS Clinic 4.9, Electro-Diagnostic Imaging,
San Mateo, CA and Retimax instrument (CSO, Firenze,
Italy)] recordings and ultra-structural morphology evalu-
ation by adaptive optics (AO, rtx1, Imagine Eyes, Orsay,
France) retinal imaging. A small number of patients were
only addressed to our laboratories for genetic testing
from different institutions, therefore with partial clinical
data.

A genetic test was performed to confirm the diagnosis
of Best disease; whenever possible, ophthalmic examina-
tion and genetic analysis were extended to members of
the proband’s family.

A total of 57 blood samples from patients and 18 from
family members were received and analyzed by MAGI
Laboratory (MAGI's Lab, Rovereto, Italy). DNA was
extracted by commercial kit (Blood DNA Kit E.Z.N.A;
Omega Bio-Tek Inc., Norcross, GA, USA). Extracted
DNA underwent polymerase chain reaction (PCR) to
amplify all coding regions (exons 2—11) and the intron/
exon junctions of BEST1 (NM_004183.3). The products
were purified and sequenced with a Beckman Coulter
CEQ 8000 sequencer (Beckmann Coulter, Milan, Italy).
All laboratory protocols are available upon request.

The electropherograms of all amplified fragments were
analyzed with ChromasPro 1.5 software (Technelysium
Pty Ltd, Australia; http://technelysium.com.au) and then
compared with the reference sequences using Basic Local
Alignment Search Tool 2 (BLAST2) sequences (http://
blast.ncbi.nlm.nih.gov).
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For the identification of variants, the Retina Interna-
tional database (http://www.retina-international.org), the
Human Gene Mutation Database Professional version
2017.2 (https://portal.biobase-international.com/hgmd/
pro/), the Exome Variant Server (http://evs.gs.washi
ngton.edu/EVS/) and dbSNP (https://www.ncbi.nlm.nih.
gov/snp/) were also consulted.

New variants were analyzed for their putative patho-
genicity using three on-line softwares: Polyphen 2 (Poly-
morphism Phenotyping v2; http://genetics.bwh.harva
rd.edu/pph2), SIFT (Sorting Intolerant From Tolerant;
http://sift.bii.a-star.edu.sg/) and Mutation Taster (http://
mutationtaster.org/). Pedigrees were designed accord-
ing to Bennett et al. [20] using HaploPainter software
(http://haplopainter.sourceforge.net/). New variants were
classified according to the American College of Medical
Genetics and Genomics standards and guidelines [21].

Molecular modelling

A refined 3D template model of human CaCC was pre-
pared from the X-ray structure of chicken BEST1 (PDB
entries 4RDQ and 5T5 N, 409 residues, resolution 3.1
A) [9, 10] by protein homology modelling and molecu-
lar geometry optimization. Amino acid sequences of the
N-terminal domain of Homo sapiens bestrophin-1 (Uni-
ProtKB 076090, residues 1-366) and of bestrophin-1
from Gallus gallus were aligned by the EMBOSS Needle
sequence alignment server (73.6% identity, 88.3% similar-
ity, gaps 0.5%) (https://www.ebi.ac.uk/Tools/psa/embos
s_needle/). The 3D homology model of human bestro-
phin-1 channel subunit A was built by comparative mod-
elling from the chicken CaCC template structure with the
help of the Prime protein structure prediction approach
[22] using standard parameters (Schrodinger, LLC, New
York, 2014). The loops of the human bestrophin-1 model
were perfected using the refine loops tool of Prime. The
homology model was inspected with help of Prime to
ensure that there was no violation of protein stereo-
chemistry. The human BEST1 model contained one Ca*"
cation, two KT, three Cl™ and one water molecule coor-
dinating the calcium ion. After building the 3D model
of BEST1 protein, five protein subunits were superim-
posed on the chicken CaCC template structure using
the Prime structural alignment module (Schrédinger,
LLC, New York, 2014) to obtain the quaternary struc-
ture of the human chloride channel. A dimer formed
by two BEST1 subunits was separated from the CaCC
model and further refined to convergence by energy-
minimization using molecular mechanics (MM). During
minimization, the OPLS-2005 force field [23—-25] and the
generalized Born implicit solvation model (GB/SA) [26]
were employed with MacroModel software (Schréodinger
LLC, New York, NY, 2014). At first, the protein backbone
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atoms and all ions were constrained in their initial posi-
tions, while all other atoms were unrestrained. In the
final minimization step, all atoms were set free to find
their relaxed positions in the model structure of human
bestrophin-1 subunits.

To study the effect of individual variants detected in
probands, residue replacement with optimal side chain
rotamer selection were conducted in the BEST1 dimer
using MacroModel, followed by extensive dimer and
monomer structure minimization. The consequence of
variants for the bestrophin-1 subunit binding to form
the pentameric channel and of subunit binding capacity
to Ca®" ions needed for channel regulation were esti-
mated with the help of relative dimerization and calcium
binding energies (AAEy;,, and AAE.,; ) computed with
respect to the native BEST1 protein. The AAE;,, energy
estimates the extent of possible damage or change in
CaCC formation, expressed as the change in binding
energy between neighboring bestrophin-1 subunits A
and B in CaCC, caused by a variant (var), as compared to
the reference native BEST1 [27-29]:

AAEgim =AEgim { BEST:lvalr,AB }aq

(1)
— AEdim { BESTlnative,AB }aq
AEgim {BESTlvar,AB }aq =E¢ot { BESTlvar,AB }aq
- Etot{BESTlvar,A}aq (2)

— Etot { BESTlvar,B }aq

where E,{Z},, is the total molecular mechanics (MM)
energy of hydrated {},, protein Z (dimer AB or mono-
mers A and B) computed by MacroModel (Schrédinger
LLC, New York, NY, 2014). The relative Ca*" binding
energy (AAEc,,;,) reflects the extent of possible damage
or change to channel regulation expressed as the altered
ability of the BEST1 dimer AB to bind calcium ions due
to a variant, with respect to the reference native BEST1:

AAEcabin =AEcabin { BESTlvar,AB,Ca }aq

3)
— AECabin {BESTlnative,AB,Ca }

aq

1
AEcabin{BESTLuarAB.Ca }aq =3 |Etot{BESTLuaraBaca}oq

—Etot { BESTlvar,AB }aq (4)

—2E501{Ca2+} ]
aq

where E,{Z},; and ES(,1<{C212+}>aq are the total MM energy
of the hydrated bestrophin-1 dimer with or without
bound calcium ions, or the solvation energy of the Ca*"
ion.

aq=
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QSPR of BEST1I variants affecting the visual acuity of
the probands were elaborated with help of the Cerius?
software package (Cerius® Life Sciences, version 4.5,
2000. Accelrys, San Diego, CA, USA) [30, 31]. Clini-
cally evaluated stages and visual acuities averaged over
both eyes of a proband and averaged over probands car-
rying the same BESTI variant were correlated by linear
regression with the computed subunit dimerization and
calcium binding energies (AAE;,,, AAE ) as well as
the modulus (absolute value) of dimerization energy,
|AAE 4, |- Due to the lack of other functional parameters
such as the Arden Index or Mf-ERG for all the patients
other correlations were not possible. A set of 20 distinct
BEST] variants in 27 probands, for whom BCVA data
was available (Table 1), was entered in the QSPR model.
Statistical techniques for validation of the regression
(leave-one-out cross-validation) were used to identify
outliers (data points modelled poorly by the regres-
sion equation). In the Cerius? an outlier is defined as a
data point with a residual more than twice the standard
deviation of the residuals generated in the validation
procedure.

Results

Genotype

The subjects of the study were 30 males and 27 females
(mean age +SD 40.7 +18.6 years; range 9-85) with clini-
cal features suggesting Best’s disease. Genetic testing
revealed 26 different variants in 36 patients who tested
positive (63% positivity); 20 variants are already known to
be associated with Best disease, and six were novel and
associated with BVMD for the first time (Table 1). One
of the six new variants regards a nucleotide substitution
that causes an amino acid change already established as
pathogenic, and we therefore do not discuss it here. We
describe the clinical features of probands carrying the
other five new variants in Additional files 1, 2.

Some family members of 13 patients testing positive for
a variant in BESTI were also studied by target sequenc-
ing: 16 out of 18 carried a variant in BESTI, eight of
whom were clinically healthy and eight affected (Fig. 3).
Penetrance in our families was estimated at 72.4% with
no sex differences (71.4% and 73.3% for females and
males, respectively).

Extension of study to family members was only possi-
ble for 2 out of 6 new variants: p.(Val9Gly) found in the
asymptomatic father of proband 3, and p.(Asn296Lys)
found in the affected father and grandmother of proband
31 (Fig. 3).

Pathogenic BESTI variants were scattered throughout
the gene (Fig. 4).
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Structural biology of BEST1 variants

A variant can affect the structure and function of BEST1
CaCC in a number of ways. Depending on its site in bes-
trophin-1 molecular structure, an amino acid replace-
ment can lead to: (i) altered Ca*" binding and defective
channel activation; (ii) conformational changes affecting
channel gating; (iii) anomalous binding between bes-
trophin-1 subunits and modified channel stability; (iv)
variations in channel pore size and shape and altered
ion throughput rate or specificity; and (v) other changes
(Fig. 5). We studied structural changes linked to the 36
variants (Table 2) in a 3D model of human bestrophin-1
prepared by comparative modelling from the crystal
structure of chicken BEST1 [9, 10]. The locations of the
amino acid variants in the 3D structure of bestrophin-1
of the probands are shown in Fig. 6.

Besides locating variant residues, we used molecular
mechanics to calculate the relative energies of dimeriza-
tion (AAEy;,,, Egs. 1 and 2) of two bestrophin-1 subunits
bearing a variant. The dimerization energies approximate
the probability that assembled bestrophin-1 variants
display an alteration of the ideal quaternary structure of
CaCC affecting its function. We also computed relative
energies of calcium binding (AAE,;.» Eqs. 3 and 4) by
the variant bestrophin-1 subunits as an approximation
of the possibility of altered calcium-dependent regula-
tion of CaCC for all the variants detected in the probands
(Table 2). The relative energies therefore characterize
deviation from native bestrophin-1 structure and/or
function, presumably reflecting potential pathogenicity.

To explore the possibility of a link between the com-
puted energies (AAEy;,,, AAE(,;, and |AAE;. |) and clin-
ical symptoms of probands with the BESTI variants in
question, we established a QSPR [29]. In the QSPR model
we used the age-adjusted mean Best’s Disease Sever-
ity Index (BDSI), averaged over all N probands with the
same variant, to represent the severity of observed clini-
cal symptoms on a quantitative scale (0% to 100%):

logMAR ; + logMARgg ;

1 N
BDSI = —
N[

Aj
-100% - e~ 100
(5)

The summation in Eq. (5) includes probands with the
same variant, where logMAR;; and logMARg;; are left
(LE) and right eye (RE) best-corrected visual acuities
(BCVA) of probands in the log Minimum Angle of Reso-
lution scale (logMAR—Table 1) determined by clinical
evaluation. In Eq. (5), the sum of BCVA was normalized
by a factor of 2.6 to express loss of vision as a percentage
(logMAR=0/0 means perfect vision of LE/RE, while log-
MAR>1.3/1.3 means complete blindness of both eyes).
In Eq. (5), A, is the age of proband i at the time of clini-
cal evaluation and the corresponding time factor of the
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Fig. 3 Pedigrees of 13 probands with Best disease. P, proband; E—, negative to genetic test; square, male subject; circle, female subject; black
symbol, affected subject; white symbol, healthy subject; * documented clinical evaluation; @ obligate carrier; yr, age in years; maternal and paternal
alleles are identified by square brackets; =, indicates no change in the second protein allele

p.(Gly15Asp) p.(Tyr29Cys) p.(Pro101Thr) p.(Arg200*)  p.(Val235Leu)

p.(Arg25GIn) p.(Arg92Cys) p.(Asn179Asp) p.(lle232Asn) p.(Glu292GIn)

NH2 | TTh ™ L I ™ | cooH

Ll 8 50 e 9o [ 1 f 231 [253 269 201 | |
p.(Val9Gly) | p.(Ser27Thr) p.(Trp93Ser) p.(Trp182Arg)

p.(Ser16Phe) p.(Ser108Arg) p.(Arg218Ser) l p.(Asp301Glu)
p.(Arg218Cys) p.(Ala243Glu)

T Seen in one patient
. . p.(Ala243Thr)
Seen in two patients
T Seen in three patients

Fig. 4 Distribution of BESTT variants found in our patients. Graphical representation of the distribution of BESTT variants throughout the gene. New
variants are shown in rectangular boxes

BDSI: f — e*lAT)io adjusts the severity index for age of dis- symptoms), BDSI=100% means complete loss of vision.
ease onset (f = 1 for a patient diagnosed at age A; = 1 year See legend of Table 2 for examples of BDSI index values in

while f = 0.368 for a patient diagnosed with BVMD at relation to BCVA and age of proband. The BDSI was ana-

age A; = 100 years). BDSI=0% means perfect vision (no lyzed for correlations with computed energies (AAEy,,
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Fig.5 Subunits C and E of the X-ray structure of chicken
bestrophin-1 (in ribbon representation) forming part of the
calcium-activated chloride channel [9, 10]. The axial cross-section of
the ion pore (yellow tube) shows the approximate size and shape of
the pore and indicates the positions of the pore neck and aperture as
well as calcium binding sites involved in channel gating. Boundaries
of the cell membrane are indicated by the horizontal red lines (figure
adapted from: Ref. [10])

AAE ;) and with |AAE; . |. The modulus of dimerization
energy was used in the QSPR models because we assumed
that elevated and low relative energies of bestrophin-1
subunit dimerization could both be harmful to the normal
structure and function of the CaCC.

We managed to establish a statistically significant QSPR
model correlating BDSI with the modulus of computed rel-
ative dimerization energy:

BDSI = 0.24935 - |AAEgiy| + 6.56527 ®)

(for details see Fig. 7) and linking structural biology con-
siderations to the clinical findings. This validated QSPR
model also enables prediction of clinical symptoms (pre-
dicted mean visual acuity averaged over both eyes at a
given patient age, PMVA or logMAR,,.) of other similar
BEST1I variants and estimation of the pathogenicity of
BEST]1 variants based on |AAE;,| computed for a given
variant by molecular mechanics:

2.6
PMVA =lOgMARave = ﬁ (7)

-[0.24935 - |AAEgim| + 6.56527] - €100
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where A is the age of the patient (set at 40 years in
our predictions, Table 2). In the logMAR scale (0 to
1.3 or more) higher values mean worse visual func-
tion, so that BESTI variants leading to predicted
logMAR,,. values higher than 0.5 (corresponding to
|AAE;,,| > 77 kcal mol™) can be classified as potentially
pathogenic. Calculated logMAR,,, values lower than 0.5
are regarded as less likely to be pathogenic (Table 2). The
threshold 0.5 is based on the WHO criteria for low vision
using the logM AR scale [31].

Finally, out of the six new BESTI variants reported
here, four residue replacements [p.(Val9Gly),
p-(Asnl179Asp), p.(Glu292Gln) and p.(Asn296Lys)]
seem to affect Ca®* ion binding and CaCC activation
(Table 2).

Discussion

Computational modelling of the tertiary structure of
bestrophin-1 and quaternary structure of CaCC made
it possible to link the detected variants to possible
molecular mechanisms that may be involved in chan-
nel function impairment. In relation to the location of
individual amino acid replacements in the 3D structure
of bestrophin-1, the variants may affect channel shape,
stability, activation, gating, ion selectivity, ion through-
put, and probably other features as well. Our computa-
tional structural biology approach was therefore based
on characteristics involving protein structure and func-
tion which are more complex than similarity/diversity
of variant amino acid residues.

It is complicated to quantify the clinical features of
probands with Best vitelliform macular dystrophy. Best
disease stages of the left and right eye as diagnosed in
our probands were not correlated with BCVA in the
logMAR scale (Table 1). We, therefore, selected BCVA
and designed our own age-adjusted quantitative Best’s
disease severity index (BDSI), see Eq. 5. The BDSI
index showed a good correlation with the computed
modulus of bestrophin-1 subunit dimerization energy
|AAE;,| (Fig. 7) which is assumed to reflect the poten-
tial harmful effect of individual missense variants on
BEST1 CaCC structure and function. During regression
analysis, it was necessary to remove five outlier points
(probands P13, P24, P25, P27 and P31) identified by the
leave-one-out cross-validation algorithm. The corre-
sponding point variants (p.(Tyr29Cys), p.(Arg218Ser),
p-(lle232Asn), p.(Ala243Thr) and p.(Glu292GIn) are
mainly residue replacements leading to low-to-medium
positive and negative AAEy;,, values, which are thus
expected to be linked to small changes in CaCC struc-
ture and function. We can therefore assume that the
QSPR model and the proposed computational tool for
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Fig. 6 3D model of subunit A of human bestrophin-1 (residues 1-366; CPK representation) prepared by homology modelling and relaxed by
geometrical optimization in water by molecular mechanics from crystal structure of chicken BEST1 [9, 10]. Ca?* and K ions of neighbouring
subunit B in the chloride channel coordinated by the C-terminal domain residues of subunit A are marked with (B). The locations of individual
variant amino acids identified in the probands (Table 1) are shown in purple. a Front view of subunit A with “tail” wrapped around subunit

B (channel pore inner side). b Side view (binding site to neighbouring subunit E). ¢ Rear view (membrane side). d Side view (binding site to
neighbouring subunit B)
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Fig. 7 Plot of regression equation of Best Disease Severity Index
(BDSI) versus modulus of relative energy of dimerization |AAE ;| of
variant BEST1 subunits: BDSI=0.24935 - |AAE | +6.56527, Eq. (6).
BDSI was derived from clinically evaluated BCVA (best-corrected
visual acuity in logMAR scale) and age of 27 probands, Eq. (5), Table 2;
AAE;,, was computed by molecular mechanics from the 3D model
of human CaCC. Statistical parameters of the correlation: number
of available data points: n =20, squared correlation coefficient:
R?=0.854, leave-one-out cross-validated correlation coefficient:
R2,=0.827, Fischer F-test: F = 76.164, significance of correlation:
a>95%, number of outliers removed: n,=5

100

BEST1 variant pathogenicity prediction apply to con-
servative as well as radical variants. Although many
intrinsic factors are known to co-determine the bio-
logical consequences of gene diversity and the resulting
impairment of health or well-being [32], we were able
to establish a robust but simple QSPR model linking
computed relative energies of human bestrophin-1 pro-
tein with the symptoms of BVMD diagnosed in a cohort
of patients. To illustrate application of the model we
compare the PMVA of two probands, P4 and P17, of
similar age bearing different BESTI variants and dis-
playing different clinical symptoms (Table 3). As we can
see, patient P17 has greater visual impairment (higher
logMAR,,. and mean BDSI values). Structural biology

Table 3 Comparison of two BEST1 variants

Page 13 of 15

assessment of his BEST] variant predicts larger altera-
tions of stability and structure of assembled bestro-
phin-1 subunits (larger |[AAE;,|), possibly detrimental
to CaCC function. Consequently, predicted mean vis-
ual acuity (PMVA) estimated for P17 at age 40 years is
larger than the threshold of 0.5 (PMVA =0.59) and the
corresponding BEST1 variant p.(Ser108Arg) can thus
be considered likely pathogenic.

Further calibration of this computational pathogenic-
ity estimate on a much larger cohort of patients and
wider range of amino acid variants is still needed to set
the borderline between low and high pathogenicity and
confirm the reliability of the resulting clinical outcome
predictions.

Conclusions

Similar computational biology approaches based on
molecular mechanics energies or other structural prop-
erties of native and variant proteins and their interac-
tions suggest the possibility of exploring the molecular
basis of genetic diseases and perhaps predicting likely
clinical outcomes of genetic variants. Worth to note,
the predicted pathogenicity descriptor PMVA can also
be used for estimating the development of patient’s
BCVA over the years by substituting selected age (A)
into Eq. (7).

We also reported the results of genetic testing in 57
Italian BVMD patients, including 36 subjects with a
BEST1I variant. Compared with other reports in the lit-
erature for different populations, our results indicate
that there are no specific ethnic variants [2], while seg-
regation study confirmed the variable penetrance and
expressivity of the disease in patients with the same
BEST1I variant, even in the same family [33, 34]. Six
new variants are also reported, thus broadening the
BESTI variant spectrum.

Proband ID BESTTvariant Age?®([years] BCVAP; BCVAE: logMARS,. MeanBDSI?[%] |AAEy .| PMVAf  Estimated
[kcal mol~"] BEST1 variant
pathogenicity
P4 p.(VIa9Gly) 27 0.0 0.6 0.30 17.6 34 0.29 Likely non-pathogenic
P17 p.(Ser108Arg) 26 0.1 1.0 0.55 326 96 0.59 Likely pathogenic

2 Age of proband at last clinical evaluation
b BCVA (best-corrected visual acuity) in logMAR scale of left (LE) and right eye (RE)

¢ Average BCVA value (logMAR, ¢ +logMARg.)/2

4 Mean age-adjusted Best’s Disease Severity Index

€ Modulus of computed relative energy of variant BEST1 subunit dimerization

f

PMVA—opredicted mean visual acuity (logMAR ¢ +10gMARg)/2 of an individual with a given bestrophin-1 variant at age 40 years
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Additional file 1. Clinical findings for patient P4, P17, P18, P19 and P31

Additional file 2. Figure S1-P4: Right eye five-year follow-up in a
22-year-old patient carrying a p.Val9Gly variant in BEST1. SD-OCT scans
and corresponding FAF through the fovea and vitelliform deposit at
baseline (A, Band C) and 5 years later (D, E and F). After 5 years the patient
showed a“vitelliruptive” stage with irregular FAF signal (D), elongation of
the outer segments under the fovea (E) and a thin neurosensory retinal
detachment surrounding the lipofuscin deposit (E, F). Fundus photograph
of the posterior pole at the last follow-up (G). Figure S2-P4: Left eye
five-year follow-up of the same patient. At baseline a“pseudohypopyon”
stage is clearly visible in FAF (A) and OCT scans (B, C). Serous detachment
of the neurosensory retina is visible in the upper macula with decreased
FAF levels (Fig. 2B). In the bottom row of images, the yellow vitelliform
material is evident by FAF. Five years later, there was reduction of the
serous detachment and contraction of the deposit (“vitelliruptive”stage).
Irregular FAF signal (D), preserved elongation of photoreceptors (E, F) and
fundus photograph of posterior pole in“vitelliruptive”stage (G). Figure
$3-P17: FAF images of Best's maculopathy patient (P17) (A), showing a
lesion consisting of a circular hyperautofluorescent parafoveal circle with
an annular hypofluorescent ring enclosing a second inner hyperautofluo-
rescent ring and a hypoautofluorescent central spot (tip of the dome). The
infrared images show hyperreflective foveal changes more visible in the
LE (B bottom). The corresponding SD-OCT scans in both eyes (C) show
subfoveal hyperreflective lipofuscin deposits at RPE level, surrounded by
thin neurosensory retinal detachment, more prominent in the LE. The
photoreceptor layer, partially intact in the RE and with slight disruption in
the LE, is displaced on top of the lesion. In the LE tiny microcystic spaces
subtending inner-layer retinal splitting can also be observed. Figure
S4-P18: FAF (A, C) and OCT scans (B, D) of a 46-year-old patient carrying

a p.Asn179Asp variant in BEST1. Idiopathic choroidal folds and central
accumulation of hyperautofluorescent lipofuscin is evident in both eyes.
The right eye is in “pseudohypopyon”stage, as suggested by the neuro-
sensory retinal detachment, while the left eye is still in “vitelliform” stage.
Figure S5-P19: FAF and OCT scans of a 13-year-old girl with a Trp182Arg
variant in BEST1, showing bilateral vitelliform lesions at pseudohypopyon
stage in both eyes. OCT scans show subfoveal hyperreflective lipofuscin
deposits at RPE level, surrounded by thin neurosensory retinal detach-
ment. Figure S6-P31: Patient 31 (P31), a 9-year-old boy, showing fundus
ophthalmoscope evidence of bilateral circular yellowish yolk-like lesions in
the macular area (D). The lesions are symmetrically hyperautofluorescent
with a nasal hypoautofluorescent sickle visible by FAF (A). At the same
location in IR images, there is a circular area of hyporeflectivity matching
the lipofuscin deposit at sub-RPE level with consequent reorganization of
the IS-OS junction layer on top of the dome, as seen also in OCT scans (C).
Preservation of the photoreceptor layer is also confirmed by adaptive opti-
cal images, showing cone mosaic structure in the RE (E), where the lesion
appears elevated but with a normal arrangement of cones on top of it. In
fact, intact bright cones can be seen across the central 6 degree eccentric-
ity around the fovea, as well as a circular dark ring of shadow delineating
the contour line of the lesion, where faint, still resolvable cones seem
mechanically distorted.

Abbreviations

ADVIRC: autosomal dominant vitreoretinochoroidopathy; AO: adaptive optics;
ARB: autosomal recessive bestrophinopathy; BCVA: best-corrected visual acu-
ity; BDSI: Best's Disease Severity Index; B-FAF: blue fundus autofluorescence;
BVMD: best vitelliform macular dystrophy; CaCC: calcium-activated chloride
channel; AAE;,: subunit dimerization energy; AAE,;,: calcium binding
energy; EOG: electro-oculogram; IR: infra-red; LE: left eye; mfERG: multifocal
electroretinogram; PMVA: predicted mean visual acuity; QSPR: quantitative
structure-pathogenicity relationship; RE: right eye; RP: retinitis pigmentosa;
RPE: retinal pigment epithelium; SD-OCT: spectral domain optical coherence
tomography.

Page 14 of 15

Acknowledgements
We are grateful to Helen Ampt for revising the manuscript.

Authors’ contributions

VF made substantial contributions to the conception and design of the

work, performed the computational modelling and was a major contribu-

tor in writing the manuscript. Gl and APS performed the ophthalmological
examination, collected the patient data and was a major contributor in writing
the manuscript. PEM made substantial contributions to the conception and
design of the work, interpreted the genetic data and drafted the work. GD,
MO, AMM, LZ, LC, FDE, FV, MA, EM performed the ophthalmological examina-
tion, collected the patient data and substantively revised the work. GS, FB, AM
and MB made substantial contributions to the conception and design of the
work and substantively revised the work. JM performed the computational
modelling and substantively revised the work. All authors read and approved
the final manuscript.

Funding

Research for this study was partially supported by the Ministry for Health

and Fondazione Roma. Partial financial support was provided by the Slovak
Research and Development Agency (APVV-17-0239), and the Granting Agency
of the Slovak Ministry for Education and the Slovak Academy of Science (VEGA
1/0228/17).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate

The study conformed to the declaration of Helsinki. All the data reported here
was collected as part of routine diagnosis and did not require specific ethical
committee approval.

Consent for publication
Informed consent to the use of anonymized genetic and clinical results was
obtained from all patients or from parents in the case of minors.

Competing interests

The author declares that they have no competing interests. The authors
declare that they have no proprietary interest in the development or market-
ing of the instruments described.

Author details

! Department of Physical Chemistry of Drugs, Faculty of Pharmacy, Comenius
University in Bratislava, Bratislava, Slovakia. > Department of Ophthalmol-

ogy, Bambino Gesi IRCCS Children’s Hospital, Rome, Italy. > Department

of Biomedical and Clinical Sciences “Luigi Sacco’, Sacco Hospital, University

of Milan, Milan, Italy. * MAGI'S Lab SR.L. Via Delle Maioliche 57/D, 38068 Rov-
ereto, TN, Italy. * Institute of Ophthalmology, Visual Electrophysiology Service,
Fondazione Policlinico Gemelli/UniversitaCattolica del S. Cuore, Rome, Italy.

% Neurophthalmology and Neurophysiology Unit, GB Bietti Foundation-
IRCCS, Rome, Italy. ” Department of Ophthalmology, Orthoptic and Pediatric
Ophthalmology, University of Salerno, Salerno, Italy. ® Department of Ophthal-
mology, San Paolo Hospital, University of Milan, Milan, Italy. * Imperial College
Ophthalmic Research Unit, Western Eye Hospital, Imperial College Healthcare
NHS Trust, London, UK. '° Eye Clinic, Department of Neurosciences, Reproduc-
tive Sciences and Dentistry, University of Naples Federico I, Naples, Italy.

' MAGI Euregio, Bolzano, Italy. "2 Genius n.o, Trnava, Slovakia. '> Department
of Ophthalmology, Fondazione IRCCS Ca Granda, Clinica Regina Elena, Milan,
Italy. '* IRCCS-Ospedale Sacro Cuore Don Calabria, Negrar, VR, Italy.

Received: 2 August 2019 Accepted: 21 September 2019
Published online: 01 October 2019

References

1. Boon CJF, Klevering BJ, Leroy BP, Hoyng CB, Keunen JEE, den Hollander Al.
The spectrum of ocular phenotypes caused by mutations in the BEST1
gene. Prog Retin Eye Res. 2009;28(3):187-205. https://doi.org/10.1016/j.
preteyeres.2009.04.002.


https://doi.org/10.1186/s12967-019-2080-3
https://doi.org/10.1186/s12967-019-2080-3
https://doi.org/10.1016/j.preteyeres.2009.04.002
https://doi.org/10.1016/j.preteyeres.2009.04.002

Frecer et al. J Trans| Med

20.

(2019) 17:330

Sodi A, Passerini |, Murro V, Caputo R, Bacci GM, Bodoj M, et al. BEST1
sequence variants in Italian patients with vitelliform macular dystrophy.
Mol Vis. 2012;18:2736-48.

Querques G, Zerbib J, Georges A, Massamba N, Forte R, Querques L, et al.
Multimodal analysis of the progression of best vitelliform macular dystro-
phy. Mol Vis. 2014;20:575-92.

Petrukhin K, Koisti MJ, Bakall B, Li W, Xie G, Marknell T, et al. Identifica-
tion of the gene responsible for Best macular dystrophy. Nat Genet.
1998;19(3):241-7.

Davidson AE, Millar ID, Burgess-Mullan R, Maher GJ, Urquhart JE, Brown
PD, et al. Functional characterization of bestrophin-1 missense mutations
associated with autosomal recessive bestrophinopathy. Invest Ophthal-
mol Vis Sci. 2011;52(6):3730-6.

Sun H, Tsunenari T, Yau K-W, Nathans J. The vitelliform macular dystrophy
protein defines a new family of chloride channels. Proc Natl Acad SciU S
A. 2002;99(6):4008-13.

Qu Z, Fischmeister R, Hartzell C. Mouse bestrophin-2 is a bona fide Cl(-)
channel: identification of a residue important in anion binding and
conduction. J Gen Physiol. 2004;123(4):327-40.

Hartzell HC, Qu Z, Yu K, Xiao Q, Chien L-T. Molecular physiology of bes-
trophins: multifunctional membrane proteins linked to best disease and
other retinopathies. Physiol Rev. 2008;88(2):639-72.

Dickson VK, Pedi L, Long SB. Structure and insights into the function of a
Ca-activated Cl channel. Nature. 2014;516(7530):213-8.

Vaisey G, Miller AN, Long SB. Distinct regions that control ion selectivity
and calcium-dependent activation in the bestrophin ion channel. Proc
Natl Acad Sci. 2016;113(47):E7399-408.

. Xiao Q, Prussia A, Yu K, Cui Y, Hartzell HC. Regulation of bestro-

phin Cl channels by calcium: role of the C terminus. J Gen Physiol.
2008;132(6):681-92.

Marmorstein AD, Kinnick TR. Focus on molecules: bestrophin (Best-1). Exp
Eye Res. 2007;85(4):423-4.

Davidson AE, Millar ID, Urquhart JE, Burgess-Mullan R, Shweikh Y, Parry N,
et al. Missense mutations in a retinal pigment epithelium protein, bestro-
phin-1, cause retinitis pigmentosa. Am J Hum Genet. 2009;85(5):581-92.
Kinnick TR, Mullins RF, Dev S, Leys M, Mackey DA, Kay CN, et al. Autosomal
recessive vitelliform macular dystrophy in a large cohort of vitelliform
macular dystrophy patients. Retina. 2011;31(3):581-95.

Milenkovic VM, Réhrl E, Weber BHF, Strauss O. Disease-associated mis-
sense mutations in bestrophin-1 affect cellular trafficking and anion
conductance. J Cell Sci. 2011;124(17):2988-96.

Sohn EH, Francis PJ, Duncan JL, Weleber RG, Saperstein DA, Farrell DF,

et al. Phenotypic variability due to a novel Glu292Lys variation in exon

8 of the BEST1 gene causing best macular dystrophy. Arch Ophthalmol.
2009;127(7):913-20.

Gerth C, Zawadzki RJ, Werner JS, Heon E. Detailed analysis of retinal func-
tion and morphology in a patient with autosomal recessive bestrophi-
nopathy (ARB). Doc Ophthalmol. 2009;118(3):239-46.

Abramoff MD, Mullins RF, Lee K, Hoffmann JM, Sonka M, Critser DB, et al.
Human photoreceptor outer segments shorten during light adaptation.
Invest Ophthalmol Vis Sci. 2013;54(5):3721-8.

Doumanov JA, Zeitz C, Dominguez Gimenez P, Audo |, Krishna A, Alfano
G, et al. Disease-causing mutations in BEST1 gene are associated with

altered sorting of bestrophin-1 protein. Int J Mol Sci. 2013;14(7):15121-40.

Bennett RL, Steinhaus KA, Uhrich SB, O'Sullivan CK, Resta RG, Lochner-
Doyle D, et al. Recommendations for standardized human pedigree
nomenclature. J Genet Couns. 1995;4(4):267-79.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 15 of 15

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards
and guidelines for the interpretation of sequence variants: a joint con-
sensus recommendation of the American College of Medical Genetics
and Genomics and the Association for Molecular Pathology. Genet Med.
2015;17(5):405-24.

Jacobson MP, Pincus DL, Rapp CS, Day TJF, Honig B, Shaw DE, et al. A
hierarchical approach to all-atom protein loop prediction. Proteins Struct
Funct Genet. 2004,55(2):351-67.

Jorgensen WL, Tirado-Rives J. The OPLS potential functions for proteins.
Energy minimizations for crystals of cyclic peptides and crambin. J Am
Chem Soc. 1988;110(6):1657-66.

Kaminski G, Duffy EM, Matsui T, Jorgensen WL. Free energies of hydration
and pure liquid properties of hydrocarbons from the OPLS all-atom
model. J Phys Chem. 1994,98(49):13077-82.

Jorgensen WL, Maxwell DS, Tirado-Rives J. Development and testing of
the OPLS all-atom force field on conformational energetics and proper-
ties of organic liquids. J Am Chem Soc. 1996;118(45):11225-36.

Clark Still W, Tempczyk A, Hawley RC, Hendrickson T. Semianalytical treat-
ment of solvation for molecular mechanics and dynamics. J Am Chem
Soc. 1990;112(16):6127-9.

Frecer V, Miertus S, Tossi A, Romeo D. Rational design of inhibitors

for drug-resistant HIV-1 aspartic protease mutants. Drug Des Discov.
1998;15(4):211-31.

Frecer V, Berti F, Benedetti F, Miertus S. Design of peptidomimetic
inhibitors of aspartic protease of HIV-1 containing—Phe C Pro—core
and displaying favourable ADME-related properties. J Mol Graph Model.
2008;27(3):376-87.

De-Eknamkul W, Umehara K, Monthakantirat O, Toth R, Frecer V, Knapic L,
et al. QSAR study of natural estrogen-like isoflavonoids and diphenolics
from Thai medicinal plants. J Mol Graph Model. 2011;29(6):784-94.
Garino E, Miertus J, Berrino M, Bertinetto F, Caropreso P, Gay V, et al.
Molecular aspects of a novel HLA-A*02 allele (A*0297): the first HLA class |
allele mutated at codon 232. Tissue Antigens. 2007;,69(4):342-7.
Robbiano A, Frecer V, Miertus J, Zadro C, Ulivi S, Bevilacqua E, et al. Mode-
ling the effect of 3 missense AGXT mutations on dimerization of the AGT
enzyme in primary hyperoxaluria type 1.J Nephrol. 2010;23(6):667-76.
Harpending H, Cochran G. Genetic diversity and genetic burden in
humans. Infect Genet Evol. 2006;6:154-62.

Weber BH, Walker D, Muller B. Molecular evidence for non-penetrance in
Best's disease. J Med Genet. 1994;31(5):388-92.

Boon CJF, Klevering J, den Hollander Al, Zonneveld MN, Theelen T, Crem-
ers FPM, et al. Clinical and genetic heterogeneity in multifocal vitelliforin
dystrophy. Arch Ophthalmol. 2007;125(8):1100-6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Pathogenicity of new BEST1 variants identified in Italian patients with best vitelliform macular dystrophy assessed by computational structural biology
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Genetic testing
	Molecular modelling

	Results
	Genotype
	Structural biology of BEST1 variants

	Discussion
	Conclusions
	Acknowledgements
	References




