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Abstract: Intravesicular pH plays a crucial role in melanosome maturation and function. Melanoso-
mal pH changes during maturation from very acidic in the early stages to neutral in late stages.
Neutral pH is critical for providing optimal conditions for the rate-limiting, pH-sensitive melanin-
synthesizing enzyme tyrosinase (TYR). This dramatic change in pH is thought to result from the
activity of several proteins that control melanosomal pH. Here, we computationally investigated
the pH-dependent stability of several melanosomal membrane proteins and compared them to
the pH dependence of the stability of TYR. We confirmed that the pH optimum of TYR is neutral,
and we also found that proteins that are negative regulators of melanosomal pH are predicted to
function optimally at neutral pH. In contrast, positive pH regulators were predicted to have an acidic
pH optimum. We propose a competitive mechanism among positive and negative regulators that
results in pH equilibrium. Our findings are consistent with previous work that demonstrated a
correlation between the pH optima of stability and activity, and they are consistent with the expected
activity of positive and negative regulators of melanosomal pH. Furthermore, our data suggest that
disease-causing variants impact the pH dependence of melanosomal proteins; this is particularly
prominent for the OCA2 protein. In conclusion, melanosomal pH appears to affect the activity of
multiple melanosomal proteins.

Keywords: pH dependence; proton transport; pH regulation; stability

1. Introduction

The pH of a solution is an important characteristic for many biological processes. On
a molecular level, pH controls macromolecular stability and, at extreme pH (acidic or basic
extremes), macromolecules unfold. Typically, for every macromolecule, there is a particular
pH at which the macromolecule is the most stable and activity is maximum, termed the
pH optimum [1,2]. Macromolecular interactions are also pH-dependent [3–5], and there
is typically a pH optimum at which the binding affinity is maximum [4]. Within a cell,
subcellular compartments have different pH, reflecting their function, from low pH in
lysosomes to high pH in peroxisomes. Thus, macromolecules tend to have a pH optimum
that is ideal for the pH of the subcellular compartment where they reside [3]. Increasing
the scale of this idea, pH plays a crucial role for body organ function and varies from
very acidic in the stomach to neutral in the blood. All above examples indicate that the
regulation and maintenance of pH is essential for many biological phenomena.
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pH is maintained in a given cellular compartment by channels and/or pumps either
by directly trafficking H+ or by indirectly affecting the local H+ concentration. These
channels and/or pumps can be termed positive (increase pH) or negative (decrease pH)
regulators [6,7]. Reaching and maintaining the desired pH depends on the balance of
H+ flux controlled by these regulators, including passive transport across the membrane
(Figure 1). One would expect that the positive regulators are most active at acidic pH
and show almost no activity at basic pH since their role is to increase pH. The converse
would be expected for negative regulators, whereby activity increases as the pH rises. At a
particular pH, the inward and outward flux of H+ ions induced by positive and negative
regulators becomes equal and the pH setpoint is established (Figure 1).
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Melanocytes are a specialized cell type that resides in the skin, eyes, brain, ears, heart,
lungs, and adipose tissue [8]. One of the primary functions of melanocytes is the production
of melanin, a polymer of tyrosine derivatives that has important chemical properties in
a wide range of tissues [9]. Melanin is synthesized in a specialized organelle called the
melanosome. The pH of this organelle varies during the development of the organelle (a
multistage process called maturation) and contributes to common pigmentation variation in
human skin, hair, and eye color. Biallelic rare variants in proteins critical for the production
of melanin (e.g., TYR) or in pH regulation of the melanosome (e.g., OCA2 and SLC45A2)
lead to a significant reduction in melanin pigmentation in the skin, eyes, and hair and give
rise to oculocutaneous albinism (OCA) (OCA1, OCA2, and OCA4, respectively). Melanin
synthesis is critical for the protection of the skin and eyes from ultraviolet radiation; a
reduction in melanin synthesis increases the risk of skin cancers. Furthermore, a dramatic
reduction in melanin production in the eye is also associated with foveal hypoplasia,
reduced visual acuity, and photophobia among individuals with OCA [10]. Taken together,
the link between altered melanin pigment production and disease is well documented;
however, it remains poorly understood how the pH of this organelle affects function of
proteins critical for the maintenance of organelle pH [11].

Melanosomes originate from the endosome (Figure 2); thus, early melanosomes
have a low pH (~3–4), whereas, during maturation, the pH reaches a near-neutral pH of
about 7. The near-neutral pH of the mature melanosome is thought to provide a favorable
environment for tyrosinase (TYR), the rate-limiting melanin-synthesizing enzyme [12–14].
The change in pH during melanosome maturation is thought to be controlled by several
membrane proteins [7] (e.g., OCA2, SLC45A2, and TPC2/TPCN2) (Figure 2). OCA2 and
SLC45A2 are presumed to be positive pH regulators, while TPC2 is considered to be
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a negative pH regulator. Considering the proposed role of positive and negative pH
regulators (Figure 1), we anticipated that these proteins have different pH profiles of
stability and activity. Whereas we highlight these proteins because of their association with
pigment disease and published studies, it should be mentioned that other melanosome
proteins may also be pH-sensitive but there are currently no genetic or functional data to
support our computational examination. In addition, there are other melanosome proteins
important for melanin synthesis (e.g., the ATP7A protein, which is altered in individuals
with Menkes disease, and functions to supply Cu2+ to the melanosome for TYR catalytic
activity) that may exhibit pH-dependent stability and activity. We hypothesized that the
ATP7A protein would have a similar pH dependence to TYR [15,16].
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We anticipated that OCA2 and SLC45A2 would have maximal activity at acidic pH,
whereas TPC2 would have maximal activity at basic pH. OCA2 plays a major role in eye
color variation [17] and regulates melanosomal pH and maturation [17–19]. It may also
be involved in small-molecule transport for the biosynthesis of melanin [20,21]. SLC45A2
also participates in the transport of substances required for melanin biosynthesis [19,22,23].
TPC2 affects pigmentation by regulating melanosome pH and size by mediating Ca2+

release from the organelle [24,25].
Thus, understanding how melanosomal pH affects the activity of these proteins is

essential. Furthermore, these proteins are commonly mutated in disease, and those variants
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may impact the normal pH optimum of these proteins. Predicting the pH optimum of
activity is not an easy task and requires modeling of the details of the corresponding
biochemical reactions as a function of pH. Here, we take advantage of the observation that
the pH optima of activity and stability are typically the same, as indicated in our earlier
work [12]. Our goal was to computationally determine the pH dependence of stability of
OCA2, SLC45A2, TPC2, TYR, and ATP7A proteins, as well as the effects of genetic variant
alleles on their pH-dependent stability.

2. Results

As pointed out earlier, in this work, we focus on several proteins participating in
melanosome formation, with the goal of contrasting their stability pH dependence and
the effect of pathogenic variants. Using methods established in our previous work on
the correlation between pH optimum of activity and the pH optimum of stability [1], we
now predict protein stability over varying pH and infer the activity of each protein. We
present the results according to the classification of the proteins as “positive” and “negative”
regulators and probe our hypothesis that “positive” regulators should have a lower pH
optimum as compared with “negative” regulators. Firstly, we present the results of the
wild-type proteins, followed by the results of the mutants.

2.1. pH Dependence of Folding Free Energy on Wild-Type Proteins

For each wild-type protein, the magnitude of the “constant” in Equation (1) is un-
known, because there are no experimental data of the folding free energy (the difference of
the free energy of folded and unfolded states) [26–28] at a given pH for any of the proteins
modeled in this work. Accordingly, it was set to zero at the beginning of the simulated
pH interval, pH = 4.0. Here, we present the calculated pH dependence of the folding free
energy using an energy-minimized structure (Figure 3), and we averaged results over 20
snapshots taken from MD simulations (Figure S1). We do not focus heavily on the results
obtained with MD snapshots because DelPhiPKa was developed to calculate the pKa of
ionizable groups using static structures. However, we probe the sensitivity of the results
using MD snapshots to investigate the role of plausible conformational changes on the pH
dependence of stability. We saw no significant differences in the results obtained with the
energy-minimized structure and the averaged results over 20 snapshots, suggesting that
there are no structural changes contributing to the stability pH dependence.
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TYR had the highest pH optimum of stability, about 8.0 or higher (Figure 3). In contrast,
the OCA2 protein (predicted to be a positive regulator of pH) had the lowest pH optimum
of stability, about 5.0–6.0. The other predicted positive regulator, the SLC45A2 protein,
also had a pH optimum lower that neutral pH, i.e., 6.5. The presumed negative regulator
TPC2 and the ATP7A protein which supplies copper to TYR both had pH optima close
to neutral pH. Thus, there was a distinctive predicted difference in pH stability of OCA2,
SLC45A2, TYR, ATP7A, and TPC2. Furthermore, our modeling confirmed the experimental
observations that TYR is most active at neutral pH with reduced activity at acidic pH [14].

The pH dependence of the folding free energy is derived from the difference in pKa of
ionizable groups in the folded and unfolded state. Thus, if the pKa in folded and unfolded
states is the same, there would be no pH dependence. Furthermore, if the pKa is only
different when outside the pH region of interest, the pH dependence of the folding free
energy would still be affected but may not be physiologically relevant. It is not expected
that the pKa of titratable groups in the unfolded state would be perturbed from standard
pKa values [29]; thus, most of the pH dependence of the folding free energy should
originate from a perturbed pKa in the folded state. However, for completeness, in Table S1,
we provide the calculated pKa for both states, folded and unfolded. Indeed, one can see
that, for “positive” regulators, most of perturbed pKa occurrences are for acidic groups,
thus resulting in pH dependence at low pH. In contrast, most of perturbed pKa occurrences
for TYR, ATP7, and the “negative” regulator TCP2 are of His residues, resulting in pH
dependence at neutral pH.

2.2. Effect of Pathogenic Variants on Protein Stability

Table 1 shows the average change in folding free energy due to variants according
to predictions made using the methods described above. The low standard deviations
reported reflect the consistency of results obtained with different tools. Most of the variants
were predicted to destabilize the proteins by a modest amount. However, some variants,
such as A481T and N489D in OCA2, as well as C1002F and I1264V in ATP7A, were
predicted to significantly affect protein stability. In the case of the OCA2 A481T and N489D
variants, both of which have been observed among individuals with albinism, the predicted
large change in folding free energy can be attributed to the change in the physicochemical
properties of the wild-type residues: A→T and N→D. A→T represents a hydrophobic to
polar residue change, while N→D represents a polar to charged residue change. In contrast,
C1002F and I1264V variants in ATP7A are conservative but were also predicted to result in
a large change in folding energy. In this case, the change in folding energy is thought to be
caused by the distortion of the residue packing caused by the different geometries of the
side-chains [30]. The structures of the proteins with variant sites mapped are provided in
Figure S13.

Overall, the predicted changes in the folding free energy were not extremely large;
however, since we do not know the absolute folding free energy of the proteins and how the
change in protein stability affects the activity, it is impossible to definitively know how these
moderate changes affect protein activity. However, we can reasonably assume that protein
activity will decrease when folding free energy changes, even when the variants appear to
make the protein more stable (e.g., H615L in OCA2 protein), because, in most cases, any
significant deviation of wild-type properties is deleterious for protein function [31,32].

2.3. pH Dependence of Folding Free Energy on Genetic Variation

We predicted the effect of nonsynonymous variants on the pH dependence of protein
stability by comparing the wild-type and corresponding variant proteins using both free
energy-minimized structures (Figure 4) and snapshots generated via MD simulations
(Figure S3). One can see that there was no significant difference in the results obtained
with different protocols. As mentioned in Section 4, we considered that the “constant” in
Equation (1) was the predicted folding free energy change caused by the variants (Table 1).
The most drastic effects were found for OCA2, whereas variants in other proteins had
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moderate effects on the pH dependence of folding free energy. In the case of OCA2, most
of the variants (except one, H615L) were predicted to alter the pH dependence of stability,
suggesting that the variant proteins would be less stable at neutral pH.

Table 1. Change in folding free energy due to variants.

Change in Folding Free Energy (∆∆G) Due to Variants(kcal/mol)

Protein Variant Avg ∆∆G SD

TYR R402Q −0.5 0.5
S192

YDouble MT *
−0.27
−0.77

0.78
1.09

OCA2 A481T −1.01 0.52
H615L 0.17 0.39
N489D −1.05 1.08
P743L −0.9 0.45
R419Q −0.54 0.33
V443I −0.54 0.48

SLC45A2 G198V −0.51 0.25
L374F −0.84 0.47

TPC2 K376R −0.49 0.3
M484L −0.86 0.33
M546I −0.1 0.67
V219I −0.11 0.32

ATP7A C1002F −1.2 0.74
G666R −0.21 0.7
D1044E −0.8 0.53
I1264V −1.1 0.74
K742R 0.01 0.35

M1311V −0.79 0.35
R844C −0.48 0.39
S653Y −0.45 0.54

Note: Positive and negative values of ∆∆G represent stabilization and destabilization due to the variant, respec-
tively. The asterisk indicates a double mutant (R402Q and S192Y) for TYR, where ∆∆G was calculated by taking
the sum of individual changes.

Furthermore, many variants in OCA2 (R419Q, N489D, and V443I) resulted in a shift
in pH optimum to lower pH. This would result in a shift in maximal activity of OCA2
toward the lower pH range and could result in a shift in the balance between positive and
negative regulators such that the resulting pH setpoint would be lower than the wild-type
melanosome. Lower pH in the melanosome would result in reduced TYR activity, which is
found in patients with OCA2.

The above observations focused on the shape of the pH dependence curve of folding
free energy without considering the magnitude of the change. It should be mentioned that
the changes in the folding free energy of OCA2 were within several kcal/mol, while the
changes in the pH dependence of folding free energy caused by variants in other proteins
were sometimes larger (Figure 4). Despite this, the predicted changes in protein stability
would likely affect protein activity and alter melanosome pH.

The reasons why variants in OCA2 had significant effects on the pH dependence of
folding free energy can be found in Table S1. Our study focused on the pH interval 4.0
to 8.0, and the pH dependence was predicted to be due to titratable groups over this pH
range that have different pKa values in the folded versus unfolded state. Such titratable
groups are Asp, Glu, and His. One can see that, in the case of OCA2, variants resulted in a
perturbed pKa of Glu and Asp, while having almost no effect on the pKa of His. This is the
reason why the pH dependence of the folding free energy of OCA2 was mostly affected
over acidic pH.
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3. Discussions

We studied wild-type and genetic variants of melanosome and melanin-synthesizing
proteins [19] to predict the pH dependence of their folding free energy. Consistent with
previous reports, TYR was determined to be very pH-sensitive. In TYR, neither of the two
variants, R402Q and S192Y, affected pH dependence, either because they did not involve
titratable groups or involved titratable groups with very high pKa, or because their pH
dependence was outside the pH interval of the study. Of note, a single haplotype allele in
which these two alleles, R402Q and S192Y, are found together in cis is linked to a pathogenic
haplotype for OCA1 [33]. Therefore, we examined whether the presence of both variants
affected protein stability; TYR modeled with both variants had a modest change in protein
stability (Table 1). In the case of ATP7A, modest changes in the pH dependence caused
by variants were predicted to occur at neutral and higher pH. Overall, the changes in
stability were quite small. The reason for modest changes in the stability with little effect
on the pH dependence could be attributed to the conservative nature of the variants. In all
cases, the physicochemical properties of the wild-type sites were preserved. Considering
SLC45A2, neither variant involved titratable groups or caused alteration of the wild-type
pH dependence of the folding free energy. However, significant changes in protein stability
were predicted, which would affect SLC45A2 function. Significant alterations in the pH
dependence of the folding free energy caused by variants were predicted for the OCA2
protein. Indeed, most of the variants altered the wild-type physicochemical properties
of the protein. As a result, all variants had a shift in pH optimum from the wild-type
OCA2. Lastly, the variants in TPC2 did not cause significant changes in the stability or pH
dependence of the folding free energy.

Our data suggest that variants predicted to be pathogenic (e.g., OCA2: N489D, V443I)
likely function by affecting protein stability and/or the pH dependence of folding free
energy; our data also identified known variants with conflicting interpretations/unknown
significance (e.g., OCA2: A481T, R419Q) that may affect protein stability and/or the pH
dependence of folding free energy. OCA2*R419Q is thought to modify the penetrance
of the OCA2 locus and may affect the risk of melanoma [34]; therefore, our data may
support a role for melanosomal pH in melanoma genesis. Our predictions regarding these
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variants require biological testing to confirm our conclusions. It should be noted that our
analysis failed to predict any pH or protein stability effects of other variants predicted
to be pathogenic (e.g., TYR: R402Q, OCA2: P743L, or ATP7A: G666R). Thus, our data
do not support the foregone conclusion that variants in protein-coding sequences affect
protein stability and/or pH dependence of folding free energy; thus, other mechanisms
of protein inactivation should be explored. The TPC2 variants (K376R, M484I, and V219I)
are conservative variants; thus, their identification by GWAS suggests that these variants
may reside in LD with other variants or structural alleles that impact expression, protein
stability, or protein function. Furthermore, SLC45A2 (rs16891982 = L374F) was a top SNV
associated with altered SLC45A2 mRNA expression levels and may mediate the GWAS
linkage association via this mechanism [35]. Given the uncertainty of variant associations
with function, our data suggest that assessing the function of protein variants on a large
scale using structural modeling may be helpful. Perhaps, the addition of a pH polygenic
score that takes into consideration the pH impact on the melanosome and all of its channels
and enzymes will help in the assignment of variants to predicted functional groups.

4. Materials and Methods

This section consists of four components: (1) obtaining 3D structures of the proteins
of interest, (2) generation of mutants in silico, (3) molecular dynamics simulations, and
(4) calculating the pH dependence of the folding free energy.

4.1. Structures Used in the Modeling

TYR protein: The 3D structure of TYR was modeled using SWISS-MODEL [36] from
an amino-acid sequence of length (529 aa) taken from UniProt (ID: P14679) [37]. A template
(PDB ID: 5M8P) [38] with an identity of 44%, covering 81% (19–452) of the total sequence
of TYR was selected. The corresponding model and template are shown in Figure S4.

OCA2 protein: The 3D structure of OCA2 was modeled using Phyre2 [39]. The full-
length sequence of OCA2 is 838 aa and was taken from UniProt (ID: Q04671) [37]. A tem-
plate (PDB ID: 4F35) [40] was selected with an identity of 20% to query, covering 60% of
the sequence of OCA2 (Figure S5). The helical content was well preserved between the
template and the model (Figure S5).

TPC2 protein: A crystal structure for TPC2 is available (PDB ID: 6NQ2) [41] and is a
homodimer with 752 residues (Figure S6).

SLC45A2 protein: The 3D structure of SLC45A2 was modeled using Phyre2 [39]. Its
sequence was taken from UniProt (ID: Q9UMX9) [37] with a sequence length of 530 amino
acids. The chosen template (PDB ID: 4YBQ) [42] covered 94% of the sequence with an
identity of 14% (Figure S7).

ATP7A protein: The 3D modeling of this protein was also done using Phyre2 [39]. The
sequence was taken from UniProt (ID: Q04656) [37] with a sequence length of 1500 amino
acids. The template (PDB ID: 3RFU) [43] covered 57% of the sequence (646–1411) with an
identity of 41% (Figure S8).

4.2. List of Nonsynonymous GWAS-Identified Pigmentation-Associated Variants

The NHGRI-EBI catalog of human genome-wide association studies (GWAS) [44]
was queried on 4 April 2020 to identify all nonsynonymous variants in genes TYR, OCA2,
SLC45A2, TPCN2, and ATP7A found associated with common human pigmentation
variation of skin and hair (see Table 1).

Of note, the variants identified by GWAS were associations. In the case of nonsynony-
mous coding variants, they may impact protein function or, alternatively, may, similarly
to those associations identified in noncoding regions of the genome, be in tight linkage
disequilibrium (LD) with other variants that may function to impact expression levels or
proper splicing. These studies are important as they measure the impact of protein varia-
tion on the pH dependence of the folding free energy and can help to establish whether a
variant directly impacts the protein in question.
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4.3. Generation of Mutants

To generate the 3D structure of protein variants while avoiding the introduction of
artificial errors, we used the model of the wild-type protein, and the corresponding residue
was mutated using UCSF Chimera [45]. The folded wild-type structures and variant
sites mapped onto a 3D structure of folded TYR, OCA2, TPC2, and ATP7A are shown in
Figure S13. One can see (Supplementary Materials) that most of the variants were within
well-preserved structural regions, away from the loops, which reduced the uncertainty of
the 3D modeling.

4.4. Molecular Dynamics (MD) Simulations

MD simulations were performed under periodic boundary conditions using NAMD2.9 [46]
with atomic parameters of the CHARMM force field [47]. The protein structures were
prepared for the simulations using VMD [48], and TIP3P water molecules were applied to
build the explicit water solvated systems. Finally, the system was neutralized with NaCl
when necessary.

Simulations were performed for 20 ns for each protein structure with different initial
atomic velocities. In the production stages of the simulations, they were equilibrated under
constant volume–temperature (NVT) conditions for 100 ps followed by 2000 ps (2 ns) of
constant pressure–temperature (NPT) equilibration at 1 atm pressure and 310 K (with the
same restraints). The first 15 ns of the simulations were not equilibrated; thus, they were
removed. The structural analysis was sampled from the last 5 ns at every 250 ps. This
produced 20 snapshots per structure, all of which were subjected to DelPhiPKa [49–51]
calculations after removing the explicit water molecules.

4.5. Modeling pH Dependence of Folding Free Energy

To model the pH dependence of folding free energy, we built a 3D model of the
unfolded state [29]. The unfolded structure ensembles of the wild-type proteins were
generated using the “flexible meccano” approach [52,53], and, among them, we selected
one representative structure (the structure with no helices and strands) (Figure S14). The
unfolded mutants were then generated using UCSF Chimera [45].

The pKa and net charge of the wild-type protein and mutants, in both the folded and
the unfolded states, were calculated using DelPhiPKa [49–51]. We also calculated the pKa
and net charge for each of the 20 snapshots taken from the MD simulation to obtain the
average net charge and its difference with respect to wild-type proteins.

The change in folding free energy (∆∆G folding) was calculated from the net charge
difference between the folded state and the unfolded state, taking the unfolded state as
the initial state. The following equation was used over the pH range of interest, giving an
explicit pH-dependent form of the folding free energy [1,54]:

∆∆G f olding = 2.3kT ∑ ∆qdpH + constant, (1)

where ∆q is the change in net charge from the unfolded to folded state, and dpH is the pH
interval. The constant is the absolute folding free energy at a given pH.

For the analysis of the wild-type proteins, the “constant” was considered to be zero
at the beginning of the pH interval because there is no information about the absolute
folding free energy of the individual proteins and predicting it would introduce significant
and unwanted noise. However, for the mutants, there are many algorithms that are
benchmarked against experimental data and shown to perform well, which gives us the
opportunity to predict the change in folding free energy caused by a variant with acceptable
confidence. Thus, for the mutants, the “constant” was considered to be the free energy
difference between wild-type and mutant proteins caused by the variant. The folding free
energy changes were modeled using an in-house algorithm, the SAAFEC-SEQ [28] method,
along with third-party tools such as INPS3D [55], INPS-SEQ [55], mCSM [56], SDM [57],
DUET [58], I-Mutant-SEQ [59], MUpro-SEQ [60], iStable-SEQ [61], and DeepDDG [62].
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5. Conclusions

The importance of melanosomal pH for the regulation of organelle maturation is well
studied [20,24]; however, how melanosomal proteins or their genetic variants [24] regulate
pH remains unknown. Here, we proposed a mechanism of the competitive pH dependence
of stability and activity of “positive” and “negative” pH regulators. Our data suggest that
the predicted “positive” regulators of melanosomal pH have maximal activity (and, thus,
maximal stability) at low pH, while the opposite is predicted from “negative” regulators.
Our data suggest that OCA2 and SLC45A2 have low pH optima as compared to the TPC2
protein. Furthermore, TYR and ATP7A are predicted to have pH optima at neutral and/or
higher pH. We speculate that similar mechanisms of pH regulation are expected for other
melanosomal proteins.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22158273/s1: Supplementary Materials included for the pH dependence of stability of
melanosome proteins: Implications for melanosome formation and disease.

Author Contributions: M.K. and H.B.M.S. carried out the computational work, as well as the
modeling and analysis of variants, and wrote the manuscript; J.J. performed pKa calculations; B.W.
contributed to modeling the structures; S.K.L. and J.H.Z. provided a list of mutations and their
clinical implications; E.A. wrote the manuscript and supervised the work. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was funded by the NIH National Institute of General Medical Sciences,
R01GM093937.

Acknowledgments: The work was supported by grants from the NIH, grant numbers R01GM093937
and R01GM125639.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

TYR tyrosinase
OCA2 oculocutaneous albinism 2
SLC45A2 solute carrier 45 member 2
TPC2 two-pore channel 2
ATP7A copper-transporting ATPase 1

References
1. Alexov, E. Numerical calculations of the pH of maximal protein stability. The effect of the sequence composition and three-

dimensional structure. Eur. J. Biochem. 2004, 271, 173–185. [CrossRef]
2. Peng, Y.; Alexov, E. Computational investigation of proton transfer, pKa shifts and pH-optimum of protein-DNA and protein-RNA

complexes. Proteins 2017, 85, 282–295. [CrossRef]
3. Garcia-Moreno, B. Adaptations of proteins to cellular and subcellular pH. J. Biol. 2009, 8, 1–4. [CrossRef]
4. Mitra, R.C.; Zhang, Z.; Alexov, E. In silico modeling of pH-optimum of protein-protein binding. Proteins Struct. Funct. Bioinform.

2011, 79, 925–936. [CrossRef]
5. Peng, Y.; Kelle, R.; Little, C.; Michonova, E.; Kornev, K.G.; Alexov, E. pH-dependent interactions of Apolipophorin-III with a lipid

disk. J. Comput. Biophys. Chem. 2020, 20, 153–164. [CrossRef]
6. Luo, Z.; Li, Y.; Mousa, J.; Bruner, S.; Zhang, Y.; Pei, Y.; Keyhani, N.O. Bbmsn2 acts as a pH-dependent negative regulator of

secondary metabolite production in the entomopathogenic fungus Beauveria bassiana. Environ. Microbiol. 2015, 17, 1189–1202.
[CrossRef]

7. Wiriyasermkul, P.; Moriyama, S.; Nagamori, S. Membrane transport proteins in melanosomes: Regulation of ions for pigmentation.
Biochim. Biophys. Acta Biomembr. 2020, 1862, 183318. [CrossRef]

8. Yamaguchi, Y.; Hearing, V.J. Melanocytes and their diseases. Cold Spring Harb. Perspect. Med. 2014, 4, a017046. [CrossRef]
9. Pavan, W.J.; Sturm, R.A. The genetics of human skin and hair pigmentation. Annu. Rev. Genom. Hum. Genet. 2019, 20, 41–72.

[CrossRef]
10. Grønskov, K.; Ek, J.; Brondum-Nielsen, K. Oculocutaneous albinism. Orphanet J. Rare Dis. 2007, 2, 1–8. [CrossRef]
11. Shain, A.H.; Bastian, B.C. From melanocytes to melanomas. Nat. Rev. Cancer 2016, 16, 345–358. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms22158273/s1
https://www.mdpi.com/article/10.3390/ijms22158273/s1
http://doi.org/10.1046/j.1432-1033.2003.03917.x
http://doi.org/10.1002/prot.25221
http://doi.org/10.1186/jbiol199
http://doi.org/10.1002/prot.22931
http://doi.org/10.1142/S2737416520420041
http://doi.org/10.1111/1462-2920.12542
http://doi.org/10.1016/j.bbamem.2020.183318
http://doi.org/10.1101/cshperspect.a017046
http://doi.org/10.1146/annurev-genom-083118-015230
http://doi.org/10.1186/1750-1172-2-43
http://doi.org/10.1038/nrc.2016.37
http://www.ncbi.nlm.nih.gov/pubmed/27125352


Int. J. Mol. Sci. 2021, 22, 8273 11 of 12

12. Talley, K.; Alexov, E. On the pH-optimum of activity and stability of proteins. Proteins Struct. Funct. Bioinform. 2010, 78, 2699–2706.
[CrossRef]

13. Ikehata, K.; Nicell, J.A. Characterization of tyrosinase for the treatment of aqueous phenols. Bioresour. Technol. 2000, 74, 191–199.
[CrossRef]

14. Zaidi, K.U.; Ali, A.S.; Ali, S.A. Purification and characterization of melanogenic enzyme tyrosinase from button mushroom.
Enzym. Res. 2014, 2014. [CrossRef]

15. White, C.; Lee, J.; Kambe, T.; Fritsche, K.; Petris, M.J. A role for the ATP7A copper-transporting ATPase in macrophage bactericidal
activity. J. Biol. Chem. 2009, 284, 33949–33956. [CrossRef]

16. Cobbold, C.; Ponnambalam, S.; Francis, M.J.; Monaco, A.P. Novel membrane traffic steps regulate the exocytosis of the Menkes
disease ATPase. Hum. Mol. Genet. 2002, 11, 2855–2866. [CrossRef] [PubMed]

17. Duffy, D.L.; Montgomery, G.W.; Chen, W.; Zhao, Z.Z.; Le, L.; James, M.R.; Hayward, N.K.; Martin, N.G.; Sturm, R.A. A three-
single-nucleotide polymorphism haplotype in intron 1 of OCA2 explains most human eye-color variation. Am. J. Hum. Genet.
2007, 80, 241–252. [CrossRef]

18. Brilliant, M.H. The mouse p (pink-eyed dilution) and human P genes, oculocutaneous albinism type 2 (OCA2), and melanosomal
pH. Pigment. Cell Res. 2001, 14, 86–93. [CrossRef]

19. Le, L.; Escobar, I.E.; Ho, T.; Lefkovith, A.J.; Latteri, E.; Haltaufderhyde, K.D.; Dennis, M.K.; Plowright, L.; Sviderskaya, E.V.;
Bennett, D.C. SLC45A2 protein stability and regulation of melanosome pH determine melanocyte pigmentation. Mol. Biol. Cell
2020, 31, 2687–2702. [CrossRef]

20. Ancans, J.; Tobin, D.J.; Hoogduijn, M.J.; Smit, N.P.; Wakamatsu, K.; Thody, A.J. Melanosomal pH controls rate of melanogenesis,
eumelanin/phaeomelanin ratio and melanosome maturation in melanocytes and melanoma cells. Exp. Cell Res. 2001, 268, 26–35.
[CrossRef]

21. Eiberg, H.; Troelsen, J.; Nielsen, M.; Mikkelsen, A.; Mengel-From, J.; Kjaer, K.; Hansen, L. Blue eye color in humans may be caused
by a perfectly associated founder mutation in a regulatory element located within the HERC2 gene inhibiting OCA2 expression.
Hum. Genet. 2008, 123, 177. [CrossRef]

22. Branicki, W.; Brudnik, U.; Draus-Barini, J.; Kupiec, T.; Wojas-Pelc, A. Association of the SLC45A2 gene with physiological human
hair colour variation. J. Hum. Genet. 2008, 53, 966–971. [CrossRef] [PubMed]

23. Fernandez, L.; Milne, R.; Pita, G.; Aviles, J.; Lazaro, P.; Benitez, J.; Ribas, G. SLC45A2: A novel malignant melanoma-associated
gene. Hum. Mutat. 2008, 29, 1161–1167. [CrossRef]

24. Ambrosio, A.L.; Boyle, J.A.; Aradi, A.E.; Christian, K.A.; Di Pietro, S.M. TPC2 controls pigmentation by regulating melanosome
pH and size. Proc. Natl. Acad. Sci. USA 2016, 113, 5622–5627. [CrossRef] [PubMed]

25. Chao, Y.-K.; Schludi, V.; Chen, C.-C.; Butz, E.; Nguyen, O.P.; Müller, M.; Krüger, J.; Kammerbauer, C.; Ben-Johny, M.; Vollmar,
A.M. TPC2 polymorphisms associated with a hair pigmentation phenotype in humans result in gain of channel function by
independent mechanisms. Proc. Natl. Acad. Sci. USA 2017, 114, E8595–E8602. [CrossRef]

26. Yu, H.; Jacobson, D.R.; Luo, H.; Perkins, T.T. Quantifying the native energetics stabilizing bacteriorhodopsin by single-molecule
force spectroscopy. Phys. Rev. Lett. 2020, 125, 068102. [CrossRef] [PubMed]

27. Hamborg, L.; Horsted, E.W.; Johansson, K.E.; Willemoës, M.; Lindorff-Larsen, K.; Teilum, K. Global analysis of protein stability
by temperature and chemical denaturation. Anal. Biochem. 2020, 605, 113863. [CrossRef]

28. Getov, I.; Petukh, M.; Alexov, E. SAAFEC: Predicting the effect of single point mutations on protein folding free energy using a
knowledge-modified MM/PBSA approach. Int. J. Mol. Sci. 2016, 17, 512. [CrossRef]

29. Tajielyato, N.; Alexov, E. Modeling pKas of unfolded proteins to probe structural models of unfolded state. J. Theor. Comput.
Chem. 2019, 18, 1950020. [CrossRef]

30. Skjørringe, T.; Pedersen, P.A.; Thorborg, S.S.; Nissen, P.; Gourdon, P.; Møller, L.B. Characterization of ATP7A missense mutants
suggests a correlation between intracellular trafficking and severity of Menkes disease. Sci. Rep. 2017, 7, 1–18. [CrossRef]

31. Takano, K.; Liu, D.; Tarpey, P.; Gallant, E.; Lam, A.; Witham, S.; Alexov, E.; Chaubey, A.; Stevenson, R.E.; Schwartz, C.E.; et al. An
X-linked channelopathy with cardiomegaly due to a CLIC2 mutation enhancing ryanodine receptor channel activity. Hum. Mol.
Genet. 2012, 21, 4497–4507. [CrossRef] [PubMed]

32. Witham, S.; Takano, K.; Schwartz, C.; Alexov, E. A missense mutation in CLIC2 associated with intellectual disability is predicted
by in silico modeling to affect protein stability and dynamics. Proteins 2011, 79, 2444–2454. [CrossRef] [PubMed]

33. Grønskov, K.; Jespersgaard, C.; Bruun, G.H.; Harris, P.; Brøndum-Nielsen, K.; Andresen, B.S.; Rosenberg, T. A pathogenic
haplotype, common in Europeans, causes autosomal recessive albinism and uncovers missing heritability in OCA1. Sci. Rep.
2019, 9, 1–7. [CrossRef] [PubMed]

34. Sturm, R.A.; Duffy, D.L.; Zhao, Z.Z.; Leite, F.P.; Stark, M.S.; Hayward, N.K.; Martin, N.G.; Montgomery, G.W. A single SNP in an
evolutionary conserved region within intron 86 of the HERC2 gene determines human blue-brown eye color. Am. J. Hum. Genet.
2008, 82, 424–431. [CrossRef]

35. Zhang, T.; Choi, J.; Kovacs, M.A.; Shi, J.; Xu, M.; Goldstein, A.M.; Trower, A.J.; Bishop, D.T.; Iles, M.M.; Duffy, D.L. Cell-type–
specific eQTL of primary melanocytes facilitates identification of melanoma susceptibility genes. Genome Res. 2018, 28, 1621–1635.
[CrossRef]

36. Guex, N.; Peitsch, M.C. SWISS-MODEL and the Swiss-Pdb Viewer: An environment for comparative protein modeling. Elec-
trophoresis 1997, 18, 2714–2723. [CrossRef]

http://doi.org/10.1002/prot.22786
http://doi.org/10.1016/S0960-8524(00)00025-0
http://doi.org/10.1155/2014/120739
http://doi.org/10.1074/jbc.M109.070201
http://doi.org/10.1093/hmg/11.23.2855
http://www.ncbi.nlm.nih.gov/pubmed/12393797
http://doi.org/10.1086/510885
http://doi.org/10.1034/j.1600-0749.2001.140203.x
http://doi.org/10.1091/mbc.E20-03-0200
http://doi.org/10.1006/excr.2001.5251
http://doi.org/10.1007/s00439-007-0460-x
http://doi.org/10.1007/s10038-008-0338-3
http://www.ncbi.nlm.nih.gov/pubmed/18806926
http://doi.org/10.1002/humu.20804
http://doi.org/10.1073/pnas.1600108113
http://www.ncbi.nlm.nih.gov/pubmed/27140606
http://doi.org/10.1073/pnas.1705739114
http://doi.org/10.1103/PhysRevLett.125.068102
http://www.ncbi.nlm.nih.gov/pubmed/32845671
http://doi.org/10.1016/j.ab.2020.113863
http://doi.org/10.3390/ijms17040512
http://doi.org/10.1142/S0219633619500202
http://doi.org/10.1038/s41598-017-00618-6
http://doi.org/10.1093/hmg/dds292
http://www.ncbi.nlm.nih.gov/pubmed/22814392
http://doi.org/10.1002/prot.23065
http://www.ncbi.nlm.nih.gov/pubmed/21630357
http://doi.org/10.1038/s41598-018-37272-5
http://www.ncbi.nlm.nih.gov/pubmed/30679655
http://doi.org/10.1016/j.ajhg.2007.11.005
http://doi.org/10.1101/gr.233304.117
http://doi.org/10.1002/elps.1150181505


Int. J. Mol. Sci. 2021, 22, 8273 12 of 12

37. Consortium, U. UniProt: A hub for protein information. Nucleic Acids Res. 2015, 43, D204–D212. [CrossRef]
38. Lai, X.; Wichers, H.J.; Soler-Lopez, M.; Dijkstra, B.W. Structure of human tyrosinase related protein 1 reveals a binuclear zinc

active site important for melanogenesis. Angew. Chem. Int. Ed. 2017, 56, 9812–9815. [CrossRef]
39. Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.J. The Phyre2 web portal for protein modeling, prediction and

analysis. Nat. Protoc. 2015, 10, 845–858. [CrossRef]
40. Mancusso, R.; Gregorio, G.G.; Liu, Q.; Wang, D.-N. Structure and mechanism of a bacterial sodium-dependent dicarboxylate

transporter. Nature 2012, 491, 622–626. [CrossRef]
41. She, J.; Zeng, W.; Guo, J.; Chen, Q.; Bai, X.-c.; Jiang, Y. Structural mechanisms of phospholipid activation of the human TPC2

channel. eLife 2019, 8, e45222. [CrossRef]
42. Nomura, N.; Verdon, G.; Kang, H.J.; Shimamura, T.; Nomura, Y.; Sonoda, Y.; Hussien, S.A.; Qureshi, A.A.; Coincon, M.; Sato, Y.

Structure and mechanism of the mammalian fructose transporter GLUT5. Nature 2015, 526, 397–401. [CrossRef] [PubMed]
43. Gourdon, P.; Liu, X.-Y.; Skjørringe, T.; Morth, J.P.; Møller, L.B.; Pedersen, B.P.; Nissen, P. Crystal structure of a copper-transporting

PIB-type ATPase. Nature 2011, 475, 59–64. [CrossRef]
44. Buniello, A.; MacArthur, J.A.L.; Cerezo, M.; Harris, L.W.; Hayhurst, J.; Malangone, C.; McMahon, A.; Morales, J.; Mountjoy, E.;

Sollis, E. The NHGRI-EBI GWAS Catalog of published genome-wide association studies, targeted arrays and summary statistics
2019. Nucleic Acids Res. 2019, 47, D1005–D1012. [CrossRef] [PubMed]

45. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-
tion system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef] [PubMed]

46. Phillips, J.C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.; Skeel, R.D.; Kale, L.; Schulten, K. Scalable
molecular dynamics with NAMD. J. Comput. Chem. 2005, 26, 1781–1802. [CrossRef] [PubMed]

47. Brooks, B.R.; Bruccoleri, R.E.; Olafson, B.D.; States, D.J.; Swaminathan, S.A.; Karplus, M. CHARMM: A program for macromolec-
ular energy, minimization, and dynamics calculations. J. Comput. Chem. 1983, 4, 187–217. [CrossRef]

48. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. [CrossRef]
49. Panday, S.K.; Shashikala, M.H.; Koirala, M.; Pahari, S.; Chakvorty, A.; Peng, Y.; Li, L.; Jia, Z.; Li, C.; Alexov, E. Modeling

electrostatics in molecular biology: A tutorial of DelPhi and associated resources [Article v1. 0]. Living J. Comput. Mol. Sci. 2019, 1,
10841. [CrossRef]

50. Wang, L.; Li, L.; Alexov, E. pKa predictions for proteins, RNA s, and DNA s with the Gaussian dielectric function using DelPhi
pKa. Proteins Struct. Funct. Bioinform. 2015, 83, 2186–2197. [CrossRef]

51. Wang, L.; Zhang, M.; Alexov, E. DelPhiPKa web server: Predicting p K a of proteins, RNAs and DNAs. Bioinformatics 2016, 32,
614–615. [CrossRef]

52. Ozenne, V.; Bauer, F.; Salmon, L.; Huang, J.-R.; Jensen, M.R.; Segard, S.; Bernadó, P.; Charavay, C.; Blackledge, M. Flexible-meccano:
A tool for the generation of explicit ensemble descriptions of intrinsically disordered proteins and their associated experimental
observables. Bioinformatics 2012, 28, 1463–1470. [CrossRef] [PubMed]

53. Estrada, J.; Bernadó, P.; Blackledge, M.; Sancho, J. ProtSA: A web application for calculating sequence specific protein solvent
accessibilities in the unfolded ensemble. BMC Bioinform. 2009, 10, 104. [CrossRef] [PubMed]

54. Schaefer, M.; Sommer, M.; Karplus, M. pH-dependence of protein stability: Absolute electrostatic free energy differences between
conformations. J. Phys. Chem. B 1997, 101, 1663–1683. [CrossRef]

55. Savojardo, C.; Fariselli, P.; Martelli, P.L.; Casadio, R. INPS-MD: A web server to predict stability of protein variants from sequence
and structure. Bioinformatics 2016, 32, 2542–2544. [CrossRef] [PubMed]

56. Pires, D.E.; Ascher, D.B.; Blundell, T.L. mCSM: Predicting the effects of mutations in proteins using graph-based signatures.
Bioinformatics 2014, 30, 335–342. [CrossRef]

57. Pandurangan, A.P.; Ochoa-Montaño, B.; Ascher, D.B.; Blundell, T.L. SDM: A server for predicting effects of mutations on protein
stability. Nucleic Acids Res. 2017, 45, W229–W235. [CrossRef]

58. Pires, D.E.; Ascher, D.B.; Blundell, T.L. DUET: A server for predicting effects of mutations on protein stability using an integrated
computational approach. Nucleic Acids Res. 2014, 42, W314–W319. [CrossRef]

59. Capriotti, E.; Fariselli, P.; Casadio, R. I-Mutant2.0: Predicting stability changes upon mutation from the protein sequence or
structure. Nucleic Acids Res. 2005, 33 (Suppl. 2), W306–W310. [CrossRef] [PubMed]

60. Cheng, J.; Randall, A.; Baldi, P. Prediction of protein stability changes for single-site mutations using support vector machines.
Proteins Struct. Funct. Bioinform. 2006, 62, 1125–1132. [CrossRef] [PubMed]

61. Chen, C.-W.; Lin, J.; Chu, Y.-W. iStable: off-the-shelf predictor integration for predicting protein stability changes. BMC Bioinform.
2013, 14, S5. [CrossRef] [PubMed]

62. Cao, H.; Wang, J.; He, L.; Qi, Y.; Zhang, J.Z. DeepDDG: Predicting the stability change of protein point mutations using neural
networks. J. Chem. Inf. Modeling 2019, 59, 1508–1514. [CrossRef] [PubMed]

http://doi.org/10.1093/nar/gku989
http://doi.org/10.1002/anie.201704616
http://doi.org/10.1038/nprot.2015.053
http://doi.org/10.1038/nature11542
http://doi.org/10.7554/eLife.45222
http://doi.org/10.1038/nature14909
http://www.ncbi.nlm.nih.gov/pubmed/26416735
http://doi.org/10.1038/nature10191
http://doi.org/10.1093/nar/gky1120
http://www.ncbi.nlm.nih.gov/pubmed/30445434
http://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://doi.org/10.1002/jcc.20289
http://www.ncbi.nlm.nih.gov/pubmed/16222654
http://doi.org/10.1002/jcc.540040211
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.33011/livecoms.1.2.10841
http://doi.org/10.1002/prot.24935
http://doi.org/10.1093/bioinformatics/btv607
http://doi.org/10.1093/bioinformatics/bts172
http://www.ncbi.nlm.nih.gov/pubmed/22613562
http://doi.org/10.1186/1471-2105-10-104
http://www.ncbi.nlm.nih.gov/pubmed/19356231
http://doi.org/10.1021/jp962972s
http://doi.org/10.1093/bioinformatics/btw192
http://www.ncbi.nlm.nih.gov/pubmed/27153629
http://doi.org/10.1093/bioinformatics/btt691
http://doi.org/10.1093/nar/gkx439
http://doi.org/10.1093/nar/gku411
http://doi.org/10.1093/nar/gki375
http://www.ncbi.nlm.nih.gov/pubmed/15980478
http://doi.org/10.1002/prot.20810
http://www.ncbi.nlm.nih.gov/pubmed/16372356
http://doi.org/10.1186/1471-2105-14-S2-S5
http://www.ncbi.nlm.nih.gov/pubmed/23369171
http://doi.org/10.1021/acs.jcim.8b00697
http://www.ncbi.nlm.nih.gov/pubmed/30759982

	Introduction 
	Results 
	pH Dependence of Folding Free Energy on Wild-Type Proteins 
	Effect of Pathogenic Variants on Protein Stability 
	pH Dependence of Folding Free Energy on Genetic Variation 

	Discussions 
	Materials and Methods 
	Structures Used in the Modeling 
	List of Nonsynonymous GWAS-Identified Pigmentation-Associated Variants 
	Generation of Mutants 
	Molecular Dynamics (MD) Simulations 
	Modeling pH Dependence of Folding Free Energy 

	Conclusions 
	References

