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1 

 

摘要 

酪氨酸酶广泛的存在于各生物体内，其产物多巴醌能与氨基酸或者蛋白质聚

合黑色素，该酶是合成黑色素的关键酶。然而黑色素的过量合成会引起雀斑、黄

褐斑、老年斑等色素沉积性皮肤病，此外研究表明，酪氨酸酶还与帕金森综合症、

昆虫蜕皮、果蔬褐变有密切关系。因此，控制酪氨酸酶活性的研究在农业、制药

业及化妆品行业有重要开发价值。 

4-氨基-3-肼基-5-巯基-1,2,4-三唑（AHMT）为五元氮杂环，是酰胺键的电子

等排物，也具有潜在的配位键，而苯甲醛类衍生物为酪氨酸酶底物的类似物，可

以竞争性抑制酶失活性。本文以 AHMT 为母核与苯甲醛衍生物反应，合成了一

系列的抑制剂。反应在乙醇溶液中进行，回流 3 h，抽滤，重结晶，烘干得到的

固体粉末。再经过红外光谱、LC-MS 及 1
H NMR 实验方法鉴定其分子结构。 

以蘑菇酪氨酸酶为模型，对这系列化合物进行活性筛选，结果证明 AHMT

分别与 3-氟苯甲醛、3-羟基苯甲醛、2-羟基苯甲醛及 4-羟基苯甲醛合成了四个化

合物 Y1、Y2、Y3 和 Y4的具有很强的抑酶活性，其抑制蘑菇酪氨酸酶二酚酶活力

的 IC50 分别为 12.0、7.0、1.5 和 1.45 μmol/L。进一步探究抑制机理，发现这四个

化合物为可逆抑制剂，且其抑制动力学的双倒数直线相交于二象限或三象限的，

表明四个化合物为混合型竞争抑制剂，其 KI和 KIS 值分别为 6.67 和 4 μmol/L，

7.94 和 27.8 μmol/L，15.47 和 21.04 μmol/L，17.34 和 23.42 μmol/L。酶学实验结

果表明化合物具有很好的酪氨酸酶抑制效果，且其活性与分子结构有关，二酚酶

实验表明苯环上羟基取代优于氟取代，4位取代 > 2位取代 > 3位取代，且AHMT

与一分子的苯甲醛衍生物缩合成分子时会发挥较强的抑酶活性，与两分子的苯甲

醛衍生物反应生成化合物时，会形成较大的空间位阻，从而降低化合物对酪氨酸

酶的抑制作用。 

通过铜离子结合实验、荧光淬灭、分子对接实验研究抑制剂分子与酪氨酸酶

的抑制机理。实验结果表明，化合物可能与酪氨酸酶的活性中心氨基酸残基形成

氢键，生成复合物，通过改变酶的构象从而影响酶的活力，此外化合物 Y3 还可

以与酪氨酸酶活性中心的铜离子螯合来进一步抑制酶的活力。 

化合物 Y1、Y2 及 Y3 对人正常的肝细胞及小鼠的黑色素瘤细胞的增值都没抑
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制作用，这表明化合物没有细胞毒性，且其化合物 Y3 对 B16 细胞中酪氨酸酶的

表达具有下调作用。此外，化合物因有较强的还原基团，使之具有很强的清除氧

自由基的能力，是潜在的抗氧化剂。综合表明化合物是潜在的酪氨酸酶抑制，但

还需要对其安全性，稳定性等做更深入的研究。 

 

关键词：有机合成；酪氨酸酶抑制剂；酶动力学；抑制机理 
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Abstract 

Tyrosinase is the key enzyme for the synthesis of melanin and widely exists in 

various organisms, the dopaquinone, the product of enzyme, can aggregate melanin 

with amino acids or proteins. However, excess melanin could cause sedimentary 

pigment diseases such as, freckles, chloasma, age spots. Besides the tyrosinase is 

close relationship to parkinson's disease, insect molting and fruit browning. Therefore, 

the research of control of tyrosinase activity in agricultural, pharmaceutical and 

cosmetics industry has great development value.  

4-Amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT), a electronic 

equivalent of amide linkage, is the nitrogenous heterocyclic and also the potential 

coordination bond compound. The benzaldehyde derivatives were the substrate 

analogues of tyrosinase, and it can be competitive inhibition enzyme activity. A series 

of  synthesis inhibitors were based on AHMT and benzaldehyde derivatives. The 

reaction in the ethanol solution reflowed and lasted three hours, then filter and 

recrystallize the solid powder. The experimental methods of infrared spectrum, 

LC-MS and 
1 

H NMR were used to identify its molecular structures. 

Mushroom tyrosinase as the model to screen the compounds, the results proved 

that the compound Y1, Y2, Y3 and Y4, synthesized by AHMT reacting with 3-fluoro 

benzaldehyde, 3-hydroxy benzaldehyde, 2-hydroxy benzaldehyde and 4-hydroxy 

benzaldehyde respectively, have strongly inhibitory effective on tyrosinase. The IC50 

of diphenolase of mushroom tyrosinase was 12.5, 7.0, 1.5 and 1.45 μmol/L, 

respectively. Further research on inhibitory mechanisms found that the compounds 

were all reversible inhibitors. In addition all the inhibitors were mixed competitive 

for their enzyme kinetics lines all passing through the second quadrant or third 

quadrant, and its KI and KIS values were 6.67 and 4 μmol/L, 7.94 and 27.8 μmol/L, 

15.47 and 21.04 μmol/L, 17.34 and 23.42 μmol/L. The enzymology experiments 

results showed that the compounds have good inhibitory effective on tyrosinase, and 

its activity were related to the molecular structures, hydroxyl groups on the benzene 

ring was superior to that of fluorine, 4-substituted on the benzene ring was better than 
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that of 2-substituted and 3-substituted, and two benzene rings connecting to the 

triazole ring would produce larger steric hindrance, and affect the bonding between 

tyrosinase and inhibitors to decrease the inhibitory effects.  

Copper interacting, fluorescence quenching and molecular docking experiments 

were used to reveal the inhibitory mechanism of tyrosinase inhibitors.The 

experimental results showed that the compounds and enzyme may generated new 

compounds through hydrogen bonds between inhibitors and amino acid residues of 

the activie center of tyrosinase, and the interacting process may change the 

conformation of enzyme. Besides, compound Y3 can also inhibit the enzyme by 

chelating the copper ion in tyrosinase active center. 

Compound Y1, Y2, Y3 have no impact on the proliferation of melanoma cells of 

mice and normal liver cells of human to prove that the compounds have no 

cytotoxicity. What’s more. Compound Y3 could suppress the expression of tyrosinase 

in B16 cells. Because strong reductive groups on the compounds make it have 

strongly ability to eliminate free oxygen radicals, the compounds were potential 

antioxidant. In a word, the compounds are potential tyrosinase inhibitors, but further 

works such as security, stability should be researched. 

Keywords: synthesis; inhibitor; enzyme kinetics; inhibitory mechanism 
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1 前言 

1.1 酪氨酸酶的生理功能 

酪氨酸酶的认识始于 1895 年，人们发现蘑菇暴露于空气中，颜色由白色慢

慢转变成黑色，自此开始了酪氨酸酶的研究和探索过程。Sanchezferre 等[1]表明

酪氨酸酶（EC 1.14.1，tyrosinase）是一种含铜酶，其广泛的分布于微生物、动

植物及人体中。酪氨酸酶具有的双重催化功能，是生物体内黑色素合成的关键

酶。Liu X 等[2]报道在生物体内，酪氨酸酶先将酪氨酸酶羟基化成多巴，再将多

巴进一步氧化成多巴醌，Wakamatsu，Kavanagh 等[3, 4, 5]表明多巴醌再经过一系

列的酶促和非酶促反应与氨基酸或者蛋白质聚合成黑色素分优黑素 

(Eumelanins) 和褐黑素 (Phaeomelanins) 两种，前一种为棕黑色，后一种为红棕

色，两种色素的比例不同造成毛发皮肤颜色的不同。Prota
[6]报道羽毛、毛发、眼

睛、昆虫表皮、果实、种子等色素都是酪氨酸酶作用的结果。 

据 Barsh 等[7]报道，哺乳动物酪氨酸酶常见于黑素细胞的黑色素小体中，黑

素细胞是胚胎发育过程中存在于神经嵴、皮肤基底层及发囊中产生色素的高度

特异性的细胞。Wakamatsu，Zimmerman 等[3, 8]报道，酪氨酸酶催化产生的黑色

素被分泌进入到表皮和毛发的角质细胞中，使体表着色，从而起保护皮肤和眼

睛、抵御紫外线的辐射，防止内部组织过热清及除氧自由基等作用。在紫外的

照射下，黑色素小体数量会增加以合成更多的黑色素来抵御紫外线的伤害，也

会照成色素沉积的困扰，其过程如图 1 所示。Mapunya，Villareal 等[9, 10]报道，  

 

图 1.人体表黑色素产生图解 

Fig 1. The diagram of melanin formation of the human’s skin 
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