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摘要: 油菜素甾醇(brassinosteroids, BRs)是植物中的一类类固醇激素, 可调控许多至关重要的生长发育过程。BR特异的生

物合成由CR (campesterol)起始, 经由多条途径, 受DWF4、CPD、DET2、ROT3/CYP90D1、PsDDWF1、BR6ox1/2等生物

合成酶的催化最终形成生物活性最高的BR, 即油菜素内酯(brassinolide,  BL)。其中不依赖于CN (campestanol)的一条八步

合成途径, 在拟南芥中被证明是最主要的生物合成途径。BR代谢产物众多, 但目前已发现相关酶的代谢方式仅包括羟基

化、糖基化、磺酰化、还原反应和酰基化。BR信号由细胞质膜上的受体BRI1和共受体BAK1的胞外结构域共同感知, 进
而引起抑制因子BKI1从BRI1上解离, 并使BRI1和BAK1的激酶结构域相互作用并相互磷酸化激活, 激活的BRI1可磷酸化

激活BSKs和CDGs, BSKs和CDGs再激活下游磷酸酶BSU1, BSU1可去磷酸化失活负调元件BIN2, 从而解除BIN2对下游转

录因子BZR1和BES1的磷酸化抑制, 非磷酸化的BZR1和BES1进入细胞核正调或负调多种靶基因。
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油菜素甾醇(brassinosteroids, BRs)是一类多羟

基的类固醇植物激素。1970年, Mitchell等(1970)
从油菜(Brassica napus L.)花粉的提取物中发现了

一类新的植物生长调节物质, 其对植物的生长促

进效应有别于其他植物激素, 故将此类物质命名

为油菜素(brassin)。1979年, Grove等(1979)从蜜蜂

采集的油菜花粉中分离出了4 mg的生物活性物质, 
通过晶体衍射分析确定了该种物质的化学结构(图
1), 该化合物被命名为油菜素内酯(brassinolide, BL)。
三年后, 日本科学家又从板栗的虫瘿(chestnut insect 
galls)中分离出了另一种类似于BL的生物活性物

质CS (castasterone), 并证明CS是BL的直接前体

(Yokota等1982)。随后, 科学家们又从不同植物的

多种器官中分离出了七十多种BL和CS的类似物, 
并将此类物质统称为油菜素甾醇类化合物(brassi-
nosteroids, BRs) (Bajguz和Tretyn 2003; Fujioka和
Yokota 2003; Bajguz 2007)。

自上世纪90年代起, 油菜素甾醇的相关研究

进入了一个快速发展的时代。日本科学家们利用

同位素标记的不同BR中间体饲喂长春花(Catha-
ranthus roseus)悬浮细胞系或拟南芥(Arabidopsis 
thaliana)幼苗, 通过气相色谱-质谱联用(gas chro-
matography-mass spectrometry, GC-MS)技术分析

其BR代谢产物, 逐步解析了油菜素甾醇主要的生

物合成过程(Choi等1996; Fujioka等2000, 2002; No-
guchi等2000)。随着油菜素甾醇生物合成通路突

变体det2及cpd (Li等1996; Szekeres等1996)和信号

通路突变体bri1 (Clouse等1996; Li和Chory 1997)
的克隆, 人们对油菜素甾醇调控的植物生长发育

过程的重要性有了新的认识。因此, 油菜素甾醇

被普遍认为是除生长素、乙烯、脱落酸、赤霉

素、细胞分裂素之外的第六大类植物内源性激

素。在随后近20年的研究中, 科学家们利用分子

遗传学、生物化学、组学、生物信息学和结构生

物学等多种技术手段围绕油菜素甾醇的生物合

图1  油菜素内酯的化学结构式

Fig.1  Chemical structure of brassinolide
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成、代谢和信号转导过程进行了深入的探究, 目
前已基本形成较为成熟的通路和调控网络, 本文

主要根据近5到10年来的主要研究进展对上述过

程进行阐述。

1  油菜素甾醇的生物合成

1.1  油菜素甾醇生物合成的主要过程

油菜素甾醇特异的生物合成途径是由CR 
(campesterol)开始的。CR首先经多步催化形成 CN 
(campestanol), 可通过依赖于CN的途径(CN-depen-
dent pathway)合成BL。CN可通过两条平行的途径

形成BL的直接前体CS。这两条途径以BL中C-6发
生氧化反应的早晚分别被命名为早C-6氧化途径

(early C-6 oxidation pathway)和晚C-6氧化途径(late 
C-6 oxidation pathway)。在早C-6氧化途径中, CN首

先在C-6发生氧化反应形成6-oxoCN (6-oxocampesta-
nol), 随后C-22发生羟基化形成CT (cathasterone), 
进而通过一系列催化形成CS。而在晚C-6氧化途

径中, CN首先在C-22发生羟基化形成C-6非氧化形

式的CT即6-deoxoCT (6-deoxocathasterone), 随后经

过一系列与早C-6氧化途径相对应的催化步骤, 并
在最后一步完成C-6的氧化反应形成CS (Fujioka和
Yokota 2003) (图2)。

CR也可不形成CN, 直接通过更为简略的八步

催化反应形成BL, 因此被称为不依赖于CN的合成

途径(CN-independent pathway)。在该途径中, CR
依次经DWF4、CPD、DET2、ROT3/CYP90D1、
PsDDWF1、BR6ox1/2等多种酶的催化最终形成

BL (图2)。就模式植物拟南芥而言, 不依赖于CN的

合成途径是BL生物合成的主要途径(Fujioka等
2002; Ohnishi等2012)。此外, BL生物合成途径中还

存在多个分支旁路和可逆步骤, 部分步骤的催化酶

和可逆反应意义还不明确, 有待进一步研究。

1.2  油菜素甾醇生物合成过程中的关键酶及其所

编码基因受调控的机制

BL生物合成途径中的关键酶基本上都是通过

相应遗传突变体的获得而被发现的, 目前大部分

反应步骤中的关键酶已被解析, 且编码这些酶的

基因受调控的机制也有一些报道, 下文以不依赖

于CN的合成途径中酶的催化顺序进行详细阐述。

1.2.1  DWF4
DWF4是C-22位羟化酶。其首次被发现源于

T-DNA插入缺失突变体dwf4表现出典型的BR缺陷

表型, 且这种缺陷表型能被BL所恢复, 而不能被其

他植物激素恢复(Azpiroz等1998; Serrano-Cartagena
等1999)。以C-22羟基化的BR中间体饲喂dwf4, 也
可恢复其缺陷表型(Choe等1998)。DWF4可催化的

步骤包括: 从CR转化为22-OHCR [(22S)-22-hydroxy-
CR]、从4-en-3-one [(24R)-22-ergost-4-en-3-one]转化

为22-OH-4-en-3-one [(22S, 22R)-22-hydroxy-4-en-3-
one]、从3-one [(24R)-5a-ergost-3-one]转化为22-OH-
3-one [(22S, 22R)-22-hydroxy-3-one]、从CN转化为

6-deoxoCT以及从6-OxoCN转化为CT (图2)。
DWF4在植物中的mRNA水平相对较低, 但其

所催化反应前体的含量远超出DWF4催化能力的

范围 ,  且得到的产物通常较少(Fujioka等1995; 
Choe等2001; Bancos等2002; Guo等2010)。这可能

是因为DWF4的蛋白量比较少, 没能达到转化所有

前体分子所需要的量, 说明DWF4所催化的步骤是

整个生物合成途径的限速步骤。超表达DWF4也
可明显促进植物的生长, 可能是由于增加了BL的
生物合成(Choe等2001)。研究表明, 植物中DWF4
的转录表达量与有活性的BR含量呈正相关的趋势

(Nomura等2001; Shimada等2003)。这些证据支持

DWF4是BL生物合成过程中的限速酶的假说(Kim
等2006)。

植物激素合成的特有抑制剂是研究植物激素

功能和作用机制的重要工具。科学家们发现拟南芥

幼苗在一种含有三唑类的化合物BRZ (brassinazole)
的培养基中培养可导致典型的BR缺陷表型, 而施

加BL可恢复这种缺陷表型(Min等1999; Asami等
2000; Shimada等2001)。进一步的研究表明BRZ可
直接与DWF4相互作用从而抑制BL合成(Asami等
2001)。在油菜素甾醇稳态维持的调控网络中, 信
号转导下游的转录因子抑制多个生物合成关键酶

基因的表达, 该调控方式被称为负反馈抑制。研

究表明, 限速酶DWF4可受到该种机制的调节, BR
信号下游的核心转录因子BZR1可直接结合DWF4
的启动子区并下调其表达(He等2005)。DWF4并
不是唯一受BZR1负反馈调节的BL合成基因, CPD、

ROT3和BR6ox1也是BZR1的靶基因并受其负调控

(He等2005) (图3)。近期研究表明, HAT1也可识别

并结合到DWF4的启动子区, 并联合BR信号下游

的另一个核心转录因子BES1共同抑制DWF4的表

达(Zhang等2013)。DWF4除受到下调表达调控外, 
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图2  油菜素甾醇的生物合成途径示意图

Fig.2  A simplified brassinosteroid biosynthetic pathway
油菜素甾醇最原始的合成前体是植物的初级代谢产物Acetyl-CoA, 但其特异的生物合成途径是从CR (campesterol)起始, 可经多条途

径, 最终形成最具活性的BRs, 即油菜素内酯BL (brassinolide)及其前体CS (castasterone)。以C-6位发生氧化反应的早晚分为早C-6氧化途径

(early C-6 oxidation pathway)和晚C-6氧化途径(late C-6 oxidation pathway)。以合成过程中是否生成CN (campestanol)分为依赖于CN的合成

途径(蓝色箭头)和不依赖于CN的合成途径(红色箭头)。其中, 不依赖于CN的合成途径被认为是拟南芥中BR主要的合成途径。问号表示

还未在植物中证实的步骤。此图据Zhao和Li (2012)的模型绘制。

同时还受到转录因子TCP1的上调表达(图3)。
TCP1参与BR合成调节是通过激活标签法筛选

bri1-5的遗传抑制子发现的, 超表达TCP1可部分恢

复bri1-5的缺陷表型(Guo等2010)。而TCP1的显性

负效应TCP1-SRDX转基因植株表现出典型的BR缺
陷表型, 且该缺陷型表型可被BL恢复, 说明TCP1
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图3  油菜素甾醇合成基因转录调控示意图

Fig.3  Transcriptional regulation of the brassinosteroid biosyn-
thetic genes

油菜素甾醇合成基因不仅受到BZR1和BES1的负反馈调控

(黄线), 还受到多个转录因子或互作蛋白的正向调控(绿色箭头)。
此图据Zhao和Li (2012)的模型绘制。

调控BL的合成(Guo等2010)。随后的ChIP (chro-
matin immunoprecipitation)和EMSA (electrophoretic 
mobility shift assay)实验证明TCP1可直接结合

DWF4启动子区2个GGNCC的靶序列(Guo等2010; 
Gao等2015)。此外, 高温(29°C)可诱导DWF4的上

调表达同时增加BL的合成(Maharjan等2011)。生

长素也可诱导DWF4在拟南芥根中的表达量增加, 
同时伴随着其催化产物22-OH-CR和22-OH-3-one
的含量增加, 但这种增加并不依赖于BR合成或信

号转导, 这其中具体的调控机制还需进一步研究

(Chung等2011; Yoshimitsu等2011)。
1.2.2  CPD

CPD是C-3位氧化酶。与其他的BR缺陷突变

体一样, CPD的T-DNA插入缺失突变体cpd和转座

子技术构建的突变体cbb1均在暗培养条件下表现

出去黄化的表型(Kauschmann等1996; Szekeres等
1996)。在最早的研究中, 以C-23羟基化的TE (teast-

erone)饲喂cpd可恢复其缺陷表型, 因此人们认为

CPD是一种可催化C-23羟基化的酶(Szekeres等
1996)。但在后来的研究中发现ROT3和CYP90D1才
是主要的C-23羟化酶(Ohnishi等2006)。而CPD真

正催化的是C-3位的氧化反应这一更为上游的步

骤。在cpd中, 22-OHCR积累的比CR更多, 这说明

CPD主要的催化步骤是从22-OHCR转化为22-OH-
4-en-3-one (图2) (Ohnishi等2012), 而这一步骤在早

先的研究中却被认为是由SAX1催化的(Ephritikh-
ine等1999a, b)。 

CPD同样受到BL的负反馈抑制性调节, BZR1
可识别并结合CPD的启动子区并下调其表达(He
等2005)。此外, CPD还受到BRX1的上调表达, 且
BRX1本身还受到生长素的正向调节和BL的负向

调节(Mouchel等2006)。这意味着BL不仅通过

BZR1负调CPD, 还通过BRX1正调CPD, 这两种截

然相反的机制在维持其稳态中起重要作用。近期

的研究表明, CPD还受到bHLH (basic helix-loop- 
helix)转录因子CESTA的正向调节(图3)。与TCP1
相似, CESTA的显性负效应突变体表现出BR缺陷

表型, 该缺陷可被BL恢复。ChIP和EMSA实验表

明CESTA可直接结合在CPD的启动子区的G-box
上起转录调控作用(Poppenberger等2011)。
1.2.3  DET2

DET2编码一种还原酶(Li等1996)。DET2的
缺失突变体det2最先是在光信号通路的研究中筛

选到的, 其在黑暗培养条件下表现出去黄化的表

型(Chory等1991)。饲喂实验表明DET2可催化

4-en-3-one转化为3-one, 22-OH-4-en-3-one转化为 
22-OH-3-one, 及22,23-diOH-4-en-3-one转化为

6-deoxo3DT (3-dehydro-6-deoxoteasterone)的还原

反应(图2) (Fujioka等1997, 2002; Noguchi等1999; 
Ohnishi等2012)。DET2不受BL负反馈机制的调节

(Tanaka等2005), 调控DET2表达的转录因子目前还

未见报道, 有待进一步筛选。

1.2.4  ROT3与CYP90D1
ROT3与CYP90D1是C-23位羟化酶。DWF1 

(CYP90B1)、CPD (CYP90A1)、ROT3 (CYP90C1)
和CYP90D1均为细胞色素P450家族的同源蛋白。

早期的饲喂实验表明ROT3与CYP90D1可能催化

不同的反应步骤(Kim等2005)。但后期研究发现只
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有C23位羟基化的BR中间体才可以恢复ROT3和
CYP90D1的双重缺失突变体的缺陷表型, 说明这两

个酶共同催化C23位的羟基化步骤(图2) (Ohnishi等
2006)。

虽然ROT3与CYP90D1催化的反应相同, 但在

生物学功能的细节上也有不同之处, ROT3在叶片

中大量表达且不受光调控, 而CYP90D1仅在叶维

管束和叶柄中表达且在黑暗培养条件下上调(Kim
等2005)。另外, ROT3和CYP90D1的表达量也受

BL下调, 且有证据表明ROT3是BZR1的靶基因(图
3) (He等2005; Ohnishi等2006)。
1.2.5  PsDDWF1

PsDDWF1是豌豆(Pisum sativum)中的C-2位羟

化酶, 在拟南芥中催化该步骤的酶尚未被发现。饲

喂实验证明PsDDWF1可催化TY (typhasterol)转化

为CS和6-deoxoTY转化为6-deoxoCS (图2) (Kang等
2001)。生理生化实验表明一个受暗培养诱导的小

G蛋白PsPra2可与PsDDWF1相互作用并正调其酶

活性(图3) (Kang等2001)。
1.2.6  BR6ox1、BR6ox2与OsBRD1

BR6ox1和BR6ox2是拟南芥中的的C-6位氧化

酶, OsBRD1是水稻(Oryza sativa)中的C-6氧化酶。

最早发现的C-6氧化酶DWARF是在番茄(Solanum 
lycopersicum)中得到的, 后又发现拟南芥中与DWARF
同源的蛋白BR6ox1 (CYP85A1)和BR6ox2 (CY-
P85A2)也可催化6-deoxoTE转化为TE、6-deoxo3DT
转化为3DT (3-dehydroteasterone)、6-deoxoTY转化

为TY、6-deoxoCS转化为CS的氧化反应(图2) (Bishop
等1999; Shimada等2001)。BR6ox1单突变体无明

显表型, 而BR6ox2的单突变体有较弱的BR缺陷表

型, 且该缺陷可被BL和CS恢复, 进一步的分析表

明BR6ox2催化BL合成通路的最后一步, 即从CS转
化为BL (图2) (Kim等2005; Kwon等2005; Nomura
等2005)。

BR6ox1和BR6ox2均受到BL的负反馈抑制性

调节, 且有证据表明BR6ox1是BZR1的靶基因(图3) 
(Bancos等2002; He等2005; Tanaka等2005)。水稻

中的C-6位氧化酶OsBRD1则被证明是OsRAVL1靶
基因并受其上调表达(图3) (Je等2010)。
1.2.7  OsD2与OsD11

除了上述不依赖于CN合成途径中的合成酶, 

在水稻中还发现了两个依赖于CN合成途径中的

酶, 即OsD2及OsD11, 分别是C-3位脱氢酶和C-3位
羟化酶。OsD2与OsD11的缺失突变体分别表现出

水稻中BR缺陷表型, 且BL能恢复这种缺陷。饲喂

实验表明OsD2可催化TE转化为3DT和6-deoxoTE
转化为6-deoxo3DT的步骤, 而OsD11则催化3DT转
化为TY和6-deoxo3DT转化为6-deoxoTY的步骤(图
2) (Hong等2003; Tanabe等2005)。

近期的研究表明, 水稻中OsD2与OsD11可受

到转录因子OsRAVL1的直接正向调节, OsRAVL1
的超表达转基因植株表现出BR合成增加或信号增

强的表型, 而其缺失突变体表现出BR缺陷的表

型。生化实验表明OsRAVL1除直接调控外OsD2、
OsD11和OsBRD1外, 还直接调控水稻中的BR受体

OsBRI1的表达(图3) (Yamamuro等2000; Je等2010)。
2  油菜素甾醇的代谢

与其他植物激素相同, 具有活性的BR含量陡

然增多或减少都会严重影响植物的生长发育。因

此, 存在多种调控机制以维持植物体内的BR稳

态。BRs除了通过负反馈机制抑制合成基因转录

的调控方式外, 还可通过多种代谢酶使有活性的

BRs失活以调节其含量。化学分析显示BRs具有多

种代谢产物, 但科学家们目前仅发现了几种BR代

谢相对应的催化酶, 对更多的代谢酶及代谢过程

的调控机制还知之甚少, 有待进一步研究。

2.1  羟基化代谢

最先被发现的BR羟基化代谢酶是BAS1, 激活

标签法筛选发现其能恢复光受体PHYB的突变体

表型, 且其缺失突变体对外源BL超敏感(Neff等
1999)。BAS1编码的酶属于P450家族成员, 即CY-
P72B1 (又名CYP734A1) (Nelson等2004)。进一步

的研究表明BAS1是一个C-26位羟化酶, 可催化具

有生物活性形式的BRs即CS和BL转化为非活性形

式的26-OHCS和26-OHBL (图4) (Neff等1999; Turk
等2003)。

BL可上调BAS1的转录以实现对冗余BL的失

活。近期的研究表明, 这种调节可通过转录因子

LOB1实现, LOB1可直接结合BAS1启动子区并上调

其表达(Bell等2012)。此外, BL还可通过抑制转录

因子ATAF2从而负调节BAS1的含量, ATAF2可直接

结合BAS1的启动子区并下调其表达(Peng等2015)。
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图4  油菜素甾醇的代谢反应

Fig.4  Catabolic reactions of brassinosteroids
油菜素甾醇的代谢产物众多, 但目前已发现相关酶的代谢方式仅有以上几种。问号表示尚未在植物中证实的酶或产物。

另一个羟基化代谢酶是由三个课题组在同一

年发表的, 分别被命名为CHI2、SHK1和SOB7, 这
三个酶实为同一个蛋白即CYP72C1, 该蛋白与

BAS1 (CYP72B1)是同源物, 蛋白序列的一致性

(identity)达36% (Nakamura等2005; Takahashi等
2005; Turk等2005)。虽属同源, 但CYP72C1与
BAS1并不催化相同的代谢步骤, 且有证据表明

CYP72C1对TY和TE的亲和性高于CS和BL, 但具

体的催化步骤和确切的底物还有待进一步发掘

(Nakamura等2005; Takahashi等2005; Turk等2005; 
Thornton等2010)。此外, 研究发现ATAF2可直接

结合SOB7启动子区并下调其表达(Peng等2015)。
2.2  糖基化代谢

通过糖基化修饰调控甾醇类激素的活性在哺乳

动物中较为常见(Hum等1999; Lim和Bowles 2004)。
在植物的相关研究中, 编码拟南芥中糖基转移酶

的基因UGT73C5的超表达植株表现出BR缺陷表

型且积累了糖基化的非活性CS和BL, 而其RNA干

扰突变体则检测不到糖基化的BRs, 说明UGT73C5

可催化CS和BL在C-23位的糖基化失活过程(图4) 
(Poppenberger等2005)。近期的研究表明, 其同源

蛋白UGT73C6也可催化相同的过程, 但这两个基因

受BL上调的具体机制还有待研究(Husar等2011)。
2.3  磺酰化代谢

油菜中发现的BR磺酰基转移酶BNST3可催

化C-23位的磺酰化反应, 但其对24-epiCT的亲和性

高于24-epiBL (图4)。由于24-epiCT的生物活性低

于24-epiBL, 因此可能导致了超表达BNST3并未产

生BR缺陷表型(Rouleau等1999; Marsolais等2004)。
此外, 油菜中还发现了另一个磺酰基转移酶BNST4
可催化除了24-epiCT外的其他BRs (Marsolais等
2004)。拟南芥中也发现了两个磺酰基转移酶AtS-
T4a 和 AtST1, 可催化以24-epiCT为主的多个BR磺
酰化反应(Marsolais等2007)。
2.4  还原反应代谢

通过激活标签法筛选bri1-5发现超表达BEN1
可增强bri1-5的缺陷表型, 其单独超表达的转基因

植物也表现出BR缺陷表型, 而其缺失突变体则表



孙超等: 油菜素甾醇类激素的生物合成、代谢及信号转导 297

现出BL合成增多或信号增强的表型, 这说明BEN1
与BR代谢相关(Yuan等2007)。BEN1编码一个还

原酶, 其很有可能将CS或TY催化为C-6位羟基化

的无活性形式, 但这一猜想还需要直接的实验证

据(图4) (Yuan等2007)。 
2.5  酰基化代谢

近期的研究中, 五个课题组独立发表了五篇

关于BL的两个酰基化代谢酶的文章, 即ABS1/BIA1
和PIZ1/ DRL1/BAT1, 其中ABS1、BIA1和DRL1通
过激活标签法筛选野生型拟南芥得到, 而PIZ1和
BAT1则通过FOX (full-length cDNA overexpressor 
gene)技术获得(Roh等2012; Schneider等2012; Wang
等2012; Choi等2013; Zhu等2013; Higuchi-Takeuchi
和Matsui 2014)。这两个基因的超表达转基因植株

或功能获得性(gain-of-function)突变体均表现出

BR缺陷表型, 且这些突变体中多个BRs如TY、CS
和BL的含量均有所下降, 但其确切的酰基化产物

还未见报道(图4) (Choi等2012; Roh等2012; Schnei-
der等2012; Wang等2012; Zhu等2013)。生长素信

号通路下游的转录因子ARF19可直接调控BAT1的
表达(Choi等2013)。BIA1可以被BL上调表达, 但
具体分子机制还不清楚(Roh等2012)。
3  油菜素甾醇的信号转导 

油菜素甾醇信号通路的第一个突变体bri1-1
是1996年首次报道的(Clouse等1996)。随后的研究

中, 科学家们利用甲基磺酸乙酯(ethyl methane sul-
fonate, EMS)诱变野生型拟南芥的种子并筛选对外

源BL处理不敏感的突变体, 其中18个突变体经图

位克隆发现其突变均发生在同一个基因中, 即油

菜素甾醇的受体BRI1 (Li和Chory 1997)。此后, 科
学家们利用多种技术手段对BR信号转导的分子机

制展开了大量研究。截至目前, BR信号从胞外被

感知到胞内的级联放大再传递至下游响应基因的

基本过程已被解析, 但更为细节的分子机制还在

不断的研究中(图6)。
3.1  细胞质膜上的信号感知和信号途径的起始

油菜素甾醇的受体BRI1是一个单次跨膜的富

含亮氨酸重复序列的类受体蛋白激酶(leucine-rich 
repeat receptor-like protein kinase, LRR-RLKs), 该
蛋白含有多个功能性结构域(Li和Chory 1997)。在

过去的二十年中, 已发现了20多个BRI1不同类型

的突变体, 它们的表型强弱不一, 但均表现出叶片

变圆、叶柄缩短、育性下降、衰老延迟等BR缺陷

的典型特点(图5) (Clouse等1996; Kwon和Choe 
2005; Vert等2005)。其中多个弱突变体作为遗传

筛选材料对BL合成、代谢和信号转导, 乃至与其

他通路互作调控元件的发掘做出了重要贡献。例

如, BAK1 (Li等2002)、BRS1 (Li等2001)、BRL1 
(Zhou等2004)、BEN1 (Yuan等2007)、TCP1 (Guo
等2010)和BSU1 (Mora-Garcia等2004)均是由激活

标签法筛选bri1-5的遗传抑制子得到的; BES1是通

过EMS诱变筛选bri1-119的点突变遗传抑制子发

现的(Yin等2002); 还有内质网蛋白质量监控系统

的多种元件EBS1至EBS7是近年来通过EMS诱变

筛选bri1-9的遗传抑制子发现的(Jin等2007, 2009; 
Su等2011, 2012; Hong等2012; Liu等2015)。

图5  典型的bri1弱突变体和强突变体的表型

Fig.5  Phenotypes of a typical weak bri1 allele and a null bri1 
allele

BRI1的胞外结构域由25个LRR串联重复序列

组成, 其中第21和22个LRR之间有一个约70个氨基

酸残基组成的岛屿(island)结构域, 早先的遗传学

分析和近期的晶体结构证据表明该结构域与BL的
结合直接相关, 岛屿及其附近结构可形成一个刚好

容纳BL的三维疏水口袋(Li和Chory 1997; Hothorn等
2011; She等2011)。BRI1的胞内结构由近膜结构

域、激酶结构域及一个负调控激酶活性的羧基末

端组成(Li和Chory 1997; Wang等2001)。早先的生

化实验证明BRI1可形成同源二聚体(Wang等2005), 
而近期的晶体结构分析则认为BRI1的胞外结构域

过于庞大, 并不利于同源二聚体稳定结构的形成, 
而BRI1与BAK1的异源二聚体才适宜形成稳定结

构(Hothorn等2011; She等2011; Santiago等2013; 
Sun等2013)。BRI1激酶具有丝/苏氨酸和酪氨酸双
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重激酶活性, 其中很多磷酸化位点已通过质谱技

术鉴定得到(Oh等2000, 2009; Wang等2005)。此外, 
BRI1的同源蛋白BRL1和BRL3也在BR信号转导中

发挥功能, 但遗传学结果表明BRI1是主要的受体

蛋白(Cano-Delgado等2004; Zhou等2004)。
在哺乳动物中, 甾醇类激素的受体可通过内

吞作用受到调节(Miaczynska等2004)。在植物中, 
也观察到了BRI1的内吞现象(Russinova等2004)。
BRI1除定位在细胞质膜上外, 还定位在胞内体(en-
dosome)上, 且这种定位会增强BR信号输出(Geld-
ner等2007)。近年来, 通过对BRI1的两个弱突变体

bri1-5和bri1-9的细致研究, 发现大部分bri1-5或
bri1-9蛋白不能通过内质网质量监控系统而滞留在

内质网中, 仅有少量可成功运输至细胞质膜上, 这
种膜上受体的不足导致了bri1-5和bri1-9的弱缺陷

表型, 而滞留在内质网的BRI1最终被降解(Jin等
2007, 2009; Su等2011, 2012; Hong等2012; Liu等
2015)。甲基转移酶SBI1可通过甲基化激活磷酸酶

PP2A, 激活后的PP2A可以去磷酸化BRI1从而使其

降解或循环回到细胞质膜上(Di Rubbo等2011; Wu
等2011)。而近期研究则认为, PP2A仅是将BRI1去磷

酸化失活, 并不能引起降解(图6) (Zhao等2016)。

图6  油菜素甾醇信号转导模式图

Fig.6  A current model of brassinosteroid signal transduction
当油菜素甾醇信号缺失时, 其受体BRI1的激酶活性受负调因子BKI1的抑制。当油菜素甾醇存在时, 其可与BRI1和BAK1的胞外结构

域结合, 引起BKI1从细胞质膜上解离, 进而导致BRI1与BAK1的激酶结构域相互磷酸化激活。激活后的BRI1磷酸化激活BSKs和CDGs。
BSKs通过蛋白互作激活BSU1, 而CDG1/CDL1可磷酸化激活BSU1。激活的BSU1可去磷酸化失活负调元件BIN2, 从而解除BIN2对下游

转录因子BZR1和BES1的磷酸化抑制, 非磷酸化的BZR1和BES1进入细胞核正调或负调成百上千个靶基因。此外, 14-3-3与细胞质中积累

的磷酸化的BZR1和BES1相互作用并导致其降解, 而解离到细胞内的BKI1可竞争性的结合14-3-3以抑制这一过程。SBI1通过甲基化激活

PP2A, 使其发挥去磷酸化BRI1、BZR1和BES1的功能。

BAK1作为共受体参与BR信号转导最先是由

两个独立的研究组分别通过激活标签法筛选bri1-5
的遗传抑制子和酵母双杂交筛选BRI1胞内域的互

作蛋白这两种不同的技术手段同时发现的(Li等
2002; Nam和Li 2002)。与BRI1相同, BAK1也属于

LRR-RLK家族, 但其胞外仅有5个LRR (Li等2002)。

早先的各项分析表明BAK1可与BRI1直接相互作

用从而正向调控BR信号转导。近期的研究表明, 
BAK1及其SERK家族的同源蛋白构成的三重缺失

突变体serk1 bak1 bkk1在黑暗下已完全不响应外源

BL的处理, 且外源施加BL处理前后, 此三突中均

检测不到BRI1的苏氨酸磷酸化, 这些证据证实了
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SERK家族成员在BR信号感知中起不可或缺的作

用(Gou等2012)。近期的晶体结构分析也证明

BRI1和BAK1的胞外结构域以及BL可直接形成稳

定的异源复合物(Santiago等2013; Sun等2013)。除胞

外结构域的直接结合外, BRI1和BAK1的胞内激酶

结构域也可通过磷酸化作用相互激活(图6) (Wang
等2008)。这些研究表明, BR信号很有可能通过与

BRI1和BAK1的胞外结构域结合, 将两者距离拉

近, 进而导致胞内激酶结构域的相互作用和相互

激活。

早先的研究中, 科学家们也观察到了BAK1的
内吞现象(Russinova等2004)。后续的研究发现

MSBP1参与调控这一过程, MSBP1可与BAK1直接

相互作用并增强其内吞同时使BAK1与BRI1的相

互作用减弱, 从而负调节BR信号通路(Yang等2005; 
Song等2009)。近期的研究发现, 光信号通路中的

转录因子HY5及其同源蛋白HYH均可识别并直接

结合到MSBP1的启动子区并上调其表达, 为光信

号通路和BR信号通路找到了一个连接点(Shi等
2011)。BAK1除参与BR信号转导途径外, 还参与

调控细胞死亡、花药的绒粘层发育、植物固有免

疫、气孔发育及根发育等多项植物生长发育过程, 
其功能的多样性和复杂性一直是近年来的研究热

点(Li等2002; Nam和Li 2002; Albrecht等2005; Col-
combet等2005; Chinchilla等2007; He等2007; Heese
等2007; Li 2010; Yamaguchi等2010; Meng等2015; 
Ou等2016; Shinohara等2016; Song等2016)。

BKI1参与BR信号转导也是通过酵母双杂交

筛选BRI1的胞内域互作蛋白发现的(Wang和Chory 
2006)。BKI1是一个N末端定位于膜上的蛋白, 当
BR信号缺失时, BKI1与BRI1相结合并抑制BRI1的
激酶活性; 当BR信号与BRI1和BAK1的胞外结构

域结合时, 可促使BKI1从BRI1上解离(图6) (Wang
和Chory 2006)。近期的晶体结构分析表明, BRI1
的胞内结构域可与BKI1的一个肽段直接结合

(Wang等2014)。近期的遗传分析表明, BKI1的缺

失突变体表现出类似BRI1超表达的表型(Wang等
2001; Jiang等2015)。

BRI1被激活后, 可通过磷酸化不同的底物以实

现信号的进一步传递。BSK1作为其中一个底物是

通过蛋白质组学鉴定得到的, 是一个RLCK (receptor- 

like cytoplasmic kinases)蛋白(Tang等2008)。近期

的研究表明, 其所在亚家族中的8个成员均冗余的

参与BR信号转导(Sreeramulu等2013)。除参与BR
通路外, 其中一个成员BSK1还被发现参与调节植

物的固有免疫(innate immunity) (Shi等2013)。近年

来的研究还发现BRI1也可磷酸化CDG1和其同源

蛋白CDL1, 这两个蛋白也属RLCK (Muto等2004)。
与BSK1相似, CDG1和CDL1也可进一步激活BR通
路的下一步元件(Kim等2011), 但BSK1及其同源蛋

白被认为不具备激酶活性, 而CDG1和CDL1是有

激酶活性的, BSK1究竟如何激活下游分子还有待

进一步研究。

在BR信号转导的早期事件中, 还发现其他一

些蛋白可与BRI1信号感知复合体互作, 如BRS1 
(Li等2001; Zhou和Li 2005)、TRIP1 (Jiang和Clouse 
2001; Ehsan等2005)、TTL1 (Nam和Li 2004; Pes-
soa等2010)、TWD1 (Chaiwanon等2016; Zhao等
2016)等, 但它们在BR信号通路中具体作用机制还

尚不清楚, 有待进一步研究。

3.2  细胞质内的信号级联放大

BR信号由BRI1和BAK1共同感知后经一系列

磷酸化反应传至BSKs, 由此, 信号从细胞外传至细

胞内, 并在细胞质中开始了一系列的信号放大过

程。BSU1是激活标签法筛选bri1-5的遗传抑制子

发现的, BSU1是一个磷酸酶, 早先的研究认为其功

能是将BR信号下游转录因子BES1去磷酸化(Mora- 
Garcia等2004)。随后的研究否认了这一观点, 认
为其在更上游处发挥功能, BSKs通过蛋白互作激

活BSU1, 而CDG1/CDL1可磷酸化激活BSU1, 激活

的BSU1可去磷酸化BR信号通路重要的负调因子

BIN2并使其失活(图6) (Tang等2008; Kim等2009; 
Kim等2011)。近期的研究表明, BSU1与其家族成

员可聚合在一起共同发挥功能(Kim等2016)。
最早发现BIN2负调节BR信号通路是筛选得

到一个对BRs不敏感的功能获得性突变体bin2-1, 
其表型类似于bri1突变体(Li等2001)。BIN2是哺乳

动物GSK3 (glycogen synthase kinase 3)的同源物, 蛋
白序列一致性(identity)达70% (Li和Nam 2002)。其

在拟南芥中的多个同源蛋白共同参与BR信号通路

(Yan等2009; Rozhon等2010)。下游核心转录因子

BZR1是由于其功能获得性点突变体bzr1-1D对
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BRZ的处理敏感性降低而筛选得到的(Wang等
2002), 而它的同源蛋白BES1是通过筛选EMS诱变

的bri1-119发现的, 其功能获得性点突变体bes1-1D
可部分恢复bri1-119的表型(Yin等2002)。但目前

尚没有对BZR1和BES1缺失突变体表型的报道, 它
们的生物学功能有待于用遗传学手段进一步验

证。当BR信号缺失时, 激酶BIN2处于磷酸化的激

活状态, 可磷酸化转录因子BZR1和BES1, 使其不

能进入细胞核调控下游靶基因并在细胞质中积累; 
当BR信号传递至BSU1时, BSU1可去磷酸化失活

BIN2, 从而解除了对BZR1和BES1的抑制作用, 使
信号传递下去(图6) (Li和Nam 2002; Kim等2009; 
Peng等2010)。近年来的多项研究发现, BIN2除了

磷酸化BZR1和BES1外, 还可磷酸化多个不同的底

物, 如生长素信号通路中的ARF2 (Cho等2014), 调节

气孔发育的YODA、MKK4和MKK5 (Kim等2012; 
Khan等2013), 调控下胚轴伸长的PIF4 (Bernardo- 
Garcia等2014), 调控根毛发育的EGL3和TTG1 
(Cheng等2014)等, BIN2已成为植物生长发育调控

网络中的一个整合点。这些研究结果表明, BR下

游信号输出很有可能由多个转录因子调控, 不仅

仅只有BZR1及BES1。
滞留在细胞质中磷酸化的BZR1和BES1可被

14-3-3直接识别并通过26S蛋白酶体途径降解

(Gampala等2007)。近期的研究表明, BKI1从 BRI1
处解离进入细胞质后, 还可与14-3-3竞争性相互结

合, 从而使更多的BZR1和BES1入核传递信号(图6) 
(Wang等2011)。磷酸酶PP2A除了去磷酸化BRI1抑
制上游信号起始外, 还可去磷酸化BZR1促进下游

信号的传递, 以双重调节的方式维持信号传输的

稳态(图6) (Di Rubbo等2011; Tang等2011)。
3.3  下游信号响应  

非磷酸化的BZR1和BES1进入细胞核可直接

调控靶基因, 进而调节多项植物生长发育过程。

由此, BR信号完成了从细胞外至细胞核内的传

递。BZR1和BES1是同源物, 基因序列的一致性

(identity)达88%, 均属bHLH转录因子, BZR1靶序

列是BRRE (CGTGT/CG)而BES1的靶序列是E-box 
(CANNTG) (Sun等2010; Yu等2011)。BZR1和BES1
不仅通过自身磷酸化状态的转变调控BR信号输

出, 还可正调或负调多种靶基因的表达, 其中, BZR1

有900多个响应BR信号的靶基因, 而BES1至少有

250个响应BR信号的靶基因(Ryu等2007, 2010; Sun
等2010; Yu等2011)。

BZR1和BES1还联合其他转录调节因子或转

录因子共同调控不同的生物学过程。如BES1和
BIM1共同调控SAUR-AC1 (Yin等2005), BES1与
ELF6和REF6共同调控开花(Yu等2008), BES1与
IWS1共同调控转录延伸(Li等2010), MYB30、
HAT1、MYBL2受BES1的直接调控, 但其表达的蛋

白又可与BES1共同调控其他靶基因(Li等2009; Ye
等2012; Zhang等2013)。近期的研究表明, BES1与
MAX2共同调控植物分蘖(Wang等2013), BZR1与
TOPLESS共同抑制其靶基因的表达(Oh等2014)。
4  展望

油菜素甾醇的生物合成、代谢和信号转导一

直是植物领域的研究热点。自油菜素内酯的结构

被确定至今, 经过近30年不懈的努力, 科学家们对

这些过程中涉及的重要元件及分子机制已有了较

深入的认知。但不可否认的是, 这其中仍有许多

知识盲点和细节需要进一步探究。首先, 由于油

菜素甾醇不能长距离运输, 如何保持其在局部组

织的稳态是植物维持其正常生长发育面临的重要

问题。目前科学家们已发现植物可通过BR信号转

导的下游转录因子负反馈调控合成基因的表达, 
还发现了几种BR代谢方式, 但更多的调控方式和

这些调控方式如何响应植物生存的内外环境变化

还有待进一步的研究。其次, BR信号转导过程的

主线虽已较为明确, 但其中一些过程还需要缺失

突变体的遗传学证据支持。另外, 植物生长发育

必然受到网络式的调控, 那么BR信号通路如何与

其他通路相互连接和相互调节仍需大量的研究。

随着实验技术的不断革新和大数据时代带来的便

利, 相信BR领域还会有令人惊奇的发现。这些知

识将为人们有效利用分子育种手段改良农作物提

供理论指导。

参考文献

Albrecht C, Russinova E, Hecht V, Baaijens E, de Vries S (2005). The 
Arabidopsis thaliana SOMATIC EMBRYOGENESIS RECEP-
TOR-LIKE KINASES1 and 2 control male sporogenesis. Plant 
Cell, 17: 3337–3349

Asami T, Min YK, Nagata N, Yamagishi K, Takatsuto S, Fujioka S, 
Murofushi N, Yamaguchi I, Yoshida S (2000). Characterization 



孙超等: 油菜素甾醇类激素的生物合成、代谢及信号转导 301

of brassinazole, a triazole-type brassinosteroid biosynthesis in-
hibitor. Plant Physiol, 123: 93–99

Asami T, Mizutani M, Fujioka S, Goda H, Min YK, Shimada Y, 
Nakano T, Takatsuto S, Matsuyama T, Nagata N, et al (2001). 
Selective interaction of triazole derivatives with DWF4, a cyto-
chrome P450 monooxygenase of the brassinosteroid biosynthetic 
pathway, correlates with brassinosteroid deficiency in planta. J 
Biol Chem, 276: 25687–25691

Azpiroz R, Wu YW, LoCascio JC, Feldmann KA (1998). An Arabi-
dopsis brassinosteroid-dependent mutant is blocked in cell elon-
gation. Plant Cell, 10: 219–230

Bajguz A (2007). Metabolism of brassinosteroids in plants. Plant 
Physiol Biochem, 45: 95–107

Bajguz A, Tretyn A (2003). The chemical characteristic and distri-
bution of brassinosteroids in plants. Phytochemistry, 62: 1027–
1046

Bancos S, Nomura T, Sato T, Molnar G, Bishop GJ, Koncz C, Yokota T, 
Nagy F, Szekeres M (2002). Regulation of transcript levels of the 
Arabidopsis cytochrome P450 genes involved in brassinosteroid 
biosynthesis. Plant Physiol, 130: 504–513

Bell EM, Lin WC, Husbands AY, Yu L, Jaganatha V, Jablonska B, 
Mangeon A, Neff MM, Girke T, Springer PS (2012). Arabidopsis 
LATERAL ORGAN BOUNDARIES negatively regulates brass-
inosteroid accumulation to limit growth in organ boundaries. 
Proc Natl Acad Sci USA, 109: 21146–21151 

Bernardo-Garcia S, de Lucas M, Martinez C, Espinosa-Ruiz A, Da-
viere JM, Prat S (2014). BR-dependent phosphorylation modu-
lates PIF4 transcriptional activity and shapes diurnal hypocotyl 
growth. Genes Dev, 28: 1681–1694

Bishop GJ, Nomura T, Yokota T, Harrison K, Noguchi T, Fujioka S, 
Takatsuto S, Jones JDG, Kamiya Y (1999). The tomato DWARF 
enzyme catalyses C-6 oxidation in brassinosteroid biosynthesis. 
Proc Natl Acad Sci USA, 96: 1761–1766

Cano-Delgado A, Yin YH, Yu C, Vafeados D, Mora-Garcia S, Cheng 
JC, Nam KH, Li JM, Chory J (2004). BRL1 and BRL3 are novel 
brassinosteroid receptors that function in vascular differentiation 
in Arabidopsis. Development, 131: 5341–5351

Chaiwanon J, Garcia VJ, Cartwright H, Sun Y, Wang ZY (2016). Im-
munophilin-like FKBP42/TWISTED DWARF1 interacts with 
the receptor kinase BRI1 to regulate brassinosteroid signaling in 
Arabidopsis. Mol Plant, 9: 593–600

Cheng Y, Zhu W, Chen Y, Ito S, Asami T, Wang X (2014). Brassino-
steroids control root epidermal cell fate via direct regulation of 
a MYB-bHLH-WD40 complex by GSK3-like kinases. eLife, 
02525

Chinchilla D, Zipfel C, Robatzek S, Kemmerling B, Nurnberger T, 
Jones JD, Felix G, Boller T (2007). A flagellin-induced complex 
of the receptor FLS2 and BAK1 initiates plant defence. Nature, 
448: 497–500

Cho H, Ryu H, Rho S, Hill K, Smith S, Audenaert D, Park J, Han S, 
Beeckman T, Bennett MJ, et al (2014). A secreted peptide acts on 
BIN2-mediated phosphorylation of ARFs to potentiate auxin re-
sponse during lateral root development. Nat Cell Biol, 16: 66–76

Choe S, Fujioka S, Noguchi T, Takatsuto S, Yoshida S, Feldmann 

KA (2001). Overexpression of DWARF4 in the brassinosteroid 
biosynthetic pathway results in increased vegetative growth and 
seed yield in Arabidopsis. Plant J, 26: 573–582

Choe SW, Dilkes BP, Fujioka S, Takatsuto S, Sakurai A, Feldmann 
KA (1998). The DWF4 gene of Arabidopsis encodes a cyto-
chrome P450 that mediates multiple 22 alpha-hydroxylation 
steps in brassinosteroid biosynthesis. Plant Cell, 10: 231–243

Choi S, Cho YH, Kim K, Matsui M, Son SH, Kim SK, Fujioka S, 
Hwang I (2013). BAT1, a putative acyltransferase, modulates 
brassinosteroid levels in Arabidopsis. Plant J, 73: 380–391

Choi Y-H, Fujioka S, Harada A, Yokota T, Takatsuto S, Sakurai 
A (1996). A brassinolide biosynthetic pathway via 6-deoxo-
castasterone. Phytochemistry, 43: 593–596

Chory J, Nagpal P, Peto CA (1991). Phenotypic and genetic analysis 
of det2, a new mutant that affects light-regulated seedling devel-
opment in Arabidopsis. Plant Cell, 3: 445–459

Chung Y, Maharjan PM, Lee O, Fujioka S, Jang S, Kim B, Takatsuto 
S, Tsujimoto M, Kim H, Cho S, et al (2011). Auxin stimulates 
DWARF4 expression and brassinosteroid biosynthesis in Arabi-
dopsis. Plant J, 66: 564–578

Clouse SD, Langford M, McMorris TC (1996). A brassinosteroid-in-
sensitive mutant in Arabidopsis thaliana exhibits multiple de-
fects in growth and development. Plant Physiol, 111: 671–678

Colcombet J, Boisson-Dernier A, Ros-Palau R, Vera CE, Schroeder JI 
(2005). Arabidopsis SOMATIC EMBRYOGENESIS RECEP-
TOR KINASES1 and 2 are essential for tapetum development 
and microspore maturation. Plant Cell, 17: 3350–3361

Di Rubbo S, Irani NG, Russinova E (2011). PP2A phosphatases: the 
“on-off” regulatory switches of brassinosteroid signaling. Sci 
Signal, 4: pe25

Ehsan H, Ray WK, Phinney B, Wang XF, Huber SC, Clouse SD (2005). 
Interaction of Arabidopsis BRASSINOSTEROID-INSENSI-
TIVE 1 receptor kinase with a homolog of mammalian TGF-beta 
receptor interacting protein. Plant J, 43: 251–261

Ephritikhine G, Fellner M, Vannini C, Lapous D, Barbier-Brygoo H 
(1999a). The sax1 dwarf mutant of Arabidopsis thaliana shows 
altered sensitivity of growth responses to abscisic acid, auxin, 
gibberellins and ethylene and is partially rescued by exogenous 
brassinosteroid. Plant J, 18: 303–314

Ephritikhine G, Pagant S, Fujioka S, Takatsuto S, Lapous D, Caboche 
M, Kendrick RE, Barbier-Brygoo H (1999b). The sax1 mutation 
defines a new locus involved in the brassinosteroid biosynthesis 
pathway in Arabidopsis thaliana. Plant J, 18: 315–320

Fujioka S, Inoue T, Takatsuto S, Yanagisawa T, Yokota T, Sakurai A 
(1995). Identification of a new brassinosteroid, cathasterone, in 
cultured-cells of catharanthus-roseus as a biosynthetic precursor 
of teasterone. Biosci Biotech Bioch, 59: 1543–1547

Fujioka S, Li JM, Choi YH, Seto H, Takatsuto S, Noguchi T, Wata-
nabe T, Kuriyama H, Yokota T, Chory J, et al (1997). The Ara-
bidopsis deetiolated2 mutant is blocked early in brassinosteroid 
biosynthesis. Plant Cell, 9: 1951–1962

Fujioka S, Noguchi T, Watanabe T, Takatsuto S, Yoshida S (2000). 
Biosynthesis of brassinosteroids in cultured cells of Catha-
ranthus roseus. Phytochemistry, 53: 549–553



植物生理学报302

Fujioka S, Takatsuto S, Yoshida S (2002). An early C-22 oxidation 
branch in the brassinosteroid biosynthetic pathway. Plant Physi-
ol, 130: 930–939

Fujioka S, Yokota T (2003). Biosynthesis and metabolism of brassino-
steroids, Annu Rev Plant Biol, 54: 137–164 

Gampala SS, Kim TW, He JX, Tang W, Deng Z, Bai MY, Guan S, 
Lalonde S, Sun Y, Gendron JM, et al (2007). An essential role 
for 14-3-3 proteins in brassinosteroid signal transduction in Ara-
bidopsis. Dev Cell, 13: 177–189

Gao Y, Zhang D, Li J (2015). TCP1 modulates DWF4 expression via 
directly interacting with the GGNCCC motifs in the promoter 
region of DWF4 in Arabidopsis thaliana. J Genet Genomics, 42: 
383–392

Geldner N, Hyman DL, Wang X, Schumacher K, Chory J (2007). En-
dosomal signaling of plant steroid receptor kinase BRI1. Genes 
Dev, 21: 1598–1602

Gou X, Yin H, He K, Du J, Yi J, Xu S, Lin H, Clouse SD, Li J (2012). 
Genetic evidence for an indispensable role of somatic embryo-
genesis receptor kinases in brassinosteroid signaling. PLoS Gen-
et, 8: e1002452

Grove M, Spencer GF, Rohwedder WK, Mandava N, Worley JF, 
Warthen JD, Steffens GL, Flippenanderson JL, Cook JC (1979). 
Brassinolide, a plant growth-promoting steroid isolated from 
Brassica napus pollen. Nature, 281: 216–217

Guo Z, Fujioka S, Blancaflor EB, Miao S, Gou X, Li J (2010). TCP1 
modulates brassinosteroid biosynthesis by regulating the expres-
sion of the key biosynthetic gene DWARF4 in Arabidopsis thali-
ana. Plant Cell, 22: 1161–1173

He JX, Gendron JM, Sun Y, Gampala SSL, Gendron N, Sun CQ, 
Wang ZY (2005). BZR1 is a transcriptional repressor with dual 
roles in brassinosteroid homeostasis and growth responses. Sci-
ence, 307: 1634–1638

He K, Gou X, Yuan T, Lin H, Asami T, Yoshida S, Russell SD, Li J 
(2007). BAK1 and BKK1 regulate brassinosteroid-dependent 
growth and brassinosteroid-independent cell-death pathways. 
Curr Biol, 17: 1109–1115

Heese A, Hann DR, Gimenez-Ibanez S, Jones AME, He K, Li J, 
Schroeder JI, Peck SC, Rathjen JP (2007). The receptor-like ki-
nase SERK3/BAK1 is a central regulator of innate immunity in 
plants. Proc Natl Acad Sci USA, 104: 12217–12222

Higuchi-Takeuchi M, Matsui M (2014). Screening for gene function 
using the FOX (full-length cDNA overexpressor gene) hunting 
system. Methods Mol Biol, 1056: 201–210

Hong Z, Kajiura H, Su W, Jin H, Kimura A, Fujiyama K, Li JM (2012). 
Evolutionarily conserved glycan signal to degrade aberrant 
brassinosteroid receptors in Arabidopsis. Proc Natl Acad Sci 
USA, 109: 11437–11442

Hong Z, Ueguchi-Tanaka M, Umemura K, Uozu S, Fujioka S, Takat-
suto S, Yoshida S, Ashikari M, Kitano H, Matsuoka M (2003). A 
rice brassinosteroid-deficient mutant, ebisu dwarf (d2), is caused 
by a loss of function of a new member of cytochrome P450. 
Plant Cell, 15: 2900–2910

Hothorn M, Belkhadir Y, Dreux M, Dabi T, Noel JP, Wilson IA, Chory 
J (2011). Structural basis of steroid hormone perception by the 

receptor kinase BRI1. Nature, 474: 467–471
Hum DW, Belanger A, Levesque E, Barbier O, Beaulieu M, Albert C, 

Vallee M, Guillemette C, Tchernof A, Turgeon D, et al (1999). 
Characterization of UDP-glucuronosyltransferases active on ste-
roid hormones. J Steroid Biochem Mol Biol, 69: 413–423

Husar S, Berthiller F, Fujioka S, Rozhon W, Khan M, Kalaivanan F, 
Elias L, Higgins GS, Li Y, Schuhmacher R, et al (2011). Overex-
pression of the UGT73C6 alters brassinosteroid glucoside forma-
tion in Arabidopsis thaliana. BMC Plant Biol, 11: 51

Je BI, Piao HL, Park SJ, Park SH, Kim CM, Xuan YH, Park SH, 
Huang J, Do Choi Y, An G, et al (2010). RAV-Like1 maintains 
brassinosteroid homeostasis via the coordinated activation of 
BRI1 and biosynthetic genes in rice. Plant Cell, 22: 1777–1791

Jiang J, Wang T, Wu Z, Wang J, Zhang C, Wang H, Wang ZX, Wang 
X (2015). The intrinsically disordered protein BKI1 is essential 
for inhibiting BRI1 signaling in plants. Mol Plant, 8: 1675–1678

Jiang JR, Clouse SD (2001). Expression of a plant gene with sequence 
similarity to animal TGF-beta receptor interacting protein is 
regulated by brassinosteroids and required for normal plant de-
velopment. Plant J, 26: 35–45

Jin H, Hong Z, Su W, Li JM (2009). A plant-specific calreticulin is 
a key retention factor for a defective brassinosteroid receptor 
in the endoplasmic reticulum. Proc Natl Acad Sci USA, 106: 
13612–13617

Jin H, Yan Z, Nam KH, Li JM (2007). Allele-specific suppression of a 
defective brassinosteroid receptor reveals a physiological role of 
UGGT in ER quality control. Mol Cell, 26: 821–830

Kang JG, Yun J, Kim DH, Chung KS, Fujioka S, Kim JI, Dae HW, 
Yoshida S, Takatsuto S, Song PS, et al (2001). Light and brassi-
nosteroid signals are integrated via a dark-induced small G pro-
tein in etiolated seedling growth. Cell, 105: 625–636

Kauschmann A, Jessop A, Koncz C, Szekeres M, Willmitzer L, Alt-
mann T (1996). Genetic evidence for an essential role of brassi-
nosteroids in plant development. Plant J, 9: 701–713

Khan M, Rozhon W, Bigeard J, Pflieger D, Husar S, Pitzschke A, 
Teige M, Jonak C, Hirt H, Poppenberger B (2013). Brassino-
steroid-regulated GSK3/Shaggy-like kinases phosphorylate 
mitogen-activated protein (MAP) kinase kinases, which control 
stomata development in Arabidopsis thaliana. J Biol Chem, 288: 
7519–7527

Kim EJ, Youn JH, Park CH, Kim TW, Guan S, Xu S, Burlingame 
AL, Kim YP, Kim SK, Wang ZY, et al (2016). Oligomerization 
between BSU1 family members potentiates brassinosteroid sig-
naling in Arabidopsis. Mol Plant, 9: 178–181

Kim GT, Fujioka S, Kozuka T, Tax FE, Takatsuto S, Yoshida S, 
Tsukaya H (2005). CYP90C1 and CYP90D1 are involved in 
different steps in the brassinosteroid biosynthesis pathway in 
Arabidopsis thaliana. Plant J, 41: 710–721

Kim HB, Kwon M, Ryu H, Fujioka S, Takatsuto S, Yoshida S, An 
CS, Lee I, Hwang I, Choe S (2006). The regulation of DWARF4 
expression is likely a critical mechanism in maintaining the 
homeostasis of bioactive brassinosteroids in Arabidopsis. Plant 
Physiol, 140: 548–557

Kim TW, Guan S, Burlingame Alma L, Wang ZY (2011). The CDG1 



孙超等: 油菜素甾醇类激素的生物合成、代谢及信号转导 303

kinase mediates brassinosteroid signal transduction from BRI1 
receptor kinase to BSU1 phosphatase and GSK3-like kinase 
BIN2. Mol Cell, 43: 561–571

Kim TW, Guan S, Sun Y, Deng Z, Tang W, Shang JX, Sun Y, Burlin-
game AL, Wang ZY (2009). Brassinosteroid signal transduction 
from cell-surface receptor kinases to nuclear transcription fac-
tors. Nat Cell Biol, 11: 1254–1260

Kim TW, Hwang JY, Kim YS, Joo SH, Chang SC, Lee JS, Takatsuto 
S, Kim SK (2005). Arabidopsis CYP85A2, a cytochrome P450, 
mediates the Baeyer-Villiger oxidation of castasterone to brassin-
olide in brassinosteroid biosynthesis. Plant Cell, 17: 2397–2412

Kim TW, Michniewicz M, Bergmann DC, Wang ZY (2012). Brass-
inosteroid regulates stomatal development by GSK3-mediated 
inhibition of a MAPK pathway. Nature, 482: 419–422

Kwon M, Choe S (2005). Brassinosteroid biosynthesis and dwarf mu-
tants. J Plant Biol, 48: 1–15

Kwon M, Fujioka S, Jeon JH, Kim HB, Takatsuto S, Yoshida S, An 
CS, Choe S (2005). A double mutant for the CYP85A1 and CY-
P85A2 genes of Arabidopsis exhibits a brassinosteroid dwarf 
phenotype. J Plant Biol, 48: 237–244

Li J (2010). Multi-tasking of somatic embryogenesis receptor-like 
protein kinases. Curr Opin Plant Biol, 13: 509–514

Li J, Lease KA, Tax FE, Walker JC (2001). BRS1, a serine carboxy-
peptidase, regulates BRI1 signaling in Arabidopsis thaliana. 
Proc Natl Acad Sci USA, 98: 5916–5921

Li J, Wen J, Lease KA, Doke JT, Tax FE, Walker JC (2002). BAK1, 
an Arabidopsis LRR receptor-like protein kinase, interacts with 
BRI1 and modulates brassinosteroid signaling. Cell, 110: 213–
222

Li JM, Chory J (1997). A putative leucine-rich repeat receptor kinase 
involved in brassinosteroid signal transduction. Cell, 90: 929–
938

Li JM, Nagpal P, Vitart V, McMorris TC, Chory J (1996). A role for 
brassinosteroids in light-dependent development of Arabidopsis. 
Science, 272: 398–401

Li JM, Nam KH (2002). Regulation of brassinosteroid signaling by a 
GSK3/SHAGGY-like kinase. Science, 295: 1299–1301

Li JM, Nam KH, Vafeados D, Chory J (2001). BIN2, a new brassi-
nosteroid-insensitive locus in Arabidopsis. Plant Physiol, 127: 
14–22

Li L, Ye H, Guo H, Yin Y (2010). Arabidopsis IWS1 interacts with 
transcription factor BES1 and is involved in plant steroid hor-
mone brassinosteroid regulated gene expression. Proc Natl Acad 
Sci USA, 107: 3918–3923

Li L, Yu X, Thompson A, Guo M, Yoshida S, Asami T, Chory J, Yin 
Y (2009). Arabidopsis MYB30 is a direct target of BES1 and 
cooperates with BES1 to regulate brassinosteroid-induced gene 
expression. Plant J, 58: 275–286

Lim EK, Bowles DJ (2004). A class of plant glycosyltransferases in-
volved in cellular homeostasis. EMBO J, 23: 2915–2922

Liu Y, Zhang C, Wang D, Su W, Liu L, Wang M, Li JM (2015). EBS7 
is a plant-specific component of a highly conserved endoplasmic 
reticulum-associated degradation system in Arabidopsis. Proc 
Natl Acad Sci USA, 112: 12205–12210

Maharjan PM, Schulz B, Choe S (2011). BIN2/DWF12 antagonisti-
cally transduces brassinosteroid and auxin signals in the roots of 
Arabidopsis. J Plant Biol, 54: 126–134

Marsolais F, Boyd J, Paredes Y, Schinas A-M, Garcia M, Elzein S, 
Varin L (2007). Molecular and biochemical characterization of 
two brassinosteroid sulfotransferases from Arabidopsis, AtST4a 
(At2g14920) and AtST1 (At2g03760). Planta, 225: 1233–1244

Marsolais F, Sebastia CH, Rousseau A, Varin L (2004). Molecular and 
biochemical characterization of BNST4, an ethanol-inducible 
steroid sulfotransferase from Brassica napus, and regulation of 
BNST genes by chemical stress and during development. Plant 
Sci, 166: 1359–1370

Meng X, Chen X, Mang H, Liu C, Yu X, Gao X, Torii KU, He P, 
Shan L (2015). Differential function of Arabidopsis SERK fam-
ily receptor-like kinases in stomatal patterning. Curr Biol, 25: 
2361–2372

Miaczynska M, Pelkmans L, Zerial M (2004). Not just a sink: endo-
somes in control of signal transduction. Curr Opin Cell Biol, 16: 
400–406

Min YK, Asami T, Fujioka S, Murofushi N, Yamaguchi I, Yoshida S 
(1999). New lead compounds for brassinosteroid biosynthesis 
inhibitors. Bioorg Med Chem Lett, 9: 425–430

Mitchell JW, Mandava N, Worley JF, Plimmer JR, Smith MV (1970). 
Brassins-a new family of plant hormones from rape pollen. Na-
ture, 225: 1065–1066

Mora-Garcia S, Vert G, Yin YH, Cano-Delgado A, Cheong H, Chory J 
(2004). Nuclear protein phosphatases with Kelch-repeat domains 
modulate the response to brassinosteroids in Arabidopsis. Genes 
Dev, 18: 448–460

Mouchel CF, Osmont KS, Hardtke CS (2006). BRX mediates feed-
back between brassinosteroid levels and auxin signalling in root 
growth. Nature, 443: 458–461

Muto H, Yabe N, Asami T, Hasunuma K, Yamamoto KT (2004). 
Overexpression of constitutive differential growth 1 gene, which 
encodes a RLCKVII-subfamily protein kinase, causes abnormal 
differential and elongation growth after organ differentiation in 
Arabidopsis. Plant Physiol, 136: 3124–3133

Nakamura M, Satoh T, Tanaka SI, Mochizuki N, Yokota T, Nagatani 
A (2005). Activation of the cytochrome P450 gene, CYP72C1, 
reduces the levels of active brassinosteroids in vivo. J Exp Bot, 
56: 833–840

Nam KH, Li JM (2002). BRI1/BAK1, a receptor kinase pair mediat-
ing brassinosteroid signaling. Cell, 110: 203–212

Nam KH, Li JM (2004). The Arabidopsis Transthyretin-Like protein 
is a potential substrate of BRASSINOSTEROID-INSENSITIVE 
1. Plant Cell, 16: 2406–2417

Neff MM, Nguyen SM, Malancharuvil EJ, Fujioka S, Noguchi T, Seto H, 
Tsubuki M, Honda T, Takatsuto S, Yoshida S, et al (1999). BAS1: 
A gene regulating brassinosteroid levels and light responsiveness 
in Arabidopsis. Proc Natl Acad Sci USA, 96: 15316–15323

Nelson DR, Schuler MA, Paquette SM, Werck-Reichhart D, Bak S 
(2004). Comparative genomics of rice and Arabidopsis. Analysis 
of 727 cytochrome P450 genes and pseudogenes from a monocot 
and a dicot. Plant Physiol, 135: 756–772



植物生理学报304

Noguchi T, Fujioka S, Choe S, Takatsuto S, Tax FE, Yoshida S, Feld-
mann KA (2000). Biosynthetic pathways of brassinolide in Ara-
bidopsis. Plant Physiol, 124: 201–209

Noguchi T, Fujioka S, Takatsuto S, Sakurai A, Yoshida S, Li JM, 
Chory J (1999). Arabidopsis det2 is defective in the conversion 
of (24R)-24-methylcholest-4-En-3-One to (24R)-24-methyl-5 
alpha-cholestan-3-one in brassinosteroid biosynthesis. Plant 
Physiol, 120: 833–839

Nomura T, Kushiro T, Yokota T, Kamiya Y, Bishop GJ, Yamaguchi S 
(2005). The last reaction producing brassinolide is catalyzed by 
cytochrome P-450s, CYP85A3 in tomato and CYP85A2 in Ara-
bidopsis. J Biol Chem, 280: 17873–17879

Nomura T, Sato T, Bishop GJ, Kamiya Y, Takatsuto S, Yokota T (2001). 
Accumulation of 6-deoxocathasterone and 6-deoxocastaster-
one in Arabidopsis, pea and tomato is suggestive of common 
rate-limiting steps in brassinosteroid biosynthesis. Phytochemis-
try, 57: 171–178

Oh E, Zhu JY, Ryu H, Hwang I, Wang ZY (2014). TOPLESS medi-
ates brassinosteroid-induced transcriptional repression through 
interaction with BZR1. Nat Commun, 5: 4140

Oh M-H, Wang X, Kota U, Goshe MB, Clouse SD, Huber SC (2009). 
Tyrosine phosphorylation of the BRI1 receptor kinase emerges 
as a component of brassinosteroid signaling in Arabidopsis. Proc 
Natl Acad Sci USA, 106: 658–663

Oh MH, Ray WK, Huber SC, Asara JM, Gage DA, Clouse SD (2000). 
Recombinant brassinosteroid insensitive 1 receptor-like kinase 
autophosphorylates on serine and threonine residues and phos-
phorylates a conserved peptide motif in vitro. Plant Physiol, 124: 
751–765

Ohnishi T, Godza B, Watanabe B, Fujioka S, Hategan L, Ide K, Shi-
bata K, Yokota T, Szekeres M, Mizutani M (2012). CYP90A1/
CPD, a brassinosteroid biosynthetic cytochrome P450 of Arabi-
dopsis, catalyzes C-3 oxidation. J Biol Chem, 287: 31551–31560

Ohnishi T, Szatmari AM, Watanabe B, Fujita S, Bancos S, Koncz 
C, Lafos M, Shibata K, Yokota T, Sakata K, et al (2006). C-23 
hydroxylation by Arabidopsis CYP90C1 and CYP90D1 reveals 
a novel shortcut in brassinosteroid biosynthesis. Plant Cell, 18: 
3275–3288

Ou Y, Lu X, Zi Q, Xun Q, Zhang J, Wu Y, Shi H, Wei Z, Zhao B, 
Zhang X, et al (2016). RGF1 INSENSITIVE 1 to 5, a group of 
LRR receptor-like kinases, are essential for the perception of 
root meristem growth factor 1 in Arabidopsis thaliana. Cell Res, 
26: 686–698

Peng H, Zhao J, Neff MM (2015). ATAF2 integrates Arabidopsis 
brassinosteroid inactivation and seedling photomorphogenesis. 
Development, 142: 4129-4138

Peng P, Zhao J, Zhu Y, Asami T, Li JM (2010). A direct docking 
mechanism for a plant GSK3-like kinase to phosphorylate its 
substrates. J Biol Chem, 285: 24646–24653

Pessoa J, Sarkany Z, Ferreira-da-Silva F, Martins S, Almeida MR, Li 
JM, Damas AM (2010). Functional characterization of Arabi-
dopsis thaliana transthyretin-like protein. BMC Plant Biol, 10: 
30

Poppenberger B, Fujioka S, Soeno K, George GL, Vaistij FE, Hiranu-

ma S, Seto H, Takatsuto S, Adam G, Yoshida S, et al (2005). The 
UGT73C5 of Arabidopsis thaliana glucosylates brassinosteroids. 
Proc Natl Acad Sci USA, 102: 15253–15258

Poppenberger B, Rozhon W, Khan M, Husar S, Adam G, Luschnig 
C, Fujioka S, Sieberer T (2011). CESTA, a positive regulator of 
brassinosteroid biosynthesis. EMBO J, 30: 1149–1161

Roh H, Jeong CW, Fujioka S, Kim YK, Lee S, Ahn JH, Choi YD, Lee 
JS (2012). Genetic evidence for the reduction of brassinosteroid 
levels by a BAHD acyltransferase-like protein in Arabidopsis. 
Plant Physiol, 159: 696–709

Rouleau M, Marsolais F, Richard M, Nicolle L, Voigt B, Adam G, 
Varin L (1999). Inactivation of brassinosteroid biological activity 
by a salicylate-inducible steroid sulfotransferase from Brassica 
napus. J Biol Chem, 274: 20925–20930

Rozhon W, Mayerhofer J, Petutschnig E, Fujioka S, Jonak C (2010). 
ASK theta, a group-III Arabidopsis GSK3, functions in the 
brassinosteroid signalling pathway. Plant J, 62: 215–223

Russinova E, Borst JW, Kwaaitaal M, Cano-Delgado A, Yin YH, 
Chory J, de Vries SC (2004). Heterodimerization and endocyto-
sis of Arabidopsis brassinosteroid receptors BRI1 and AtSERK3 
(BAK1). Plant Cell, 16: 3216–3229

Ryu H, Cho H, Kim K, Hwang I (2010). Phosphorylation dependent 
nucleocytoplasmic shuttling of BES1 is a key regulatory event in 
brassinosteroid signaling. Mol Cells, 29: 283–290

Ryu H, Kim K, Cho H, Park J, Choe S, Hwang I (2007). Nucleocy-
toplasmic shuttling of BZR1 mediated by phosphorylation is 
essential in Arabidopsis brassinosteroid signaling. Plant Cell, 19: 
2749–2762

Santiago J, Henzler C, Hothorn M (2013). Molecular mechanism 
for plant steroid receptor activation by somatic embryogenesis 
co-receptor kinases. Science, 341: 889–892

Schneider K, Breuer C, Kawamura A, Jikumaru Y, Hanada A, Fujioka 
S, Ichikawa T, Kondou Y, Matsui M, Kamiya Y, et al (2012). 
Arabidopsis PIZZA has the capacity to acylate brassinosteroids. 
PLoS One, 7: e46805

Serrano-Cartagena J, Robles P, Ponce M, Micol J (1999). Genetic 
analysis of leaf form mutants from the Arabidopsis Information 
Service collection. Mol Gen Genet, 261: 725–739

She J, Han Z, Kim T-W, Wang J, Cheng W, Chang J, Shi S, Wang J, 
Yang M, Wang Z-Y, et al (2011). Structural insight into brassino-
steroid perception by BRI1. Nature, 474: 472–476

Shi H, Yan H, Li J, Tang D (2013). BSK1, a receptor-like cytoplasmic 
kinase, involved in both BR signaling and innate immunity in 
Arabidopsis. Plant Signal Behav, 8: e24996

Shi QM, Yang X, Song L, Xue HW (2011). Arabidopsis MSBP1 is 
activated by HY5 and HYH and is involved in photomorpho-
genesis and brassinosteroid sensitivity regulation. Mol Plant, 4: 
1092–1104

Shimada Y, Fujioka S, Miyauchi N, Kushiro M, Takatsuto S, Nomura 
T, Yokota T, Kamiya Y, Bishop GJ, Yoshida S (2001). Brassinos-
teroid-6-oxidases from Arabidopsis and tomato catalyze multiple 
C-6 oxidations in brassinosteroid biosynthesis. Plant Physiol, 
126: 770–779

Shimada Y, Goda H, Nakamura A, Takatsuto S, Fujioka S, Yoshida 



孙超等: 油菜素甾醇类激素的生物合成、代谢及信号转导 305

S (2003). Organ-specific expression of brassinosteroid-biosyn-
thetic genes and distribution of endogenous brassinosteroids in 
Arabidopsis. Plant Physiol, 131: 287–297

Shinohara H, Mori A, Yasue N, Sumida K, Matsubayashi Y (2016). 
Identification of three LRR-RKs involved in perception of root 
meristem growth factor in Arabidopsis. Proc Natl Acad Sci USA, 
113: 3897–3902

Song L, Shi QM, Yang XH, Xu ZH, Xue HW (2009). Membrane 
steroid-binding protein 1 (MSBP1) negatively regulates brassi-
nosteroid signaling by enhancing the endocytosis of BAK1. Cell 
Res, 19: 864–876

Song W, Liu L, Wang J, Wu Z, Zhang H, Tang J, Lin G, Wang Y, Wen 
X, Li W, et al (2016). Signature motif-guided identification of re-
ceptors for peptide hormones essential for root meristem growth. 
Cell Res, 26: 674–685

Sreeramulu S, Mostizky Y, Sunitha S, Shani E, Nahum H, Salomon 
D, Hayun LB, Gruetter C, Rauh D, Ori N, et al (2013). BSKs are 
partially redundant positive regulators of brassinosteroid signal-
ing in Arabidopsis. Plant J, 74: 905–919

Su W, Liu Y, Xia Y, Hong Z, Li JM (2011). Conserved endoplasmic 
reticulum-associated degradation system to eliminate mutated 
receptor-like kinases in Arabidopsis. Proc Natl Acad Sci USA, 
108: 870–875

Su W, Liu Y, Xia Y, Hong Z, Li JM (2012). The Arabidopsis homolog 
of the mammalian OS-9 protein plays a key role in the endoplas-
mic reticulum-associated degradation of misfolded receptor-like 
kinases. Mol Plant, 5: 929–940

Sun Y, Fan XY, Cao DM, Tang W, He K, Zhu JY, He JX, Bai MY, 
Zhu S, Oh E, et al (2010). Integration of brassinosteroid signal 
transduction with the transcription network for plant growth reg-
ulation in Arabidopsis. Dev Cell, 19: 765–777

Sun Y, Han Z, Tang J, Hu Z, Chai C, Zhou B, Chai J (2013). Structure 
reveals that BAK1 as a co-receptor recognizes the BRI1-bound 
brassinolide. Cell Res, 23: 1326–1329

Szekeres M, Nemeth K, KonczKalman Z, Mathur J, Kauschmann A, 
Altmann T, Redei GP, Nagy F, Schell J, Koncz C (1996). Brass-
inosteroids rescue the deficiency of CYP90, a cytochrome P450, 
controlling cell elongation and de-etiolation in Arabidopsis. Cell, 
85: 171–182

Takahashi N, Nakazawa M, Shibata K, Yokota T, Ishikawa A, Suzuki K, 
Kawashima M, Ichikawa T, Shimada H, Matsui M (2005). shk1-D, 
a dwarf Arabidopsis mutant caused by activation of the CYP72C1 
gene, has altered brassinosteroid levels. Plant J, 42: 13–22

Tanabe S, Ashikari M, Fujioka S, Takatsuto S, Yoshida S, Yano M, 
Yoshimura A, Kitano H, Matsuoka M, Fujisawa Y, et al (2005). A 
novel cytochrome P450 is implicated in brassinosteroid biosyn-
thesis via the characterization of a rice dwarf mutant, dwarf11, 
with reduced seed length. Plant Cell, 17: 776–790

Tanaka K, Asami T, Yoshida S, Nakamura Y, Matsuo T, Okamoto S 
(2005). Brassinosteroid homeostasis in Arabidopsis is ensured 
by feedback expressions of multiple genes involved in its metab-
olism. Plant Physiol, 138: 1117–1125

Tang W, Kim TW, Oses-Prieto JA, Sun Y, Deng Z, Zhu S, Wang R, 
Burlingame AL, Wang ZY (2008). BSKs mediate signal trans-

duction from the receptor kinase BRI1 in Arabidopsis. Science, 
321: 557–560

Tang W, Yuan M, Wang R, Yang Y, Wang C, Oses-Prieto JA, Kim TW, 
Zhou HW, Deng Z, Gampala SS, et al (2011). PP2A activates 
brassinosteroid-responsive gene expression and plant growth by 
dephosphorylating BZR1. Nat Cell Biol, 13: 124–131

Thornton LE, Rupasinghe SG, Peng H, Schuler MA, Neff MM (2010). 
Arabidopsis CYP72C1 is an atypical cytochrome P450 that inac-
tivates brassinosteroids. Plant Mol Biol, 74: 167–181

Turk EM, Fujioka S, Seto H, Shimada Y, Takatsuto S, Yoshida S, 
Denzel MA, Torres QI, Neff MM (2003). CYP72B1 inactivates 
brassinosteroid hormones: An intersection between photomor-
phogenesis and plant steroid signal transduction. Plant Physiol, 
133: 1643–1653

Turk EM, Fujioka S, Seto H, Shimada Y, Takatsuto S, Yoshida S, 
Wang HC, Torres QI, Ward JM, Murthy G, et al (2005). BAS1 
and SOB7 act redundantly to modulate Arabidopsis photomor-
phogenesis via unique brassinosteroid inactivation mechanisms. 
Plant J, 42: 23–34

Vert G, Nemhauser JL, Geldner N, Hong F, Chory J (2005). Molecular 
mechanisms of steroid hormone signaling in plants. Annu Rev 
Cell Dev Biol, 21: 177–201

Wang H, Yang C, Zhang C, Wang N, Lu D, Wang J, Zhang S, Wang 
Z-X, Ma H, Wang X (2011). Dual role of BKI1 and 14-3-3 s in 
brassinosteroid signaling to link receptor with transcription fac-
tors. Dev Cell, 21: 825–834

Wang J, Jiang J, Wang J, Chen L, Fan SL, Wu JW, Wang X, Wang 
ZX (2014). Structural insights into the negative regulation of 
BRI1 signaling by BRI1-interacting protein BKI1. Cell Res, 24: 
1328–1341

Wang M, Liu X, Wang R, Li W, Rodermel S, Yu F (2012). Overex-
pression of a putative Arabidopsis BAHD acyltransferase causes 
dwarfism that can be rescued by brassinosteroid. J Exp Bot, 63: 
5787–5801

Wang X, Chory J (2006). Brassinosteroids regulate dissociation of 
BKI1, a negative regulator of BRI1 signaling, from the plasma 
membrane. Science, 313: 1118–1122

Wang X, Kota U, He K, Blackburn K, Li J, Goshe MB, Huber SC, 
Clouse SD (2008). Sequential transphosphorylation of the BRI1/
BAK1 receptor kinase complex impacts early events in brassino-
steroid signaling. Dev Cell, 15: 220–235

Wang XF, Goshe MB, Soderblom EJ, Phinney BS, Kuchar JA, Li J, 
Asami T, Yoshida S, Huber SC, Clouse SD (2005). Identification 
and functional analysis of in vivo phosphorylation sites of the 
Arabidopsis BRASSINOSTEROID-INSENSITIVE1 receptor 
kinase. Plant Cell, 17: 1685–1703

Wang XL, Li XQ, Meisenhelder J, Hunter T, Yoshida S, Asami T, 
Chory J (2005). Autoregulation and homodimerization are in-
volved in the activation of the plant steroid receptor BRI1. Dev 
Cell, 8: 855–865

Wang Y, Sun S, Zhu W, Jia K, Yang H, Wang X (2013). Strigolactone/
MAX2-induced degradation of brassinosteroid transcriptional 
effector BES1 regulates shoot branching. Dev Cell, 27: 681–688

Wang ZY, Nakano T, Gendron J, He JX, Chen M, Vafeados D, Yang 



植物生理学报306

YL, Fujioka S, Yoshida S, Asami T, et al (2002). Nuclear-local-
ized BZR1 mediates brassinosteroid-induced growth and feed-
back suppression of brassinosteroid biosynthesis. Dev Cell, 2: 
505–513

Wang ZY, Seto H, Fujioka S, Yoshida S, Chory J (2001). BRI1 is a 
critical component of a plasma-membrane receptor for plant ste-
roids. Nature, 410: 380–383

Wu G, Wang X, Li X, Kamiya Y, Otegui MS, Chory J (2011). Methyl-
ation of a phosphatase specifies dephosphorylation and degrada-
tion of activated brassinosteroid receptors. Sci Signal, 4: ra29

Yamaguchi Y, Huffaker A, Bryan AC, Tax FE, Ryan CA (2010). 
PEPR2 is a second receptor for the Pep1 and Pep2 peptides and 
contributes to defense responses in Arabidopsis. Plant Cell, 22: 
508–522

Yamamuro C, Ihara Y, Wu X, Noguchi T, Fujioka S, Takatsuto S, 
Ashikari M, Kitano H, Matsuoka M (2000). Loss of function of 
a rice brassinosteroid insensitive1 homolog prevents internode 
elongation and bending of the lamina joint. Plant Cell, 12: 1591–
1605

Yan Z, Zhao J, Peng P, Chihara RK, Li JM (2009). BIN2 functions re-
dundantly with other Arabidopsis GSK3-Like kinases to regulate 
brassinosteroid signaling. Plant Physiol, 150: 710–721

Yang XH, Xu ZH, Xue HW (2005). Arabidopsis Membrane Steroid 
Binding Protein 1 is involved in inhibition of cell elongation. 
Plant Cell, 17: 116–131

Ye H, Li L, Guo H, Yin Y (2012). MYBL2 is a substrate of GSK3-like 
kinase BIN2 and acts as a corepressor of BES1 in brassinosteroid 
signaling pathway in Arabidopsis. Proc Natl Acad Sci USA, 109: 
20142–20147

Yin Y, Vafeados D, Tao Y, Yoshida S, Asami T, Chory J (2005). A new 
class of transcription factors mediates brassinosteroid-regulated 
gene expression in Arabidopsis. Cell, 120: 249–259

Yin Y, Wang Z-Y, Mora-Garcia S, Li JM, Yoshida S, Asami T, Chory 
J (2002). BES1 accumulates in the nucleus in response to brassi-
nosteroids to regulate gene expression and promote stem elonga-
tion. Cell, 109: 181–191

Yokota T, Arima M, Takahashi N (1982). Castasterone, a new phy-
tosterol with plant-hormone potency, from chestnut insect gall. 
Tetrahedron Lett, 23: 1275–1278

Yoshimitsu Y, Tanaka K, Fukuda W, Asami T, Yoshida S, Hayashi 

KI, Kamiya Y, Jikumaru Y, Shigeta T, Nakamura Y, et al (2011). 
Transcription of DWARF4 plays a crucial role in auxin-regulated 
root elongation in addition to brassinosteroid homeostasis in 
Arabidopsis thaliana. PLoS One, 6: e23851

Yu X, Li L, Li L, Guo M, Chory J, Yin Y (2008). Modulation of brass-
inosteroid-regulated gene expression by jumonji domain-con-
taining proteins ELF6 and REF6 in Arabidopsis. Proc Natl Acad 
Sci USA, 105: 7618–7623

Yu X, Li L, Zola J, Aluru M, Ye H, Foudree A, Guo H, Anderson S, 
Aluru S, Liu P, et al (2011). A brassinosteroid transcriptional 
network revealed by genome-wide identification of BESI target 
genes in Arabidopsis thaliana. Plant J, 65: 634–646

Yuan T, Fujioka S, Takatsuto S, Matsumoto S, Gou X, He K, Rus-
sell SD, Li J (2007). BEN1, a gene encoding a dihydroflavonol 
4-reductase (DFR)-like protein, regulates the levels of brassinos-
teroids in Arabidopsis thaliana. Plant J, 51: 220–233

Zhang D, Ye H, Guo H, Johnson A, Zhang M, Lin H, Yin Y (2013). 
Transcription factor HAT1 is phosphorylated by BIN2 kinase 
and mediates brassinosteroid repressed gene expression in Arabi-
dopsis. Plant J, 77: 59–70

Zhang Y, Li B, Xu Y, Li H, Li S, Zhang D, Mao Z, Guo S, Yang C, 
Weng Y, et al (2013). The cyclophilin CYP20-2 modulates the 
conformation of BRASSINAZOLE-RESISTANT1, which binds 
the promoter of FLOWERING LOCUS D to regulate flowering 
in Arabidopsis. Plant Cell, 25: 2504–2521

Zhao B, Li J (2012). Regulation of brassinosteroid biosynthesis and 
inactivation. J Integr Plant Biol, 54: 746–759

Zhao B, Lv M, Feng Z, Campbell T, Liscum E, Li J (2016). TWIST-
ED DWARF 1 associates with BRASSINOSTEROID-INSENSI-
TIVE 1 to regulate early events of the brassinosteroid signaling 
pathway. Mol Plant, 9: 582–592

Zhou A, Wang HC, Walker JC, Li J (2004). BRL1, a leucine-rich re-
peat receptor-like protein kinase, is functionally redundant with 
BRI1 in regulating Arabidopsis brassinosteroid signaling. Plant J, 
40: 399–409

Zhou AF, Li J (2005). Arabidopsis BRS1 is a secreted and active ser-
ine carboxypeptidase. J Biol Chem, 280: 35554–35561

Zhu W, Wang H, Fujioka S, Zhou T, Tian H, Tian W, Wang X (2013). 
Homeostasis of brassinosteroids regulated by DRL1, a putative 
acyltransferase in Arabidopsis. Mol Plant, 6: 546–558



孙超等: 油菜素甾醇类激素的生物合成、代谢及信号转导 307

Biosynthesis, catabolism, and signal transduction of brassinosteroids
SUN Chao, LI Jia*

Ministry of Education Key Laboratory of Cell Activities and Stress Adaptations, School of Life Sciences, Lanzhou University, Lan-
zhou 730000, China

Abstract: Brassinosteroids (BRs) are a class of steroidal phytohormones playing essential roles during normal 
plant growth and development. In Arabidopsis, an 8-step campestanol (CN)-independent pathway, starting from 
campesterol (CR) to the final and most active BR, brassinolide (BL), has been demonstrated as the predominant 
BR biosynthetic pathway. Reactions in this pathway are catalyzed by a series of enzymes including DWF4, 
CPD, DET2, ROT3/CYP90D1, PsDDWF1, and BR6ox1/2. Although dozens of BR catabolites have been iden-
tified, only a few enzymes corresponding to their formation have been discovered. These enzymes catalyze sev-
eral catabolic reactions including hydroxylation, glycosylation, sulfonylation, reduction, and acylation. BRs are 
mainly perceived by their receptor BRI1 and co-receptor BAK1. Direct interaction between BRs and the extra-
cellular domains of BRI1 and BAK1 triggers dissociation of a cytoplasmic inhibitory component BKI1 and as-
sociation of BRI1 kinase domain with BAK1 kinase domain. The activated BRI1-BAK1 complex can then 
phosphorylate downstream receptor-like cytoplasmic kinases, BSKs and CDGs. The activated BSKs and CDGs 
can inhibit kinase activity of a negative regulator BIN2 via a protein phosphatase, BSU1. Dephosphoylation of 
BIN2 can result in the accumulation of two unphosphorylated transcription factors BZR1 and BES1 in the nu-
clei, which can directly mediate the expression of numerous BR responsive genes.
Key words: brassinosteroids; brassinolide; biosynthesis; metabolism; signal transduction; receptor-like kinase
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