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Melanin biosynthesis requires tyrosinase protein family consisting of tyrosinase (TYR), tyrosinase-related protein 1
(TYRP1), and tyrosinase-related protein 2 (TYRP 2). These three proteins show high sequence identify. TYR has oxidase
activity, and possesses two copper ions coordinated at the active center. The Golgi-resident copper transporter ATP7A plays
a pivotal role in the coordination of TYR with copper. In contrast, the coordination metals for TYRP1 and TYRP2 have not
yet been clarified, although it was suggested that they have a homologous structure to TYR, and thus copper ions would be
coordinated at their active site. The crystal structure of TYRP1 was recently reported, which showed that TYRP1 has homol-
ogous structure to TYR, as expected. However, it was a surprising result that the coordinated metals at the active center are
not copper ions but zinc ions. Currently, information about the metals coordinated at the active center of TYRP1 and TYRP2
is complicated. In this study, we tried to address this unappreciated issue using the gene disruption/re-expression evaluation
strategy. We first confirmed that TYR activation requires ATP7A using the cells deficient in ATP7A4 gene. We then showed
that two Zn transporter (ZNT) complexes, specifically ZNT5-ZNT6 heterodimers and ZNT7 homodimers, which locate to
the compartments of the early secretory pathway, play essential roles for TYRP1 expression. Moreover, we showed that the
cells deficient in both ZNT5 and ZNT7 genes changed the color from black to brown in cell pellets, indicating that both ZNT
complexes contribute to melanin synthesis. These results provide novel insights into the molecular mechanism underlying

the melanin biosynthesis and TYRP1 expression.

1. ##

AFG U FF, ASZVHIBBICBWTAS ) v —2Lah
T, FOY o BEROBENSZRTAKShE Y,
COASTZUVAEBRICHDbIBELLT, Fur iy —+¥
(TYR). F+u3¥F—¥Wds 7% 1 (TYRP1), F1
YF—YME Y 27 2 (TYRP 2) D 39X 5T 5 57,
TYRIZ, &AL F v 2 BVT55 4 73y~
NIETHY), FOE) T ) —IVEIFFIFF—YE
PEDFBIE, HEERONOF ORISR R E 5D, F
770 COSOBMIZIZ NI VATV Y Ay T — 7 IZRTE
T 5T VAR=F— ATPTA (R VI A% V57 8) Hids
HOZXEE R72$Y, 20720, ATPTADZER <Y 21
WENR S BB ) TV E M ETARTERET ST,
—7Ji. TYRP1 & TYRP2IZBIL CTik. TYR & &\ AHFEME
AETHI L, SHICHFAOWEEIMZ oL PRI S
EDS, LX) # 4 F3IMWHRICHEIATEY, 2
NECTHSRBNIPERENTIeh o227 2D
AR T, L TYRPL Of5 A SN 22 5. TYRP1 1k
TYR EMHE 2GR LZHSOL O, BILL TV 548
FHTIR AL, WETH D LG s R,

il

Studies on the mechanism how melanin
biosynthesis is regulated by metals

Taiho Kambe

Graduate School of Biostudies, Kyoto
University

v MERAND Y vy o CcHisiER Y o8 B
10% RS, F7=, SEGAEY 2328134 TH 0.5%FLEE
EPEERTVS Y, MBI A IR0y VoS
7 A OEAER WL, HEPHAE L B
LUENH LD, WMo EHREES bT Y AKR—%
—HECHBEATYS Y, EdRo@h, TYRDIE
PR T 2 5MIE ATP7TAC E D E S a3, K
WFgecix. TYRPI - 2 1CHish &2 t4a 3 2 Hish b5 » AR
— 5 —DFFET B EAE LTI 2 940t L 720 . 4 @
INFECTOMITAS, WEHEREOT s MR, Wi
NS U AR—Y —BEKTH B INT5-ZNT6 ~NF 1 &
REZNT7 R EZRAEIEET S L PHLNLE R 5T
WAHLD M ChRREE L, MIRFOBLENS X T
SR EREO— AT 5 2 L 2l A T,

2. 7 &

2. 1. HiREE. FSRAT717 3> BRI
AR—B—RIBMRDERK

v b x5 —<#MileTdh % SK-MEL-2 (JCRBAHHL /S >~
7)) OREFEITIE 10% FCS % #3300 L 72 RPMI1640 (RIS
TEMASH) # VT, 5% CO, 37COEMTFT10em
dish |2 THi 2, B L OMRMER Z1To720 — . Bloe k
A5 ) —<HilLTdH 5 HMV- I (B#FBRC) (213 RPMI1640
TiZ7% <. Ham's F-12 buffer (FDGHSE Tk 44 %
M7z, Higi b5 v AK—% — ZNT5 B L OZNT7. §i
NS Y AR—% — ATPTARIEME BT 5 72012,
pX330-B/BX” ¥ —|ZZNENDEIET D gRNA % #5
L7272 REER L SOERLZTIAI FET



AXX AT E Vol. 29, 2021

FAMFA T USTHEBIEFHEINRS ¥ — & HITSK-

MEL-2 #iffd B & &WHMV-IL#i g I Lipofectamine 2000 %

EHLCEAL., FAMEREZEREICZNEZRLDO T VA

R— & —RIEM (ZNTS5ZNT7 ~HREK E ATP7 A Bk

RIBHR) AW L7z F72.0 TYR. TYRP1, TYRP2 B X 0N,
FS U AR—F —DRBINT 7 —Dit A2 3 Lipofectamine

2000 ZfEH L 725

2. 2. Western blotting

B % > 2827 20 ug % 2 x SDS sample buffer (375mM
Tris-HCI (pH6.8) , 30% Glycerol, 6% SDS, 0.5M DTT,
0.1% BPB) I L. 37C T 154 MBS v 7V
e L72. 8% SDS-polyacrylamide gel % v CTERIKE)
4T - 72, 0.45um PVDFJE (Immoblion-P) I transfer
L7260 DUTIZR L7z —kBUAIZ T 4°C T— Mtk s % 47
Vv, PBS-T T 10 45 MOPkH % 3 1T - 725, kPR E
K & 4 720 Immoblion™ Western Chemiluminescent
HRP Substrate (Millipore) % H\TIL3# % & &, Image
Quant LAS 500 (GE Healthcare Life Science) (2 CHH L
720 —RPURIZIE, anti-TYRP1 (1:3000; Sigma). anti-
Rab27a(1:1000; Cell Signaling technology). anti-Halo
Monoclonal Antibody (1:1000; Promega). anti-ATP7A
(1:3000) 2 L7z ZKPUAKIZIE, GE Healthcare #:0
HRP LT IgG Hifk (1:3000) Z fEH L 720

2. 3. REEXLE

HN—F 5 A ET2HBE 2 L 72 SK-MEL-2 g %
PBS Tt L7z, RV~ Vil (ROGHSE T3
MR &) ICTHE L7 PBSTI3H D&, 0.1%
Triton (Nacalai Tesque) (2 & o Ti&E @M% 15 44T -
72#. 6% BSA/PBSIEH (T V73 v, v VIiiEH*, 7
72 v a vV, pH7.0 (HOGHEE T3 aH)) T7a v +
Y7 LTz, 2% BSA/PBSTHEWIC —kPiAx AL T4
C TR KIS %47 - 720 PBST 10 4 0% 3 [0
o7t AR ZWRPUER, 2Pk zhEhxERTI1
SO S X & 72 8. SlowFade Antifade kit (Molecular
Probes) # VT HN—FF ZIZH A L7z, HOBEZIZIZ
HOLBAMSE FSX 100 (Olympus) 2 i L7z. —&PuRIZIE,
anti-TYR [T 311] (1:1000; Santa Cruz Biotechnology).
anti-TYRP1(1:1000; Sigma) ., anti-TYRP2 [C-9] (1:1000;
Santa Cruz Biochemistry) & Fi\v27z, ZRHUE, =Bk
1Z1% Molecular Probes ® Alexa ikt 1gG JuiAZ M L
720 ¥ 0 Y {12 1% 4,6-diamino-2-phenylindole (DAPI)
(1:1000; Abcam) % 72,

2.4. Y1®J771—
TRy 87 % 50ug 2 6 % SDS buffer: DTT (-)

(375mM Tris-HCI (pH6.8). 30% Glycerol. 6% SDS.
0.1% BPB) # 8uLinz.37CT20 5 WA vFa =1+ L
72o Novex WedgeWell 4-12% Tris-Glycine Gels
(Invitrogen) Z JHvy, 10mA. 4 C D4 T 3 W AR,
BRIKBZ AT o720 /Ny 7 7 — D@L IVOFELD 72
O, KB O 4 )V % 50mM phosphate buffer (pH6.0) T
FEMMICTIMREMIRE 5 Lze FAL L 72 7 Vi color
formation buffer (10mM phosphate buffer (pH6.8). 1.5
mM L-DOPA. 4mM MBTH) H12BWT 37C T 1 KK
o &8 720 TYRIZ & %5 L-DOPAMLEY T3 5 DOPA
chrome DN FOA K oI e L THEEL 72,

3. & R

3. 1. TYREHIZATPTAICK->THIEHZIIS
TYRP1 DMt %2 EHis 51272 ) IS & %25 TYR
DERATVE B 5 #AT % S iti L 720 CRISPR/Cas9 % f# ]
L TATP7A % /R &£ 72 SK-MEL-2 M bk % 8 37. L 72
TYR. TYRP1. TYRP2 % —#ICHIH I/ 2 5,
ATP7ARBHB L UOBHOELHIZBWTHE AT )V —
LEBONL/NNINOREIBE SN (K1A). —J7,
PAET T T4 —I2BWTIZ, ATP7ARIEHRICBIT S
TYR{GHZMINT A2 A TE Lo (K1IB), 2hb
DFERP S, ATP7TARBHRIZB W TIE, TYRIZ 7 RE
BHRELTHAETAIEDPHLLE o720 — .
TYRP1 B X O'TYRP2 O%BlLix, TAMkL ATP7A K
BRICBWTEEIZA LD SN, WHORBICATP7A R
PDETHRWZ EDHL DL %572 (Fig. 1A).

3. 2. ZNTS5ZNT7-&RBH TIEITYRP1IREIC

RIRTEEL

Wz, SK-MEL-2 Mlfglc BT, M+ v AR—%
— ZNT5 & ZNT7 % KIS/ ZNTH5ZNT 7 —H/X
H PR 2 B or L 72 AR H R MK ICTYR, TYRPL,
TYRP2 % —3# 2% Bl & ¥ T Immunoblot f#HT % F2 0 L
7222 %A, TYRE TYRP2 IZB A4k & W RIS RIBRRIC B
WD RINER SNz —TJ5. TYRP1 %8I, K
HRIZBWTAED LI ENTE LD 7. TYR, TYRPI,
TYRP2 DFBIRJFAEND ZINTS & ZINT7 D% 512
RN IENTT B 72, TYR, TYRP1, TYRP2 % ¥4 #k
L ZNT5ZNT 7 — B /RIS — WIS F B S &, g
WG L B Y 8 BB L RTEMBNT 24T - 720 TYR
ETYRP21E AT /v — 2k BbNb/MNa~OIEH )R
SNz TYRPLIZ, ¥PAEMRTBIZE S M7z S BRI
WKWBWTIRHHEHELTWwA (2, LAa2s> T, ZNT5-
INT6 ~ 75 T /4K & ZNT7 & € K0 53 8,
TYRP1 DZERBUARN R TH 2 Z LATRE S Tz,



AT BRERDERICRELT T

A TYRP1
AR

SK-MEL-2
ATPT7A
X%

~FO F—tEREELZNNVEOEBEKMICET 2 EERR~

LA WT ATP7A KO

-~ -
63

ATP 7 ARESK-MEL-2ffZ(ICHE S € /-TYR. TYRP1, TYRP2D ®EEEDIER

A. ATP7AI?EHE<‘:¥?$HE HWT, TYR. TYRP1,

TYRP2DOFERICEELEILIEHEDHONE L,

B. ATP7ARBHRICE VWTIITYRDEEFRFEMEIZHKT 5, TYRDFESER YA ETZT71—ICE TR L

FER

ZNT5ZNT7
—EXxigk

TYRP1

TYR
o H E

TYRP2

K2 ZNT5ZNT7-ERIBSK-MEL-2#AfICRIR I /2TYR. TYRP1. TYRP2D®ELEDIER
ZNT5ZNT 7_EXREHICHVTIE, BEKTHREINATYRP1IOREB I TEISELAT S, —H. TYR

ETYRP2MOERICIIEILIE A EH SN LN,

3. 3. TYRP1OEIRICIZIZNTS5-ZNT6NTFOZ=2
FEHELUZNT7TREZEGDEXLUZERDP AR
THs
TYRP1 OFBATZNTS & ZNT 7 Ok 3 % MR I ARLTE

LTW200HEICT 5720, HEEERIGTEZR %S 7

ZNT5 z{&%w%ﬁﬁwtﬁﬂﬁ%ﬁ& 7‘:0 INT5DF/T %

INT 7 7 3V — Q3B EEFISAN ISR E ISR S 7z 2

OO)EX%“/“/%%& (H) k 2007zz\7¥‘/?ﬁ§§§% (D)

7 57% 5 HD-HD € F — 7 23ifE$ 5 Y. O HD-HD ®

F—T7HDOT I JBERIEET S =V (A) B L 7R

INT5uma & ZNT 5pegon 13 ZNT6 & IEHICAT T 84K

I TE BHMEFEABEZ KD 720, EH 5 W%

W E b 2 WERKE 25 'Y, WAk ZNT5ZNT 7

:ik?ﬁfﬁl&C’TYRPl L2, ZNT5, ZNT5uma 7213

INT 5pse0n @ —BRICHBL S 2L 2 A, BAKIZBNT

X, WTFROZNT5I2BWTH TYRPLIZSBIL 72 Th

WLy RIBIRICBWTIZZNTS 2 BB S €285 0 -

TYRP1 A 41, ZNT 5p4504 F 721& ZNT 5pso0n 2 56 H

KRG AEICETYRPL OBBITA L O SR h -7z (K
3o L% Xy, TYRPI ®FBIZ1E, ZNT5 &
ZNT6 2554 L 72 ZNT5-ZNT 6 ~ 7 1 5K o 0 &%
WL ETH LI ENWShE ol T2 INTT B
X ORI R IEVE 2 72 2 VW ZNT 7 B RAR % VT b [k
DGR S N7z (R REWE) o

3. 4. HMV-Il #iIBBOZNTS5ZNT 7 —_ERIEHKTIEX

SZUERDEEIND

ZNT5-ZNT6 N7 0 Ak & ZNT7 & € 14K (I
INTHEAEMK) TYRP1 OB E L5222 &b,
M ZNT A RO 2 7 = Y FEA R 2 % 8 % T
L720 SK-MEL-2 1%, AT =V AEREATE RV R
7 —<METH o770, KffFrclid, Buz 295k
P25 ) —<THsHMV-IIMIEEZ R L7zc HMV-IIH
WOZNTS5ZNT 7 BRI E T E/RDO X 7 = U aFE
L2 ZA, REMOBBIRIRTHETE 3L
BALTW2 (04), o2& Xy, i ZNT $EEK D50



XA MY —MRREERE Vol. 29, 2021

TYRP1

TYRP1 — + + + + — + + + +

FLAG-ZNT5 — — 4+ — — — — 4 — —

HaIO'ZNT5H451A —_—— = o e— e e— — e —

FLAG-ZNTS5pso0n — — — — + — — — — +

WT ZNT5ZNT7-DKO

K3 TYRPI1DFEIRICIIZNTEESEI EXL TR
REARTH S

ZNT5ZNT 7 ERIBHICHBVTHEKLLATYRP 1D R
BA. ZINTSOBEXRETEIET 3,

K L7ZHSRS A T = BRI ERE 2 xE 2 R LTw
52 LRI NI,

4. BREFED

CHET, TYRE TYRPL B XU TYRP2 O#E T8l
B S OBBEBRRICOVWTIRIZEA LWL NIZENRTWY
Bdro 2, AT, ZO5T A K =X LDz i}
B L 720 SK-MEL-2 % il \» 72 ATP7A B & (N ZNT5-
INT6 A7 1O 8 k& ZNT7 &€ 8K (i ZNT BEA1K)
RAERRIC & BT O LB, & S 1SR TG 2 FF 7 e v
INT5Z AR TS B ZINT5yus10 & ZNT 5psgen 2 O 721
Wiz &S, TYRPLIZW ZNTHAKIC L » Tk S h
HSIC L o THIIE NS Z 2R LTS, TNFET,
TYRP1LWEZTYREH US4 738 VN2 THDH L%
ZONTEZD, REEHIE, TYRP1 OfE S HE & CHli 77
B LTV b S & ZME L2 CONEICIIST i8R E
FrTwn Y,

A M T, F2 12 SK-MEL-2 i g 2 JH v T TYR.
TYRP1. TYRP2 @ % B & #7 % % i L 7. Western
Blotting I28 W T TYRP1 2342 I S e 225 72,
ZNT5ZNT 7 —HE/RABHIC B W TR B S ¥7- TYRP1
TERBEAHAMETE R VHIEFEE, MIRANTHZNT EE
RAAEFE L 2 W54y, TYRP1 D40 A R THREIFTH
N5HZEZRBT 5, TYR, TYRP1., TYRP2 3 AAH
A5 % L 7Z2RNA % $ 8 12 L 72 RT-PCR &AM T Id.
TYRP1 & TYR & TYRP2 & [AERICHEI L T 5 2 & A5
ATETHBY GEREAW) ., OB LAARIZ HT 5,
SiE. TOFEFRNTYRP1 OO RERIZE LTI 2
HED T FETH S,

TYR. TYRP1, TYRP2E A5/ V—2a<—H—& L

M4 ZNTS5ZNT7_EXRBHRTIIXTZ>

ERPEEIIS
FEMPLUZNTSZNT7_E X B¥% DM
H@/\D L Vi I\O)EEO

THHWONE Y V2 THDH, ATPTAKRIBHINLIZ
TYRZZH &¥5 L, TYRDIEMIZNET 505, TYRY
URTEIAT ) V= AEFREINGHMBRN/NMECRTEL
720 Gt CORENAG ) IV —LTHEDNAT ) ) —
MRS VNI EEORBIC I WVREI T2 TFETH o
T2, COTERBOTYRAIELL AT/ V=A% S
NAHFHEIF, FEPEM L 2V ERHLNIIHREINDL L%
Z 55 TYRP1 OfER L XS 2 & IR IZHRGE WV,
DR O Ty TYRP2 OGS MK L T b &
W SN Tz RN Y4, ZNT5ZNT7 =
FERIERRIC BT 5 TYRP2 OFEHIZ I L THRNT 2 #Ed T
720 LD L7255, TYRP2 OFBUCE L Tid, KIEHRIC
BOTEL BN A LD O oT0 Lz > T kil
OHEDMENZ S 2D H D, LALEDTL, 20
ey &k X LFT 284, TYRP2 ~OHiH R,
W ZNT EERUSN DTS N5V AR=F —HhHo> T b
EEZOND, MBS/ E CHRES % TSR R O
% id, MZNTHAKRICL > THEPIREINDS L Bb
N5720, REERIGIEFICHRENBIE 2D, 257V —
LRTERI DS N 5 A K — % —HEET 5 W helE H i b
T %o

IHE T, AFED L) ICE&EOH T b FRIC TS H T
EMT, AT VEAREREDOEDDIZHIRL 2078, 13
EEETH 720 AT = VAEGHIE. TYREEER OHiE
F L % B BBOBLED O b MR TGRS RS A1
THIENHEIND, KIFROMHT A ER IS, 2T =
EFAEGED 5 THRT OMINCRIF 7w EE 2 Tnd,
ZOREIE FEARRE RO EOBIFICIREL b
MENLZEWfFsh s,

— 100 —



AT BRERDERICRELT T

(B FXZHR)
1) Yamaguchi, Y., and Hearing, V. J., Melanocytes and

their diseases. Cold Spring Harb Perspect Med 4 (2014).

2) Solano, F., On the Metal Cofactor in the Tyrosinase
Family. Int ] Mol Sci 19, 633 (2018).

3) Aguilera, F., McDougall, C., and Degnan, B. M.,
Origin, evolution and classification of type-3 copper
proteins: lineage-specific gene expansions and losses
across the Metazoa. BMC Evol Biol 13, 96 (2013).

4) Decker, H., and Tuczek, F., The Recent Crystal
Structure of Human Tyrosinase Related Protein 1
(HsTYRP1) Solves an Old Problem and Poses a New

One. Angew Chem Int Ed Engl 56, 14352-14354 (2017).

5) Petris, M. J., Strausak, D., and Mercer, J. F., The
Menkes copper transporter is required for the
activation of tyrosinase. Hum Mol Genet 9, 2845-2851
(2000).

6) Bennett, D. C., Huszar, D., Laipis, P. J., Jaenisch, R,
and Jackson, I. J., Phenotypic rescue of mutant brown
melanocytes by a retrovirus carrying a wild-type
tyrosinase-related protein gene. Development 110, 471~
475 (1990).

7) Guyonneau, L., Murisier, F., Rossier, A., Moulin, A.,
and Beermann, F., Melanocytes and pigmentation are
affected in dopachrome tautomerase knockout mice.
Mol Cell Biol 24, 3396-3403 (2004).

8) Lai, X, Wichers, H. J., Soler-Lopez, M., and Dijkstra,
B. W., Structure of Human Tyrosinase Related Protein
1 Reveals a Binuclear Zinc Active Site Important for
Melanogenesis. Angew Chem Int Ed Engl 56, 9812~
9815 (2017).

9) Lai, X, Wichers, H. J., Soler-Lopez, M., and Dijkstra,
B. W. Structure and Function of Human Tyrosinase
and Tyrosinase-Related Proteins. Chemistry 24, 47-55
(2018).

10) Andreini, C., Banci, L., Bertini, I, and Rosato, A.,
Counting the zinc-proteins encoded in the human

~FOYF—CEELZNVEDEBEKRMEICE T 5 ERME~

genome. J Proteome Res 5, 196-201 (2006).

11) Blockhuys, S. Celauro, E., Hildesjo, C., Feizi, A. Stal,
0., Fierro-Gonzalez, J. C., and Wittung-Stafshede, P.,
Defining the human copper proteome and analysis of
its expression variation in cancers. Metallomics 9, 112-
123 (2017).

12) Kambe, T., Metalation and maturation of zinc
ectoenzymes: A perspective. Biochemistry 59, 74-79
(2020).

13) Kambe, T., Taylor, K. M., and Fu, D., Zinc
transporters and their functional integration in
mammalian cells. J Biol Chem 296, 100320 (2021).

14) Takeda, T. A., Miyazaki, S., Kobayashi, M., Nishino,
K., Goto, T., Matsunaga, M., Ooi, M., Shirakawa, H.,
Tanij, F., Kawamura, T., Komai, M., and Kambe, T., Zinc
deficiency causes delayed ATP clearance and
adenosine generation in rats and cell culture models.
Commun Biol 1, 113 (2018).

15) Suzuki, E., Ogawa, N., Takeda, T. A., Nishito, Y.,
Tanaka, Y. K., Fujiwara, T., Matsunaga, M., Ueda, S.,
Kubo, N., Tsuji, T., Fukunaka, A., Yamazaki, T., Taylor,
K. M., Ogra, Y., and Kambe, T., Detailed analyses of
the crucial functions of Zn transporter proteins in
alkaline phosphatase activation. J Biol Chem 295, 5669-
5684 (2020).

16) Fukunaka, A. Suzuki, T. Kurokawa, Y. Yamazaki,
T. Fujiwara, N., Ishihara, K., Migaki, H., Okumura, K,
Masuda, S., Yamaguchi-Iwai, Y., Nagao, M., and Kambe,
T., Demonstration and characterization of the
heterodimerization of ZnT5 and ZnT6 in the early
secretory pathway. J Biol Chem 284, 30798-30806
(2009).

17) Solano, F., Jimenez-Cervantes, C., Martinez-Liarte, J.
H., Garcia-Borron, J. C,, Jara, J. R, and Lozano, J. A.,
Molecular mechanism for catalysis by a new zinc-
enzyme, dopachrome tautomerase. Biochem J 313 (Pt
2), 447-453 (1996).

—101 —



