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Establishment of a synchronized
tyrosinase transport system
revealed a role of Tyrpl

in efficient melanogenesis

by promoting tyrosinase targeting
to melanosomes

Hikari Nakamura & Mitsunori Fukuda®*!

Tyrosinase (Tyr) is a key enzyme in the process of melanin synthesis that occurs exclusively within
specialized organelles called melanosomes in melanocytes. Tyr is synthesized and post-translationally
modified independently of the formation of melanosome precursors and then transported to
immature melanosomes by a series of membrane trafficking events that includes endoplasmic
reticulum (ER)-to-Golgi transport, post-Golgi trafficking, and endosomal transport. Although several
important regulators of Tyr transport have been identified, their precise role in each Tyr transport
event is not fully understood, because Tyr is present in several melanocyte organelles under steady-
state conditions, thereby precluding the possibility of determining where Tyr is being transported

at any given moment. In this study, we established a novel synchronized Tyr transport system in
Tyr-knockout B16-F1 cells by using Tyr tagged with an artificial oligomerization domain FM4 (named
Tyr-EGFP-FM4). Tyr-EGFP-FM4 was initially trapped at the ER under oligomerized conditions, but at
30 min after chemical dissociation into monomers, it was transported to the Golgi and at 9 h reached
immature melanosomes. Melanin was then detected at 12 h after the ER exit of Tyr-EGFP-FM4. By
using this synchronized Tyr transport system, we were able to demonstrate that Tyr-related protein

1 (Tyrpl), another melanogenic enzyme, is a positive regulator of efficient Tyr targeting to immature
melanosomes. Thus, the synchronized Tyr transport system should serve as a useful tool for analyzing
the molecular mechanism of each Tyr transport event in melanocytes as well as in the search for new
drugs or cosmetics that artificially regulate Tyr transport.

Tyrosinase (Tyr) is a typical type I integral membrane protein that localizes at melanosomes in melanocytes',
and it serves as a rate-limiting enzyme in the process of melanin synthesis in melanosomes?. Since mutations in
the Tyr gene cause a genetic pigmentation disorder called albinism in mammals, e.g., human oculocutaneous
albinism type 1 (OCAL)? Tyr is generally recognized as a critical factor in producing skin and hair pigmenta-
tion in mammals, specifically in accounting for the differences in skin color among human races*. Although the
melanin whose synthesis is catalyzed by Tyr is crucial in achieving photoprotection, abnormal melanin accumu-
lation causes hyperpigmentation disorders such as melasma, senile lentigo, and freckles®. Thus, inhibiting the
enzymatic activity of Tyr has often been used as a major strategy for skin whitening in the cosmetic industry®.
Melanosomes are formed and mature in a stepwise fashion and they are morphologically classified into four
stages (from I to IV)”3. Stage I and stage Il melanosomes are transparent (hence referred to as immature mela-
nosomes or premelanosomes) because of the absence of melanogenic enzymes such as Tyr and of melanin. Tyr
is independently synthesized and transported to immature melanosomes by a series of membrane trafficking
events that lead to melanin synthesis in stage III and stage IV melanosomes. After protein translation, Tyr is first
inserted into the endoplasmic reticulum (ER), then transported to the Golgi, where Tyr is highly glycosylated, and
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subsequently to immature melanosomes via endosomes®'!. Several important regulators of Tyr transport have
been identified by genetic and biochemical analyses of the gene products responsible for genetic pigmentation
disorders such as Hermansky-Pudlak syndrome (HPS)*!2. For example, HPS1 and HPS4 have been identified
as a heterodimeric activator (known as biogenesis of lysosome-related organelles complex-3, BLOC-3) for the
small GTPases Rab32 and Rab38 (Rab32/38), both of which are involved in Tyr transport from the Golgi'*~*¢.
Moreover, these Rabs have also been reported to regulate the recycling of VAMP7 from melanosomes'” and large
dense core vesicles (another type of lysosome-related organelles) in intestinal Paneth cells'®. Although important
regulators of Tyr transport have been identified, their precise role in each Tyr transport event (e.g., ER-to-Golgi
transport, transport from the Golgi, and endosomal transport) is not completely understood.

A major obstacle in attempts to analyze each Tyr transport event has been the fact that under steady-state
conditions Tyr is present in several melanocyte organelles: Tyr is often localized in the perinuclear region (mostly
at the Golgi) in addition to being localized at immature and mature melanosomes. Thus, it is extremely difficult
to determine where Tyr is being transported at any given moment even when Tyr has been fluorescently tagged
in living cells. To overcome this obstacle, in the present study, we established a novel synchronized Tyr transport
system by using an artificial oligomerization domain (i.e., FKBP12-derived FM4 domain)"’. Using the synchro-
nized transport system enabled us to demonstrate that tyrosinase-related protein 1 (Tyrp1), another melanogenic
enzyme, promotes efficient targeting of Tyr to melanosomes and efficient melanogenesis. Based on our findings,
we discuss the utility of this tool for identifying regulators of each Tyr transport event as well as in the search for
new drugs or cosmetics that artificially promote or inhibit Tyr transport to melanosomes.

Results

Tyr-EGFP was functional in melanin synthesis in Tyr-KO B16Fx cells

To visualize Tyr in melanocytes, we generated mouse Tyr C-terminal tagged with enhanced green fluorescent
protein (EGFP), in which the Tyr and EGFP were separated by a short Gly linker (simply referred to as Tyr-EGFP
hereafter) to prevent any possible steric hindrance to Tyr sorting and transport (Fig. 1A). To investigate whether
the fluorescence-tagged Tyr functioned in melanin synthesis, we transiently expressed Tyr-EGFP (or Tyr-FLAG)
in melanin-deficient Tyr-KO B16-F1 cells* and evaluated its expression level by immunoblotting and melanin
synthesis by light microscopy. We used Tyr with a short FLAG tag (i.e., 8 amino acids) as a positive control,
because we previously showed that Tyr-FLAG fully restored melanin synthesis in Tyr-deficient melanocytes®. As
shown in Fig. 1B, Tyr-EGFP expression was first observed at 24 h after the transfection, peaked at 48 h, and then
decreased to the 24-h-level at 72 h, the same as Tyr-FLAG expression did. However, the total expression level of
Tyr-EGFP was clearly lower than that of Tyr-FLAG, suggesting that EGFP-tagging affects protein folding, stability,
and/or degradation. Despite the lower expression level of Tyr-EGFP, it was capable of rescuing melanin synthesis
in Tyr-KO cells at 48 h after transfection, although EGFP fluorescence in the peripheral area of the cells was first
observed at 24 h (Fig. 1C). The results of a quantitative analysis indicated that ~ 70% of the Tyr-EGFP-expressing
cells contained black melanin, which was almost the same as in the Tyr-FLAG-expressing cells (~ 80%) (Fig. 1D).
The time course of melanin recovery in the Tyr-EGFP-expressing cells and Tyr-FLAG-expressing cells was also
almost the same (Fig. 1D), suggesting that Tyr-EGFP is most likely transported to melanosomes, the same as Tyr-
FLAG is. These results taken together indicated that Tyr-EGFP functions in melanin synthesis in Tyr-KO cells.

Establishment of a synchronized Tyr transport system

To synchronize Tyr transport to melanosomes, we turned our attention to four FKBP12-derived artificial oli-
gomerization domains (named FM4)" and attempted to trap Tyr-EGFP at the ER. FM4 fusion proteins in the
secretory pathway are known to form large aggregates at the ER and to be trapped there. D/D solubilizer, a com-
mercially available, membrane permeable ligand of FM4, dissolves the aggregates into a monomer and thereby
initiates protein transport from the ER to the Golgi synchronously. We generated Tyr-EGFP-FM4 (Fig. 2A) and
transiently expressed it in Tyr-KO B16-F1 cells. Although the protein expression level of Tyr-EGFP-FM4 was
unchanged for 48 h regardless of whether D/D solubilizer was present or absent (Fig. 2B), black melanosomes
were observed only in the presence of D/D solubilizer (Fig. 2C). Microscopic analysis revealed large green
Tyr-EGFP-FM4 aggregates in the absence of D/D solubilizer, but no melanin-containing cells were observed
(Fig. 2C, cells outlined with broken black lines in the lower panels), suggesting that Tyr-EGFP-FM4 continues
to be trapped in the ER. By contrast, Tyr-EGFP-FM4 signals were dispersed into the cytoplasm at 3 h after D/D
solubilizer treatment, and melanin was observed at 12 h (Fig. 2C, cells outlined with broken red lines in the
upper panels). The results of the quantitative analysis of the melanin-containing cells indicated that ~40% of
the Tyr-EGFP-FM4-expressing cells contained melanin at 12 h after D/D solubilizer treatment, and ~ 80% of the
cells were recovered at 18 h (Fig. 2D).

To identify the time of the Tyr transport from the ER to the Golgi and to immature melanosomes, we com-
pared the localization of Tyr-EGFP-FM4 and several organelle markers in Tyr-KO cells after D/D solubilizer treat-
ment. First, we stained Golgi marker GM130 and examined the cells for colocalization between Tyr-EGFP-FM4
and GM130 (Fig. 3A). Their colocalization was first noted at 30 min after D/D solubilizer treatment and was still
evident at 90 min (Fig. 3A, upper panels). By contrast, no colocalization between Tyr-EGFP-FM4 and GM130
was observed in the absence of D/D solubilizer (Fig. 3A, lower panels). Quantification of the colocalization rate
between Tyr-EGFP-FM4 and GM130 in the cells shown in Fig. 3A revealed that the rate peaked at 30 min and
then gradually decreased to the background level at 180 min (Fig. 3B). Thus, Tyr is likely to be transported from
the ER to the Golgi for 30 min, which corresponds to the time of the ER-to-Golgi transport of model secretory
proteins®>**. Moreover, their colocalization rate was always significantly higher in the presence of D/D solubilizer
than in its absence at every time point, suggesting that some portion of the Tyr was always retained at the Golgi.
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Figure 1. EGFP-tagged Tyr was functional in Tyr-KO B16-F1 cells. (A) Schematic representation of mouse Tyr
C-terminal tagged with FLAG (Tyr-FLAG) and EGFP (Tyr-EGFP). SS, signal sequence; TM, transmembrane
domain. (B) Expression of Tyr-EGFP in Tyr-KO cells. After plasmid transfection, Tyr-KO B16-F1 cells
expressing Tyr-EGFP or Tyr-FLAG were lysed at the times indicated and analyzed by immunoblotting with anti-
Tyr and anti-B-actin antibodies. WT and Tyr-KO cells were used as a positive control and a negative control,
respectively, for Tyr expression. (C) Representative images of Tyr-EGFP-expressing and Tyr-FLAG-expressing
Tyr-KO cells after plasmid transfection. Scale bars, 20 um. (D) The percentage of Tyr-KO cells expressing Tyr-
EGEFP or Tyr-FLAG and containing melanin shown in (C) was calculated at the times indicated after plasmid
transfection. The error bars represent the means+ SEM of the data obtained in three independent experiments
(n=30 cells in each experiment). * P<0.05; NS, not significant (one-way ANOVA and Tukey’s test). Only the
statistical significance between Tyr-EGFP and Tyr-FLAG at each time point was shown.

Consistent with our observations, under steady-state conditions Tyr was distributed in the perinuclear region
in addition to the peripheral melanosomes in the wild-type (WT) B16-F1 cells*..

Next, we stained melanosome-resident protein Tyrpl in order to determine when Tyr-EGFP-FM4 reaches
immature melanosomes in Tyr-KO cells (Fig. 3C). In the absence of D/D solubilizer, Tyrp1 was distributed in
the periphery, and no colocalization between Tyr-EGFP-FM4 and Tyrpl was observed (Fig. 3C, lower pan-
els). Peripheral Tyrpl is likely to be present at immature melanosomes, because it partially colocalized with
premelanosomal fibril protein PMEL** (Fig. S1A, arrowheads). By contrast, after D/D solubilizer treatment,
Tyr-EGFP-FM4 was transported to the peripheral area and colocalized with Tyrpl there at 9 h (Fig. 3C, upper
panels), before melanin was first detected (see Fig. 2D, 12 h). Intriguingly, however, the Tyrp1 signals mostly
disappeared at 18 h after D/D solubilizer treatment, and no signals were observed at 24 h, presumably because
antibody access to Tyrpl is inhibited by melanin deposition (Fig. S1B). Although the Tyrpl signals gradually
disappeared as melanin deposition proceeded under our experimental conditions, significant colocalization
between Tyr-EGFP-FM4 and Tyrpl was observed at 9 h after D/D solubilizer treatment (Fig. 3D), suggesting
that Tyr reaches immature melanosomes at 9 h after it exits from the ER.

Overexpression of Tyrpl promoted Tyr transport to melanosomes and melanin synthesis
We then used fluorescently tagged Tyrpl (i.e., Tyrpl-monomeric Ruby3 [mRuby3]) to overcome the problem
of the loss of Tyrp1 signals after melanin deposition in melanosomes and to visualize Tyr-deficient immature
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Figure 2. Establishment of a synchronized Tyr transport system by using the FM4-mediated oligomerization
system. (A) Schematic representation of mouse Tyr C-terminal tagged with EGFP and four FM domains (Tyr-
EGFP-FM4). FM is a FKBP12-derived artificial oligomerization domain'®. (B) Expression of Tyr-EGFP-FM4
in the presence and absence of D/D solubilizer. Tyr-KO B16-F1 cells expressing Tyr-EGFP-FM4 were treated
or not treated with 500 nM D/D solubilizer (at time 0). The cells were then harvested at the times indicated
and analyzed by immunoblotting with anti-Tyr and anti-p-actin antibodies. (C) Representative images of
Tyr-EGFP-FM4-expressing Tyr-KO cells after treatment with D/D solubilizer or DMSO (-D/D solubilizer). Tyr-
EGFP-FM4-expressing cells in the fluorescent images are outlined with broken white lines. Melanin-containing
Tyr-EGFP-FM4-expressing cells and transparent Tyr-EGFP-FM4-expressing cells in the bright-field images are
outlined with broken red lines and broken black lines, respectively. Scale bars, 20 um. (D) The percentage of
cells shown in (C) containing melanin was calculated after D/D solubilizer treatment (closed circles) or DMSO
treatment (-D/D solubilizer; open circles). The error bars represent the means+ SEM of the data obtained in
three independent experiments (n =30 cells in each experiment). *** P<0.001 (one-way ANOVA and Tukey’s
test).
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Figure 3. Colocalization of Tyr-EGFP-FM4 with GM130 at the Golgi and with Tyrp1 at melanosomes. (A)
Tyr-KO B16-F1 cells expressing Tyr-EGFP-FM4 were treated with 500 nM D/D solubilizer or DMSO (-D/D
solubilizer), fixed at the times indicated, and stained for GM130 (a Golgi marker). Scale bars, 20 pm. (B)
Quantification of the colocalization ratio between Tyr and GM130 in the cells shown in (A) in the presence
(black symbols) or absence of D/D solubilizer (red symbols). (C) Tyr-KO cells expressing Tyr-EGFP-FM4
were treated with 500 nM D/D solubilizer or DMSO (-D/D solubilizer), fixed at the times indicated, and
stained for Tyrp1. Scale bars, 20 pm. (D) Quantification of the colocalization ratio between Tyr and Tyrpl

in the cells shown in (C) in the presence (black symbols) or absence of D/D solubilizer (red symbols).
Pearson’s correlation coeflicients in (B and D) were calculated (n=10 cells), and the error bars represent the
means + SEM.* P<0.05;** P<0.01;*** P<0.001; NS, not significant (one-way ANOVA and Tukey’s test). Only
the statistical significance between the presence and absence of D/D solubilizer at each time point was shown.
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melanosomes in living cells. When Tyrpl-mRuby3 and Tyr-EGFP-FM4 were co-expressed in Tyr-KO cells,
Tyrpl-mRuby3 was distributed in the periphery, the same as endogenous Tyrp1 (Fig. 3C), and no colocalization
between Tyr-EGFP-FM4 and Tyrpl was observed in the absence of D/D solubilizer (Fig. 4A, lower panels). By
contrast, Tyr-EGFP-FM4 was transported to the peripheral area and colocalized with Tyrp1 there at 3 h after D/D
solubilizer treatment, and melanin was observed at 9 h (Fig. 4A, upper panels). The results of the quantitative
analysis of the melanin-containing cells revealed that ~ 40% of the Tyr-EGFP-FM4-expressing cells contained
melanin at 9 h after the D/D solubilizer treatment, and ~ 80% of the cells were recovered at 18 h (Fig. 4B). Quan-
tification of the colocalization rate between Tyr-EGFP-FM4 and Tyrpl-mRuby3 in the cells shown in Fig. 4A
showed significant colocalization at 3 h after D/D solubilizer treatment (Fig. 4C). These results were somewhat
unexpected, because colocalization between Tyr and Tyrpl (a melanosome marker) and melanin synthesis in
Tyrpl-mRuby3-expressing cells was observed ~ 6 h earlier than it was in untransfected cells (compare the solid
line and broken blue line in Fig. 4B, and compare Figs. 3D and 4C). We therefore hypothesized that Tyrp1 plays
arole in efficient expression and/or transport of Tyr to melanosomes in addition to its role in melanin synthe-
sis. To test our hypothesis, we knocked down endogenous Tyrpl in Tyr-KO cells and evaluated the effect of its
knockdown on Tyr-EGFP-FM4 localization and melanin synthesis.

Knockdown of endogenous Tyrp1l delayed Tyr-mediated melanin synthesis

We used a specific siRNA against Tyrpl (siTyrpl) to knock down endogenous Tyrp1 in Tyr-KO cells and con-
firmed its depletion by immunoblotting and immunofluorescence analysis (Fig. 5A,B). We then performed the
same Tyr-EGFP-FM4 synchronized transport assay shown in Fig. 2 to evaluate the recovery of black melanosomes
(i.e., melanin) under the Tyrp1-depleted conditions. The results showed a significant delay in the appearance of
black melanosomes in the Tyrp1-depleted cells in comparison with the control siRNA (siControl)-treated cells
(Fig. 5C,D). Melanin was first observed in the Tyrpl-depleted cells at 18 h after the D/D solubilizer treatment
(Fig. 5C, lower panels), which was significantly later than in the control cells (Fig. 5C, upper panels, 12 h). These
results taken together demonstrated that Tyrp1 is a positive regulator of efficient targeting of Tyr to melanosomes
as well as of efficient melanin synthesis.

Discussion

In the present study, we succeeded in establishing a synchronized Tyr transport system by using Tyr-EGFP-FM4
in Tyr-KO cells. Tyr-EGFP-FM4 transport was initiated upon D/D solubilizer treatment, and it was first trans-
ported to the Golgi at 30 min (Fig. 3B), the same as other secretory proteins®**, and then reached Tyrp1-positive
immature melanosomes at 9 h (Fig. 3D). There was a time lag (~ 3 h) between the melanosome localization of
Tyr-EGFP-FM4 and the appearance of black mature melanosomes (Figs. 2D and 3D). Using the synchronized
Tyr transport system also unexpectedly revealed that Tyrp1 is involved in efficient melanosomal localization of
Tyr and melanin synthesis (Figs. 4 and 5). How does Tyrpl regulate Tyr transport and Tyr-mediated melanin
synthesis? There had been reports that Tyrpl and Dct (dopachrome tautomerase; also called Tyrp2) modulate
Tyr activity and stabilize the Tyr protein through heterooligomer formation®-?%, and consistent with these
reports, we observed the Tyr-Tyrpl interaction only in the presence of D/D solubilizer (Fig. S2). Since the Tyr
and Tyrp1 transport mechanisms appeared to be somewhat different, e.g., adaptor complex-1 (AP-1) and AP-3
differentially control the transport of Tyr and the transport of Tyrp1, respectively**’, a possible advantage of the
heterodimer formation would be the use of a different transport mechanism that a monomer Tyr or Tyrpl would
not usually be able to use. Thus, the Tyr-Tyrp1 heterodimer may be transported to immature melanosomes more
efficiently than a Tyr or Tyrpl monomer. Alternatively, Tyrpl may simply be involved in the proper folding and
stabilization of Tyr protein in the ER, thereby enabling its efficient targeting to melanosomes. Further extensive
research will be needed to pursue these possibilities.

Melanogenic enzymes, including Tyr, are generally thought to be transported to melanosomes via endosomes,
and several gene products responsible for genetic pigmentation disorders, e.g., BLOC complexes and certain
Rabs, are actually involved in endosomal transport®!%. However, the precise roles of these gene products in
each of the Tyr transport events (e.g., ER-to-Golgi transport, transport from the Golgi, and endosomal trans-
port) are not fully understood, and somewhat conflicting results have been reported. For example, Rab32/38
and their regulators (e.g., the Rab32/38 effector Varp and their activator BLOC-3) were initially reported to
regulate the post-Golgi transport of Tyr to immature melanosomes'>'®*!, but a subsequent study showed that
they regulate the recycling of VAMP7, which presumably mediates the fusion of Tyr-containing vesicles with
immature melanosomes®**, from melanosomes'”. Thus, the synchronized Tyr transport system that we estab-
lished in this study should provide an ideal tool to determine whether Rab32/38 are involved in Tyr transport to
immature melanosomes, VAMP?7 recycling from melanosomes, or both by using appropriate endosome markers
in combination with live-cell imaging. It will also be possible to evaluate the significance of post-translational
modifications such as palmitoylation of Tyr** and ubiquitylation®>*¢ in Tyr transport by using Tyr-EGFP-FM4
mutants lacking post-translational modification sites. In addition to using the synchronized Tyr transport system
to re-assess or re-investigate known regulators or modifications of Tyr, it can be applied to the search for new
Tyr transport regulators by performing siRNA screening or CRISPR/Cas9-mediated genome-wide screening in
the future. Moreover, the synchronized Tyr transport system will be useful for developing novel cosmetics (or
drugs) for skin whitening (or for preventing grey hair) that can specifically inhibit (or promote) the Tyr transport
process without affecting its enzymatic activity.

In summary, we succeeded in establishing a synchronized Tyr transport system by using Tyr-EGFP-FM4 in
Tyr-KO cells, and it allowed us to analyze Tyr transport by 30 min of intervals and to identify Tyrp1 as a positive
regulator of efficient Tyr transport to melanosomes. In the future, the tool we established in this study should
be useful in basic science studies designed to understand the precise molecular mechanism of Tyr transport in
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Figure 4. Overexpression of Tyrpl promoted Tyr-mediated melanin synthesis. (A) mRuby3-tagged Tyrpl and
Tyr-EGFP-FM4 were co-expressed in Tyr-KO B16-F1 cells, and the cells were treated with D/D solubilizer or
DMSO (-D/D solubilizer) and fixed at the times indicated. Representative images are shown. Transparent Tyr-
EGFP-FM4-expressing cells in the bright-field images are outlined with broken black lines. Scale bars, 20 um.
(B) The percentage of cells shown in (A) containing melanin after treatment with D/D solubilizer (closed circles)
or DMSO (-D/D solubilizer; open circles) was calculated. Blue broken lines indicate the melanin-containing
cells expressing Tyr-EGFP-FM4 alone (see Fig. 2D). The error bars represent the means + SEM of the data
obtained in three independent experiments (n=10 cells in each experiment).*** P<0.001 (one-way ANOVA
and Tukey’s test). (C) Quantification of the colocalization ratio between Tyr-EGFP-FM4 and Tyrpl-mRuby3 in
the cells shown in (A) in the presence (black symbols) or absence of D/D solubilizer (red symbols). Pearson’s
correlation coefficients were calculated (n=10 cells), and the error bars represent the means+ SEM. *** P<0.001
(one-way ANOVA and Tukey’s test).

melanocytes as well as in industry for research to develop new drugs or cosmetics that artificially regulate Tyr
transport.
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Figure 5. Knockdown of Tyrpl delayed Tyr-mediated melanin synthesis. (A,B) Knockdown efficiency of
Tyrpl in Tyr-KO B16-F1 cells transfected with siRNA against Tyrpl (siTyrpl) or control siRNA. The cells were
analyzed by immunoblotting with anti-Tyrp1 and anti-p-actin antibodies (A) and by immunofluorescence using
anti-Tyrp1 antibody (B). Scale bars, 20 um. (C) Tyrp1-depleted (or control) Tyr-EGFP-FM4-expressing Tyr-KO
cells were treated with D/D solubilizer and fixed at the times indicated. Melanin-containing Tyr-EGFP-FM4-
expressing cells and transparent Tyr-EGFP-FM4-expressing cells in the bright-field images are outlined with
broken red lines and broken black lines, respectively. Scale bars, 20 pm. (D) The percentage of cells shown in
(C) containing melanin after treatment with D/D solubilizer was calculated. Tyrp1-depleted and controls cells
are shown by closed circles and open circles, respectively. The error bars represent the means+SEM of the data
obtained in three independent experiments (n=10 cells in each experiment).*** P<0.001; NS, not significant
(one-way ANOVA and Tukey’s test).

Materials and methods

Materials

The oligonucleotides, plasmids, and antibodies used in this study are summarized in Table S1. The mouse Tyrpl
cDNA was obtained by PCR as described previously®. The Tyr and FM4 cDNAs were also prepared as described
previously?®?. The newly constructed plasmids, including pEF-Tyr-EGFP-FM4, used in this study were prepared
by the standard molecular biology techniques. The Tyr-EGFP-FM4 and Tyrp1-mRuby3 expression plasmids are
available from RIKEN BioResource Research Center in Japan (https://dnaconda.riken.jp/search/depositor/dep00
5893.html; Cat# RDB20230 and RDB20231, respectively). Unless otherwise specified, all other general reagents
used in this study were analytical grade or the highest grade commercially available.

Cell cultures and transfections

The B16-F1 melanoma cells (obtained from the American Type Culture Collection, Manassas, VA, USA), Tyr-
KO B16-F1 cells?!, and COS-7 cells (obtained from RIKEN BioResource Research Center, Tsukuba, Japan)
were cultured at 37 °C under 5% CO, in D-MEM medium (FUJIFILM Wako Pure Chemical, Osaka, Japan)
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containing 10% fetal bovine serum, 100 units/mL penicillin G, and 100 pg/mL streptomycin. In the KD experi-
ments, B16-F1 cells were transfected with siRNAs (final concentration 100 nM) by using RNAiMAX (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions, and then cultured for 48 h.
In the immunofluorescence analysis, B16-F1 cells were transfected with plasmid DNAs by using Lipofectamine
2000 (Thermo Fisher Scientific) according to the manufacturer’ instructions, and then cultured for 24-72 h. In
the Tyr-EGFP-FM4 synchronized transport assays, cells were treated with 500 nM D/D solubilizer (Takara Bio,
Shiga, Japan) at 24 h after transfection.

Immunoblotting

Cells were lysed with 1 x SDS sample buffer and boiled for 10 min. The samples were separated by 7.5% or 10%
SDS-PAGE and transferred to PVDF membranes (Merck Millipore, Burlington, MA, USA) by electroblotting
using the Trans-Blot Turbo™ Transfer System (Bio-Rad, Hercules, CA, USA). After blocking the membranes for
30 min at room temperature with 1% skim milk in PBS containing 0.1% Tween-20 (PBS-T), they were incubated
for 1 h at room temperature with primary antibodies diluted in 1% skim milk (antibody dilutions are summa-
rized in Table S1). After washing the membranes with PBS-T three times, they were incubated for 1 h at room
temperature with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies diluted in 1%
skim milk. Immunoreactive bands were detected by using blotting detection reagents (Clarity™ Western ECL
Substrate, Bio-Rad) and the chemiluminescence imager (ChemiDoc Touch, Bio-Rad). The blots shown in this
study are representative of the blots obtained in three independent experiments (Fig. S3).

Immunofluorescence analysis

Tyr-KO B16-F1 cells were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.05% saponin for
30 min, and blocked with 1% bovine serum albumin in PBS for 30 min. The cells were stained with specific
primary antibodies (antibody dilutions are summarized in Table S1) and then visualized with Alexa Fluor
488/555-conjugated secondary antibodies. The stained cells were examined for fluorescence with a confocal
fluorescence microscope (FluoView 1000-D, Evident/Olympus, Tokyo, Japan) through a 60 x objective lens
(numerical aperture 1.40; Evident/Olympus) and with the FluoView software (version 4.1a, Evident/Olympus).
The fluorescence images and their corresponding bright-field images were captured at random with the confocal
microscope and quantified with Image] software (version 1.52i; National Institutes of Health, Bethesda, MD,
USA).

Co-immunoprecipitation assay

COS-7 cells were co-transfected with pEF-Tyr-EGFP-FM4 and pMRX-bsr-Tyrp1l-monomeric Strawberry (mStr)
and incubated for 9 h. The cells were treated with 500 nM D/D solubilizer for 24 h and then collected and lysed
for 1 h on ice in a lysis buffer (50 mM HEPES-KOH, pH 7.2, 150 mM NaCl, and 1% Triton X-100 supplemented
with a complete EDTA-free protease inhibitor cocktail [Roche, Basel, Switzerland]). After centrifugation at 700 x g
for 10 min at 4 °C to remove insoluble materials, the supernatants were incubated with gentle rotation for 1 h at
4 °C with GST-fused green fluorescent protein (GFP) nanobody?®-coupled with glutathione Sepharose™ 4B (GE
Healthcare, Chicago, IL, USA). After washing the beads with the lysis buffer three times, they were suspended
in 50 uL of 1 x SDS sample buffer and boiled for 10 min, followed by immunoblotting analyses.

Statistical analysis

The statistical analyses were performed by one-way ANOVA followed by Tukey’s test with GraphPad Prism 9
Software (GraphPad Software, Inc, La Jolla, CA, USA). All quantitative data are expressed as the means + SEM.
The asterisks in the graphs indicate P values (*P <0.05;**P<0.01; and ***P<0.001). NS stand for not significant
(P>0.05).

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 28 November 2023; Accepted: 27 January 2024
Published online: 30 January 2024

References

1. Shibahara, S. et al. Cloning and expression of cDNA encoding mouse tyrosinase. Nucleic Acids Res. 14, 2413-2427. https://doi.
org/10.1093/nar/14.6.2413 (1986).

2. Hearing, V. J. Determination of melanin synthetic pathways. J. Invest. Dermatol. 131, E8-E11. https://doi.org/10.1038/skinbio.
2011.4 (2011).

3. Tomita, Y. & Suzuki, T. Genetics of pigmentary disorders. Am. J. Med. Genet. C (Semin. Md. Genet.) 131, 75-81. https://doi.org/
10.1002/ajmg.c.30036 (2004).

4. Fitzpatrick, T. B. & Breathnach, A. S. The epidermal melanin unit system. Dermatol. Wochenschr. 147, 481-489 (1963).

5. Byers, H. Melanosome processing in keratinocytes. In The Pigmentary System: Physiology and Pathophysiology 2nd edn (eds Nor-
dlund, J. J. et al.) 181-190 (Wiley, 2007).

6. Fernandes, B., Cavaco-Paulo, A. & Matamad, T. A comprehensive review of mammalian pigmentation: Paving the way for innovative
hair colour-changing cosmetics. Biology 12, 290. https://doi.org/10.3390/biology12020290 (2023).

7. Marks, M. S. & Seabra, M. C. The melanosome: Membrane dynamics in black and white. Nat. Rev. Mol. Cell Biol. 2, 738-748.
https://doi.org/10.1038/35096009 (2001).

8. Raposo, G. & Marks, M. S. Melanosomes—dark organelles enlighten endosomal membrane transport. Nat. Rev. Mol. Cell Biol. 8,
786-797. https://doi.org/10.1038/nrm2258 (2007).

Scientific Reports |

(2024) 14:2529 | https://doi.org/10.1038/s41598-024-53072-6 nature portfolio


https://doi.org/10.1093/nar/14.6.2413
https://doi.org/10.1093/nar/14.6.2413
https://doi.org/10.1038/skinbio.2011.4
https://doi.org/10.1038/skinbio.2011.4
https://doi.org/10.1002/ajmg.c.30036
https://doi.org/10.1002/ajmg.c.30036
https://doi.org/10.3390/biology12020290
https://doi.org/10.1038/35096009
https://doi.org/10.1038/nrm2258

www.nature.com/scientificreports/

9. Bowman, S. L., Bi-Karchin, J., Le, L. & Marks, M. S. The road to lysosome-related organelles: Insights from Hermansky-Pudlak
syndrome and other rare diseases. Traffic 20, 404-435. https://doi.org/10.1111/tra.12646 (2019).

10. Delevoye, C., Marks, M. S. & Raposo, G. Lysosome-related organelles as functional adaptations of the endolysosomal system. Curr.
Opin. Cell Biol. 59, 147-158. https://doi.org/10.1016/j.ceb.2019.05.003 (2019).

11. Fukuda, M. Rab GTPases: Key players in melanosome biogenesis, transport, and transfer. Pigment Cell Melanoma Res. 34, 222-235.
https://doi.org/10.1111/pcmr.12931 (2021).

12. Wei, A. H. & Li, W. Hermansky-Pudlak syndrome: Pigmentary and non-pigmentary defects and their pathogenesis. Pigment Cell
Melanoma Res. 26, 176-192. https://doi.org/10.1111/pcmr.12051 (2013).

13. Gerondopoulos, A., Langemeyer, L., Liang, J. R., Linford, A. & Barr, F. A. BLOC-3 mutated in Hermansky-Pudlak syndrome is a
Rab32/38 guanine nucleotide exchange factor. Curr. Biol. 22, 2135-2139. https://doi.org/10.1016/j.cub.2012.09.020 (2012).

14. Loftus, S. K. et al. Mutation of melanosome protein RAB38 in chocolate mice. Proc. Natl. Acad. Sci. U. S. A. 99, 4471-4476. https://
doi.org/10.1073/pnas.072087599 (2002).

15. Wasmeier, C. et al. Rab38 and Rab32 control post-Golgi trafficking of melanogenic enzymes. J. Cell Biol. 175, 271-281. https://
doi.org/10.1083/jcb.200606050 (2006).

16. Ohishi, Y., Kinoshita, R., Marubashi, S., Ishida, M. & Fukuda, M. The BLOC-3 subunit HPS4 is required for activation of Rab32/38
GTPases in melanogenesis, but its Rab9 activity is dispensable for melanogenesis. J. Biol. Chem. 294, 6912-6922. https://doi.org/
10.1074/jbc.RA119.007345 (2019).

17. Dennis, M. K. et al. BLOC-1 and BLOC-3 regulate VAMP7 cycling to and from melanosomes via distinct tubular transport car-
riers. J. Cell Biol. 214, 293-308. https://doi.org/10.1083/jcb.201605090 (2016).

18. Yu,]J. et al. HPS1 regulates the maturation of large dense core vesicles and lysozyme secretion in Paneth cells. Front. Immunol. 11,
560110. https://doi.org/10.3389/fimmu.2020.560110 (2020).

19. Rivera, V. M. et al. Regulation of protein secretion through controlled aggregation in the endoplasmic reticulum. Science 287,
826-830. https://doi.org/10.1126/science.287.5454.826 (2000).

20. Ishida, M., Marubashi, S. & Fukuda, M. M-INK, a novel tool for visualizing melanosomes and melanocores. J. Biochem. 161,
323-326. https://doi.org/10.1093/jb/mvw100 (2017).

21. Nishizawa, A., Maruta, Y. & Fukuda, M. Rab32/38-dependent and -independent transport of tyrosinase to melanosomes in B16-F1
melanoma cells. Int. J. Mol. Sci. 23, 14144. https://doi.org/10.3390/ijms232214144 (2022).

22. Hirschberg, K. et al. Kinetic analysis of secretory protein traffic and characterization of Golgi to plasma membrane transport
intermediates in living cells. J. Cell Biol. 143, 1485-1503. https://doi.org/10.1083/jcb.143.6.1485 (1998).

23. Hatoyama, Y., Homma, Y., Hiragi, S. & Fukuda, M. Establishment and analysis of conditional Rab1- and Rab5-knockout cells using
the auxin-inducible degron system. J. Cell Sci. 134, ¢s259184. https://doi.org/10.1242/jcs.259184 (2021).

24. Bissig, C., Rochin, L. & van Niel, G. PMEL Amyloid fibril formation: The bright steps of pigmentation. Int. J. Mol. Sci. 17, 1438.
https://doi.org/10.3390/ijms17091438 (2016).

25. Kobayashi, T. et al. DHICA oxidase activity of TRP1 and interactions with other melanogenic enzymes. Pigment Cell Res. 7,
227-234. https://doi.org/10.1111/j.1600-0749.1994.tb00054.x (1994).

26. Kobayashi, T., Imokawa, G., Bennett, D. C. & Hearing, V. J. Tyrosinase stabilization by Tyrp1 (the brown locus protein). J. Biol.
Chem. 273, 31801-31805. https://doi.org/10.1074/jbc.273.48.31801 (1998).

27. Lavinda, O., Manga, P,, Orlow, J. & Cardozo, T. Biophysical compatibility of a heterotrimeric tyrosinase-TYRP1-TYRP2 metal-
loenzyme complex. Front. Pharmacol. 12, 602206. https://doi.org/10.3389/fphar.2021.602206 (2021).

28. Jiménez-Cervantes, C., Martinez-Esparza, M., Solano, E, Lozano, J. A. & Garcfa-Borrdn, J. C. Molecular interactions within the
melanogenic complex: Formation of heterodimers of tyrosinase and TRP1 from B16 mouse melanoma. Biochem. Biophys. Res.
Commun. 253, 761-767. https://doi.org/10.1006/bbrc.1998.9817 (1998).

29. Huizing, M. et al. AP-3 mediates tyrosinase but not TRP-1 trafficking in human melanocytes. Mol. Biol. Cell 12, 2075-2085. https://
doi.org/10.1091/mbc.12.7.2075 (2001).

30. Chapuy, B. et al. AP-1 and AP-3 mediate sorting of melanosomal and lysosomal membrane proteins into distinct post-Golgi traf-
ficking pathways. Traffic 9, 1157-1172. https://doi.org/10.1111/j.1600-0854.2008.00745.x (2008).

31. Tamura, K. et al. Varp is a novel Rab32/38-binding protein that regulates Tyrp1 trafficking in melanocytes. Mol. Biol. Cell 20,
2900-2908. https://doi.org/10.1091/mbc.e08-12-1161 (2009).

32. Yatsu, A., Ohbayashi, N., Tamura, K. & Fukuda, M. Syntaxin-3 is required for melanosomal localization of Tyrp1 in melanocytes.
J. Invest. Dermatol. 133, 2237-2246. https://doi.org/10.1038/jid.2013.156 (2013).

33. Jani, R. A, Purushothaman, L. K., Rani, S., Bergam, P. & Setty, S. R. G. STX13 regulates cargo delivery from recycling endosomes
during melanosome biogenesis. J. Cell Sci. 128, 3263-3276. https://doi.org/10.1242/jcs.171165 (2015).

34. Niki, Y. et al. S-palmitoylation of tyrosinase at cysteine®” regulates melanogenesis. J. Invest. Dermatol. 143, 317-327. https://doi.
org/10.1016/j.jid.2022.08.040 (2023).

35. Ando, H. et al. Fatty acids regulate pigmentation via proteasomal degradation of tyrosinase: A new aspect of ubiquitin-proteasome
function. J. Biol. Chem. 279, 15427-15433. https://doi.org/10.1074/jbc.M313701200 (2004).

36. Ando, H., Kondoh, H., Ichihashi, M. & Hearing, V. J. Approaches to identify inhibitors of melanin biosynthesis via the quality
control of tyrosinase. J. Invest. Dermatol. 127, 751-761. https://doi.org/10.1038/sj.jid.5700683 (2007).

37. Homma, Y. et al. Comprehensive knockout analysis of the Rab family GTPases in epithelial cells. J. Cell Biol. 218, 2035-2050.
https://doi.org/10.1083/jcb.201810134 (2019).

38. Katoh, Y., Nozaki, S., Hartanto, D., Miyano, R. & Nakayama, K. Architectures of multisubunit complexes revealed by a visible
immuno-precipitation assay using fluorescent fusion proteins. J. Cell Sci. 128, 2351-2362. https://doi.org/10.1242/jcs.168740
(2015).

Acknowledgements

We thank Kazuyasu Shoji for technical assistance, Yuto Maruta for helpful advice, and all members of the Fukuda
laboratory for helpful discussions. This work was supported in part by Grant-in-Aid for Scientific Research (B)
22H02613 from the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan (to M.
E), Japan Science Technology Agency (JST) CREST Grant JPMJCR17H4 (to M. E), and by a grant from the
Naito Foundation (to M. E.).

Author contributions
H.N. designed and performed the experiments, analyzed the data, and wrote the manuscript. M.E conceived the
project, designed the experimental plan, discussed the results, and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2024) 14:2529 | https://doi.org/10.1038/s41598-024-53072-6 nature portfolio


https://doi.org/10.1111/tra.12646
https://doi.org/10.1016/j.ceb.2019.05.003
https://doi.org/10.1111/pcmr.12931
https://doi.org/10.1111/pcmr.12051
https://doi.org/10.1016/j.cub.2012.09.020
https://doi.org/10.1073/pnas.072087599
https://doi.org/10.1073/pnas.072087599
https://doi.org/10.1083/jcb.200606050
https://doi.org/10.1083/jcb.200606050
https://doi.org/10.1074/jbc.RA119.007345
https://doi.org/10.1074/jbc.RA119.007345
https://doi.org/10.1083/jcb.201605090
https://doi.org/10.3389/fimmu.2020.560110
https://doi.org/10.1126/science.287.5454.826
https://doi.org/10.1093/jb/mvw100
https://doi.org/10.3390/ijms232214144
https://doi.org/10.1083/jcb.143.6.1485
https://doi.org/10.1242/jcs.259184
https://doi.org/10.3390/ijms17091438
https://doi.org/10.1111/j.1600-0749.1994.tb00054.x
https://doi.org/10.1074/jbc.273.48.31801
https://doi.org/10.3389/fphar.2021.602206
https://doi.org/10.1006/bbrc.1998.9817
https://doi.org/10.1091/mbc.12.7.2075
https://doi.org/10.1091/mbc.12.7.2075
https://doi.org/10.1111/j.1600-0854.2008.00745.x
https://doi.org/10.1091/mbc.e08-12-1161
https://doi.org/10.1038/jid.2013.156
https://doi.org/10.1242/jcs.171165
https://doi.org/10.1016/j.jid.2022.08.040
https://doi.org/10.1016/j.jid.2022.08.040
https://doi.org/10.1074/jbc.M313701200
https://doi.org/10.1038/sj.jid.5700683
https://doi.org/10.1083/jcb.201810134
https://doi.org/10.1242/jcs.168740

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-53072-6.

Correspondence and requests for materials should be addressed to M.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:2529 | https://doi.org/10.1038/s41598-024-53072-6 nature portfolio


https://doi.org/10.1038/s41598-024-53072-6
https://doi.org/10.1038/s41598-024-53072-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Establishment of a synchronized tyrosinase transport system revealed a role of Tyrp1 in efficient melanogenesis by promoting tyrosinase targeting to melanosomes
	Results
	Tyr-EGFP was functional in melanin synthesis in Tyr-KO B16F1 cells
	Establishment of a synchronized Tyr transport system
	Overexpression of Tyrp1 promoted Tyr transport to melanosomes and melanin synthesis
	Knockdown of endogenous Tyrp1 delayed Tyr-mediated melanin synthesis

	Discussion
	Materials and methods
	Materials
	Cell cultures and transfections
	Immunoblotting
	Immunofluorescence analysis
	Co-immunoprecipitation assay
	Statistical analysis

	References
	Acknowledgements


