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Abstract

Tyrosinase is the key enzyme (TYR) regulating melanin biosynthesis pathway and different TYR mutants had been shown
to be retained within the Endoplasmic Reticulum (ER) in varying degrees, instead of being localized in the melanosome.
Interestingly, a direct correlation could be ascertained between the enzyme activities of the mutants and their respective
degrees of ER retentions (Moumita Chaki et al., 2011; Mondal, Sengupta, & Ray, 2016); but the molecular bases of such
variations in retentions has largely been unknown. In the current study, for the very first time, we tried to check if structural
constraints like—(i) position of an amino acid within TYR, whether buried or surface exposed (which is reflected by Acces-
sible Surface Area value), (ii) change in nature of amino acid, (iii) changes in overall electrostatic potential (iv) changes in
hydrogen bonding (v) steric hindrance (vi) change in overall stability due to non-synonymous amino acid substitutions have
contributing effects upon differential retentions of the mutants within ER. To achieve our aim, we did homology models of 45
TYR variants that have previously been functionally characterized by Mondal, Sengupta, & Ray, 2016, with respect to their
degrees of ER retentions, as well as their individual levels of enzyme activities. To our surprise, we did not get any correla-
tions whatsoever between differential functional characteristics of mutant TYRs with differential structural attributes. This
indicates towards the role of some hitherto unexplored mechanism of processing of mutant protein variants that contribute
toward their differential functional outcomes.
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Introduction

Mature Tyrosinase (TYR, monophenol monoxygenase EC
1.14.18.1, UniProt #14,679) is a melanosomal membrane-
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bound glycoenzyme with a type-3 copper active site. TYR
undergoes extensive processing inside endoplasmic reticu-
lum (ER) aided by the chaperones Bip, Calnexin and Cal-
reticulin, from where, it reaches the Golgi and next the
melanosomes, the site of its function and subsequent pig-
ment production. Though mammalian TYR in its pure and
complete form has not been crystallized yet, the domains of
the protein are well characterized. Mature TYR harbours
seven N-glycosylation sites; two copper binding sites (CuA
and CuB) and one transmembrane (TM) domain followed
by a relatively short carboxyl-tail that contains the essential
signals for sorting and targeting to the melanosomes (Ray
et al. 2007).

Based on previous studies, it has been implicated that
OCA1 (OCA: Oculocutaneous Albinism, here Type 1),
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caused by mutations in TYR (TYR encoding human gene,
OMIM #606,933), is an ER-retention disorder (Halaban
et al. 2000; Mondal et al., 2016; Toyofuku et al., 2001) and
different degrees of retentions in ER was evident for differ-
ent TYR variants precipitating either OCA1A or OCA1B
(Francis et al., 2003; Halaban et al., 2000; Halaban et al.,
2002; Mondal et al., 2016). It is important to mention here
that any un/misfolded protein enters and re-enters the chap-
erone CNX/CRT (Calnexin/Calreticulin) cycle via UGGT
(UDP-glucose: glycoprotein glucosyl transferase) pathway
and if still fails to fold correctly even after repeated cycles
of CNX/CRT binding, is sorted out to the cytosol by EDEM
(ER degradation enhancing—mannosidase-like protein) for
proteasomal degradation (Ray et al., 2007). Thus, until pro-
teasomal degradation, the misfolded mutant protein remains
bound to ER chaperones, as reflected by Endoglycosidase
H (Endo-H) sensitive bands post Endo-H assay. OCAI
causing missense mutations like p.L9P, p.D42N, p.R52I,
p.K131E, p.H202R, p.R239W, p.G295R were observed to
be completely ER retained post Endo-H assays and hav-
ing zero TYR activities; in contrast, p.G41R, p.S192Y,
p-Y433C were found to be partially retained within ER and
having residual TYR enzyme activities, while few other
TYR variants like p.L6F, p.S79P, p.T325A, p.A490G were
found retain wild type (WT) like enzyme activity, besides
not being retained at-all within the ER lumen. Interestingly,
p-S192Y and p.H202R residing within the same Copper A
domain were found to be partially and completely retained
within ER lumen, respectively, having different degrees of
TYR enzyme activities as already mentioned (Chaki et al.,
2011; Mondal et al., 2016). In view of all this information,
we thought variant wise modulation of TYR’s structural
attributes might be the contributory factor towards differ-
ent degrees of ER retentions for the different mutants. We
thought of checking if the solvent accessibility of the mutant
residue i.e. if the position of the variant residue within TYR
protein are buried deep inside the TYR protein structure or
are more of surface exposed kind and if that can be corre-
lated with different degrees of ER retentions. Interestingly,
previous studies (Sarkar et al. 2014; Sengupta et al. 2015)
have shown that changes in hydrogen bonds with neighbour-
ing residues, introduction of steric clash or weak bonds,
changes in overall electrostatic potential maps are important
parameters for a mutation to exert different degrees of “del-
eterious” effects on protein structure and/or functions, which
may correlate with different degrees of severity of disease
outcomes. Again, alteration of overall protein stability and
torsional property have long been observed to contribute dif-
ferential functions on mutated protein variants (Ahmed et al.
2022; Seifi & Walter 2018; Shafie et al. 2021). We thought
these parameters too ought to be checked for TYR protein
variants in understanding the molecular basis of differential
degrees of ER retentions. In accordance, we modelled TYR
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WT and mutated protein variants and compared the above-
mentioned structural attributes between WT and the mutated
TYR protein variant models.

Materials and methods

Generation of homology model for wild type
tyrosinase protein

Due to the unavailability of crystal structure of purified
human tyrosinase protein, a homology model was generated
using the crystal structure of Bacillus megaterium tyrosi-
nase (PDB Id: 3NMB&) as template and primary sequence of
human Tyrosinase (UniProt Id: P14679) as input sequence.
Primary sequence of 3NMS8 was found to have 28.95 per-
cent identical residues with that of P14679, whereas 93% of
the amino acid residues of 3NMS8 were covered by P14679.
Secondary structural propensities were evaluated based on
standard Chou Fasman parameters (Chou & Fasman 1974)
and the putative secondary structures were determined prior
to modeling using the GOR algorithm (Garnier et al. 1978).
The homology modeling was done using Modeller (Webb
& Sali 2016). The modeled structure was further simulated
using GROMOS96 43a2 force field using 40 ns simula-
tion option of Gromacs (Abraham et al. 2015; Berendsen
et al. 1995). Using the MOLPROBITY server (Chen et al.
2010) the best possible modeled homology structure was
analyzed for torsional/conformational stability. The integ-
rity and validity of the 3D model generated was verified by
the associated Q-MEAN score. It is to be mentioned here
that more the Q-MEAN score, more it is suited for further
structural analyses.

Generation of mutant structures from wild type
homology model

All the 45 TYR variants (see Table 1) checked functionally
in Mondal et al., 2016 study, one of the most comprehen-
sive functional studies conducted on OCA causing TYR
mutants, were used for generation of mutant models using
Deep View-Swiss-PDB-viewer tool (Guex & Peitsch 1997)
and simulated using Gromacs (Abraham et al. 2015; Berend-
sen et al. 1995), as already mentioned.

Structural analyses using chimera, deep
view-swiss-PDB-viewer and CUPSAT

In order to check the torsional distortion and structural
comparison between WT Tyrosinase model and respective
mutant models, each mutant model was separately super-
imposed using the MatchMaker option of UCSF-Chimera
(Pettersen et al. 2004) and respective RMSD (Root Mean
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Table 1 (continued)
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0.005

Similar to WT

p.D125Y

charged to
polar
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No No

No

Non-polar to

0.001

Similar to WT

p.L2631

non-polar

Square Deviation) values were noted down. Following a pre-
vious study (Kufareva & Abagyan 2012), RMSD value of
at least 2-3 A was considered to reflect significant change
in structural conformation of mutant TYR protein. Further,
changes in nature of amino acid substitutions were checked
from standard amino acid table. Change in overall electro-
static potentials, change in hydrogen bonding and introduc-
tion of steric clash (if any) upon amino acid substitutions
were checked using available options of Deep View-Swiss-
PDB-viewer (SPDBV) tool. After uploading a PDB file, a
step of energy minimization was carried out in SPDBV using
“Energy minimization” option available under “Tools” tab.
Then, the concerned amino acid residue was selected from
control panel and energy minimized surrounding amino acid
residues were automatically selected by SPDBV which may
have probable interactions with the residue concerned. Then,
overall electrostatic potential, available hydrogen bonds
along with steric clash (if any) were checked using “Com-
pute electrostatic potential”, “Compute H bonds” options,
respectively, available under the same “Tools” tab. For
mutating a particular amino acid residue, “Mutate” tab of
SPDBYV was used post energy minimization step (as already
mentioned). Same steps of calculating electrostatic poten-
tial, hydrogen bonding with neighbouring residues along
with steric clash (if any) were carried out for the mutant
residue containing PDB files, too. Overall protein stability
predictions and torsion predictions upon concerned amino
acid substitutions were checked from CUPSAT (Parthiban
et al. 2006) using the option “Predict Mutant Stability from
Custom Protein Structures”. CUPSAT (available at http://
cupsat.tu-bs.de/) tries to assess effect of point mutations on
respective protein stability using protein containing amino
acid atom potentials in terms of torsion angle perturbations
i.e. a gaussian apodization function is used to accommodate
torsion angle perturbations, thus, alterations in protein envi-
ronment specific mean force potentials are checked for each
amino acid variants.

Changes in accessible surface area value assesses
by ASA-view

Often, a change in amino acid within a protein structure
makes the amino acid moiety involved, more or less acces-
sible to the surface of the protein concerned which can be
assessed by measuring the changes in accessible surface
area values from proper in silico tools. Accessible surface
area value is a measure of checking hydrophobicity of an
amino acid residue i.e. fundamentally, more an amino acid
is buried deep down within a protein, more hydrophobic it
would be, on the other hand, more exposed an amino acid
is on the protein surface, more hydrophilic should it be. In
this study, ASA-View (available at http://dna00.bio.kyute
ch.ac.jp/asaview/) was consulted for checking the degree
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of hydrophobicity or relative accessible surface area of an
amino acid when compared with its mutant form. ASA-
View provides values of accessible surface area of a given
amino acid moiety (Ahmad et al. 2004) which made it pos-
sible to check if changes in accessible surface area values
impart a significant role in differential retention of mutant
TYR proteins within ER.

The pathway of analyses followed in the study is shown
in Fig. 1.

Checking biasness in distribution of data
through statistical testing

In order to check biasness in distribution of data among vari-
ous groups of mutated protein variants that exert functional
outcomes in forms of either being completely, partially, or
not at all retained within ER lumen, as already mentioned,
2%*3 and/or 2*2 Fisher tests were performed using vassarstats
online tool (http://vassarstats.net/fisher2x3.html; http://vassa
rstats.net/tab2x2.html).

Fig.1 Pathway of analyses
followed to test hypothesis
mentioned in the Introduc-
tion section. The hypothesis

Homology modeling done in Modeller
Using Bacillus megaterium Tyrosinase (3NM8) as template

was that different degrees of
retentions of mutant Tyrosinase
proteins may occur due to their

.
Model was simulated using GROMOS96

,

structural alterations brought
about by the mutant amino acid
variant. Due to unavailability
of protein structure (complete
structure of human Tyrosinase

Tyrosinase variant models were generated
Using Deep View Swiss PDB viewer and simulated

In Gromacs

protein free from any ligand or
any other molecule) file (X-ray

.

diffraction or NMR generated)
in Protein Data Bank, homology
modelling was done based on
Bacillus megaterium Tyrosinase

UCSF Chimera : To check Torsional Distortions and RMSD values were
calculated by comparing between Wild Type(WT) and variant
Tyrosinase models

(PDB accession ID: 3NM8) and

different structural parameters
were checked

¥

Nature of amino acid substitutions : using standard amino acid table

» Changes in overall electrostatic potentials

¥ Changes in hydrogen bonds with neighboring residues | L

r

Introductions of steric clash or weak bonds

Checked using

SPDB-viewer
{Swiss-PDB-viewer)

4'( Overall stability and Torsion predictions: Thermal method ‘

—-{ Overall stability and Torsion predictions : Denaturant method ‘

Checked using
UCSF-Chimera

Changes in Accessible Surface Area
(degree of hydrophobicity)

using

ASA view

Checked

Statistical testing (2*3 and 2*2 Fisher tests) : To check the effects of
predicted structural parameters of variant Tyrosinase proteins when
compared with their differential
Endoplasmic reticulum (E.R.)

degrees of retentions within
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Results

PDB structure of human Tyrosinase protein as modelled
by Modeller and analysed by MOLPROBITY server is
shown in Fig. 2. Downstream analyses were done upon
this PDB structure using—(i) UCSF chimera, for RMSD
value generations; (ii) Deep View-Swiss-PDB-viewer and
(ii1) CUPSAT for checking different structural param-
eters (Table 1). None of the variant structures modeled
fetched any significant change in respective RMSD value
as evident from Table 1, which is indicative of the fact
that none of the replaced amino acids seemed to impart
a significant angular distortion on the complete protein
model when compared to WT protein structure. Further
analyses were done to check if the nature (i.e. whether
polar, non-polar, positively charged, negatively charged)
of mutant amino acid residue had any significant role
on the variable degrees of retentions in ER for the TYR
mutants. Among 28 totally retrained mutant Tyrosinase
proteins, 21 mutants had changes in their respective nature
of amino acid (e.g. p.K131E, ‘Positively charged’ Lysine
at 131% position, was substituted by ‘Negatively charged’
Glutamic acid and p.131E is a completely retained TYR
variant) while for the other 7, no such change occurred
(for p.L9P, Leucine and Proline, both are Non-polar amino
acids). Similarly, when partially retained 10 mutant TYRs
were considered, in case of 8 mutants, nature of amino

Fig.2 The wild type homology
model of human tyrosinase as
viewed in Deep View-Swiss-
PDB-viewer. All the 529 amino
acid residues of modeled human
Tyrosinase protein, are dis-
played in “render in solid 3D”
view mode. (Colour guide—
White: Carbon atom; Red:
Oxygen atom; Blue: Nitrogen
atom; Yellow: Sulphur atom;
Cyan: Hydrogen atom)

@ Springer

acid was found to be altered. Finally, among the 7 variant
TYRs which were found to behave like WT TYR pro-
tein (Mondal et al., 2016) when retentions within E.R.
were considered, 4 were found to have non-conservative
substitution. No significant bias (p=0.6277) was found
between non-conservative and conservative substitutions
and degree of ER retention (Table 2). No significant bias
(p=0.3619) was found when completely retained and par-
tially retained mutant proteins were clubbed together and
compared to the ones not retained at all. Similarly, for
none of the other structural parameters tested (i.e. changes
in overall electrostatic potentials; changes in hydrogen
bonding to surrounding residues; introduction of steric
clash; protein stability predictions and changes in acces-
sible surface area) checked for mutant TYR proteins (see
Supplementary file 1), a significant correlation was found
(see Tables 2, 3, 4, 5) with degree of ER retention.

Discussion

Previous studies had already shown that retention of mutant
TYR within ER is the functional basis of precipitation of
the rare genetic disorder—Oculocutaneous Albinism (Hala-
ban et al., 2002; Halaban et al., 2000; Halaban et al., 1997;
Toyofuku et al., 2001) and it has also been seen that differ-
ent degrees of retentions of mutant TYR proteins within
ER correlate with different levels of TYR enzyme activities
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Tible? StatlSthB:l (2_*3 e.md Nature of ER retention (Mondal et al., 2016) Change in Changes Changes in Introduction
2*2 Fisher test) dlStI:lbuthIlS nature of in overall hydrogen of steric clash
of the struc‘tural attrlbgtes amino acid electrostatic ~ bonds with

checked using Deep V1ew,. when potential map neighbouring

compared with their functional residues

retention in ER data as reported
by Mondal et al., 2016

Yes No Yes No Yes No Yes No

Totally retained
Partially retained
Behaving like wild type

p-value of distribution

Totally retained + Partially retained

Behaving like wild type

p-value of distribution

21 7 13 15 15 13 8 20
8 2 5 5 6 4 3 7
4 3 1 6 3 4 1 6
0.6277 0.3479 0.8344 0.7941

29 9 18 20 21 17 11 27
4 3 1 6 3 4 1 6
0.3619 0.2108 0.6886 0.6548

Table 3 Statistical distributions (2*3 and 2*2 Fisher test) of the structural attributes checked using CUPSAT, when compared with their func-

tional retention in ER data as reported by Mondal et al., 2016

Nature of ER retention (Mondal Overall stability prediction

Torsion prediction

etal., 2016
) Thermal method

Denaturant method

Thermal method Denaturant method

Destabilizing Stabilizing Destabilizing Stabilizing Destabilizing Stabilizing Destabilizing Stabilizing

Totally retained 17 11 10
Partially retained 7 3 3
Behaving like wild type 4 3 1
p-value of distribution 0.8267 0.661
Totally retained + Partially 24 14 13
retained
Behaving like wild type 4 3 1
p-value of distribution 1 0.4069

18 15 13 15 13
6 4 5
6 6 1 6
0.3543 0.3479
25 21 17 20 18
6 6 1 6 1
0.215 0.2108

(Mondal et al., 2016) but sufficient proof in support of the
functional basis of such differential retentions and differen-
tial degrees of enzyme activities of TYR protein, was scarce.
Even though protein modeling studies has contributed to elu-
cidate the deleterious outcomes of mutated protein variants
of TYRPlin regulating OCA3 (Kamaraj & Purohit 2013),
same kind of study has not been done for checking differen-
tial functional outcomes of TYR mutated variants. With our
current study, for the very first time, we tried to decipher,
through molecular modelling analyses, if differential reten-
tions of mutant TYRs were contingent upon any structural
parameter or not. It had been seen in case of mutant Factor
VIII proteins that the severity of Haemophilia A is contin-
gent upon the position of the affected residue within Factor
VIII and their structural attributes (Sengupta et al., 2015). In
another study of Sarkar et al. 2014, it was observed that fates
of intracellular trafficking of different mutational variants
of Connexin50 (CNX50) might be dependent upon signifi-
cant changes in electrostatic potential maps upon mutation.
Various other studies had also indicated that different struc-
tural attributes of mutated protein variants exert differen-
tial functional outcomes upon concerned protein structure,

which in turn translate into differential protein functions and
differences in disease etiology (Ahmed et al. 2022; Amir
et al. 2019; Brewer et al. 2021; Seifi & Walter 2018; Shafie
et al. 2021). However, our attempts with 45 TYR mutants
and their degrees of ER retentions did not reveal any cor-
relation with any of the locational or structural attributes
of the mutant TYRs. The outcome discussed so far, could
be a result of some other biological phenomenon which is
yet to be unearthed, like changes in contact points between
mutant TYR proteins and chaperones (or chaperone binding
proteins), brought about by the altered amino acid on the
three-dimensional stoichiometric structure of nascent TYR
polypeptide, because chaperones are the immediate target
of proteins once they come inside E.R. (Ray et al., 2007).
This should be mentioned here that homology or compar-
ative modeling followed by simulation is always a predictive
method for evaluating the structure of proteins which have
not been crystalized. The template dependent methods often
suffer from bias induced in the final structure of the protein
due to the exact juxtaposition of the parameters of the tem-
plate onto the subject and thus we find that native structures
predicted using comparative/homology modeling often do
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Table 4 Table of results for checking changes in relative accessible surface area values as procured from ASA-view

Tyrosinase variants Retention in ER (Mon-  Residue 1 ASA score of Residue 2 ASA score of Change in surface
dal et al., 2016) Residue 1 Residue 2 area (in percentage
value)
p.LOP Total L9 0.513334 P9 0.366444 28.6148979
p.R521 Total R52 0.58941 152 0.448615 23.88744677
p.K131E Total K131 0.111803 E131 0.131652 17.75354865
p-R239W Total R239 0.30562 W239 0.241164 21.09024279
p.G295R Total G295 0.31765 R295 0.685462 115.7915945
p.P81S Total P81 0.35235 S81 0.409536 16.22988506
p.F84Vv Total F84 0.657624 V&4 0.624576 5.025364038
p.G97V Total G97 1 V97 0.982406 1.7594
p.K142M Total K142 0.009722 M142 0.029982 208.3933347
p.H202R Total H202 0.137425 R202 0.10915 20.57485901
p.P209R Total P209 0.07047 R209 0.048026 31.84901376
p.Y327C Total Y327 0.028074 C327 0.041634 48.300919
p-M332T Total M332 0.314811 T332 0.317196 0.757597416
p.N371Y Total N371 0.30052 Y371 0.304135 1.202914947
p.R422W Total R422 0.26196 w422 0.237006 9.525881814
p.P21L Total P21 0.239598 L21 0.185674 22.50603094
p.D42N Total D42 0.491675 N42 0.49176 0.017287843
p.Co1S Total Co1 0.353889 S91 0.264492 25.26131075
p.V177D Total V177 0.078072 D177 0.062325 20.16984322
p.A206T Total A206 0.027222 T206 0.014418 47.035486
p.E219K Total E219 0.011448 K219 0.004861 57.53843466
p.G372R Total G372 0.203296 R372 0.082954 59.19545884
p.T373L Total T373 0.057672 K373 0.038888 32.57039811
p.Y411H Total Y411 0.262024 H411 0.153916 41.25881599
p.G419R Total G419 0.216002 R419 0.279424 29.36176517
p.P45T Total P45 0.28188 T45 0.28836 2.298850575
p.F134C Total F134 0.02491 C134 0.013878 44.28743477
p.K142N Total K142 0.009722 N142 0.04781 391.7712405
p.D199N Partial D199 0.1662 N199 0.17758 6.847172082
p.G346V Partial G346 0 V346 0.013012 100
p.G41R Partial G41 0.965656 R41 0.32745 66.09040901
p.Y433C Partial Y433 0.037432 C433 0.027756 25.8495405
p.C35R Partial C35 0.353889 R35 0.554482 56.68246258
p.Q56H Partial Q56 0.128777 H56 0.115437 10.35899268
p-R239Q Partial R239 0.30562 Q239 0.235158 23.05542831
p.P260L Partial P260 0.549666 L260 0.693547 26.17607784
p.A266T Partial A266 0.027222 T266 0.021627 20.55322901
p.R308T Partial R308 0.733488 T308 0.814617 11.06071265
p.A490G Similar to WT A490 0.462774 G490 0.533652 15.31589934
p.S79P Similar to WT S79 0.25596 P79 0.218457 14.65189873
p.T325A Similar to WT T325 0.605556 A325 0.462774 23.57866159
p.L6F Similar to WT L6 0.633476 F6 0.652642 3.025528986
p.P38T Similar to WT P38 0.754029 T38 0.735318 2.481469546
p.D125Y Similar to WT D125 0.671725 Y125 0.449184 33.12977781
p.L2631 Similar to WT L263 0.060071 1263 0.059455 1.025453214
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Table 5 Statistical distributions (2*3 and 2*2 Fisher tests) of the
structural attributes checked using ASA-View, when compared with
their functional retention in E.R. data as reported by Mondal et al.,
2016

Nature of E.R. retention (Mondal et al., 2016) Change in relative
surface area (as
procured from ASA

view)

0% to 50% 50%
and
beyond

Totally retained 23 5
Partially retained 7 3
Behaving like wild type 7 0
p-value of distribution 0.3352

Totally retained + Partially retained 30 8
Behaving like wild type 7 0
p-value of distribution 0.3212

not have biological functionality if they are experimentally
obtained. However, this still remains as the best method for
predicting structure function relationships and studies on
interactions for cases where crystal structures still remain
unattained.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43538-023-00196-4.
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