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中  文  摘  要

	本研究致力于探索 DNA 硫修饰的发生方式，解析这种 “前所未见” 的生理修饰的精细化学结构，也为后续 DNA 硫修饰的生物途径、生物学意义等研究提供方向性指导。本学位论文成功地揭示了细菌中 dnd 基因簇可以将硫原子整合到 DNA 的磷酸骨架上, 形成序列特异性、空间构象专一性的磷硫酰化修饰，揭示这种特异的生理修饰存在于不同的细菌中,并导致了电泳过程中的DNA降解表型。
    DNA降解表型 (DNA degradation，Dnd) 最初是从变铅青链霉菌中观察到的：电泳过程中，变铅青链霉菌的染色体不再是清晰的 DNA 条带，而是呈现降解状态。进一步研究发现，这是由于 DNA 上发生了一种异常的复制后修饰，导致 DNA 在电泳过程中容易遭受阳极产生的 Tris 过酸衍生物位点特异性攻击而产生双链切割反应。最近，研究者发现，这种异常修饰实际上是与 dnd 基因簇相关的 DNA 硫修饰。通过放射性 35S 喂养，在具有 dnd 同源基因簇/Dnd 表型的变铅青链霉菌 66，阿维链霉菌 NRRL8165 和荧光假单胞菌 Pf0-1 的 DNA上检测到放射性硫信号，揭示出除了碳、氢、氧、氮和磷，DNA 上还存在第六种元素——硫。
 本研究首先通过 35S 半胱氨酸喂养具有 dnd 同源基因簇/Dnd 表型的基因工程大肠杆菌，并分离到放射性硫标记的基因组 DNA。随后，把基因组 DNA 酶解、去磷酸化成单脱氧核糖核苷，并利用高压液相色谱分离，结合液体闪烁计数器对每分钟分离组分的放射性强度进行检测，从而对硫修饰 DNA 分子的保留时间进行了精确定位，由此展开了对这种 “前所未见”的硫修饰 DNA 化学结构的探索。

基于硫修饰 DNA 分子在高压液相色谱中的“位置”，继而采用高压液相色谱-质谱联用技术对其组分进行分析，发现了一组可能来自硫修饰 DNA 分子特征性质谱信号 597，446，348，152 和 136。其中，152 是特征性的带有一个正电荷的鸟嘌呤碱基 (G) 的核质比；136 则是特征性的带有一个正电荷的腺嘌呤碱基 (A) 的核质比。提示我们在经过核酸酶的酶切后，可能的硫修饰分子仍然同时包含腺嘌呤和鸟嘌呤。结合这组核质比信号以及该分子对核酸酶具有抗性的特征，提出 DNA分子的硫修饰可能发生在 DNA 骨架上，磷酸二酯键发生磷硫酰化成为硫代磷酸二酯键，并存在于脱氧鸟苷和脱氧腺苷之间，即 5'-d(GPSA)-3' 或者 5'-d(APSG)-3'，暗示 DNA硫修饰不像人们最初预料的那样发生在相对活跃的 DNA碱基上。

对基因工程大肠杆菌中硫修饰 DNA 分子和合成标准品进行了高压液相色谱-质谱联用、高精度质谱、紫外特征吸收色谱以及四级质谱断裂模式对比分析，最终揭示出 DNA硫修饰的化学本质，证实基因工程大肠杆菌中硫修饰 DNA 分子的确以硫代磷酸二酯键的方式、按 5'-3' 的方向序列特异性发生在脱氧鸟苷和脱氧腺苷之间——5'-d(GPSA)-3'。进一步利用对底物具有空间构象选择性的核酸酶对大肠杆菌中硫修饰 DNA 分子 5'-d(GPSA)-3' 进行水解；结合其在高压液相色谱中的保留时间提出 DNA 硫修饰不但具有序列选择性，还具有空间构象专一性，特异性地以 RP 构象存在。

在 Dnd 表型的发现菌变铅青链霉菌中，利用放射性硫标记、高压液相色谱-质谱、紫外特征吸收色谱以及高精度质谱分析，发现 DNA 硫修饰在不同菌属中具有不同的序列选择性。不同于大肠杆菌中的 5'-d(GPSA)-3' RP，链霉菌的 DNA 硫修饰同样以硫代磷酸二酯键形式、RP 空间构象存在，但序列特异性不同，发生在两个脱氧鸟苷之间——5'-d(GPSG)-3'。

    目前已经在 100 多种微生物中观察到 Dnd 表型，并在许多广泛分布的细菌中检测到 dnd 同源基因簇的存在。通过对来自截然不同栖息地的厌氧菌 Geobacter uraniumreducens Rf4、遍在远洋杆菌 Candidatus Pelagibacter ubique HTCC1002、荧光假单胞菌 Pseudomonas fluorescens Pf0-1、希瓦氏菌 Shewanella pealeana ATCC 700345、海洋细菌 Hahella chejuensis KCTC 2396，以及海洋杆菌 Oceanobacter sp. RED65 进行序列比对发现这些细菌的基因组中都具有 dnd 同源基因簇，包含 5 个或 4 个 dnd 同源基因。结合高压液相色谱-质谱联用分析，逐一鉴定出这些细菌都发生了 DNA 硫修饰，都以5'-d(GPSA)-3' RP 或者5'-d(GPSG)-3' RP 的方式在DNA骨架上发生磷硫酰化。说明 DNA 硫修饰不是偶然发生的生命现象，是广泛存在的具有序列选择性、空间构象专一性的新型修饰系统。
体外化学合成的硫代磷酸二酯键对很多核酸酶的酶解作用具有抗性，结合 DNA 硫修饰是一种复制后修饰、序列特异性、空间构象专一性的生理特性，提出硫修饰很可能是细菌的一种自我保护机制，通过对自身 DNA进行磷硫酰化修饰，保护 DNA 免受某些核酸酶的酶解；另外，细菌还可以利用硫修饰为标志对自身和外源 DNA 进行区分，针对性地分辨、清除入侵的 DNA 分子，维护自身的遗传稳定性。 dnd 系统是被多种细菌所采纳、代表着完全不同于DNA 甲基化的新型 DNA 修饰体系。
    本学位论文还揭示了DNA 磷硫酰化硫修饰导致了 Dnd 表型(电泳过程中的DNA降解)。磷硫酰化的DNA由于受到电泳液中氧化物质的攻击而导致DNA骨架在磷硫酰化修饰处发生断裂，进而导致降解现象。本学位论文完成了对变铅青链霉菌 dnd 基因簇中的 DndB、DndC 和 DndE 蛋白的超量表达和纯化，以及对 DndA 蛋白活性半胱氨酸的定点突变，为下游酶学功能的探索奠定了基础。

    综上所述， DNA 硫修饰的本质是DNA骨架上序列特异性、空间构象专一性的磷硫酰化修饰，DNA 硫修饰是一种不同于甲基化的新型的 DNA 修饰体系。DNA 硫修饰是迄今为止国际上唯一发现的发生在DNA骨架上的生理修饰。
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DNA sulfur modification-phosphorothioation of DNA backbone by bacterial dnd genes

Wang Lianrong 
ABSTRACT

	The DNA degradation (Dnd) phenotype was originally observed during electrophoresis of genomic DNA from Streptomyces lividans and was thought to involve a post-replicative DNA modification that reacted with a peracid derivative of Tris formed at the electrophoretic anode. This phenotype was more recently discovered to involve incorporation of sulfur into DNA of strains of S. lividans 66, S. avermitilis NRRL8165, and P. fluorescens Pf0-1 by 35S feeding experiment and to be governed by a five gene cluster, dndA-E in S. lividans. However, the precise chemical nature of DNA sulfur modification remained obscure although extensive effort had been made.

Here we set out to define the chemical structure of the DNA sulfur modification by first isolating 35S labeled nucleosides from Dnd phenotype bacterial strains E. coli B7A and E. coli DH10B(pJTU1238) cultured with 35S-cysteine. DNA isolated from these strains was hydrolyzed and dephosphorylated and the resulting nucleosides resolved by HPLC followed by scintillation counting to localize 35S-containing fractions. 

Having established chromatographic parameters for 35S-containing species, we next characterized the chemical properties of the molecules by LC-MS using the same HPLC conditions which revealed reproducible m/z values of 597, 446, 348, 152 and 136. These data suggested the presence of a G- and A-containing dideoxynucleotide structure for the m/z 597 molecular ion, with loss of guanine yielding the ion at m/z of 446.  The 16 mass unit increase over a canonical dG-dA dinucleotide, the expected masses for G and A released from the putative dinucleotide, and the nuclease resistance of the putative dinucleotide species suggested the presence of a sulfur atom in the sugar-phosphate backbone, most likely the phorphorothioate-containing species. The involvement of sulfur atom causes two stereoisomer of phosphorothioate bond, RP and SP.

To corroborate the phosphorothioate structure and to define its stereochemistry, we employed synthetic phosphorothioate-containing dideoxynucleotides 5'-d(GPSA)-3' and 5'-d(APSG)-3', each with the chiral RP or SP configuration of the phosphorous-sulfur bond. Of these model compounds, 5'-d(GPSA)-3' RP had an HPLC retention time, high-resolution mass spectral characteristics and LC/MS(4) pattern identical to material observed in B7A and DH10B(pJTU1238).   

When DH10B(pJTU1238) and B7A genomic DNA were hydrolyzed with only snake venom phosphodiesterase (specific to RP configuration) and alkaline phosphatase, we could not detect either the RP or SP isomers of 5'-d(GPSA)-3' by LC-MS. These results suggest that phosphorothioation of DNA by the Dnd modification system is at least stereo-selective for the RP configuration of the phosphorothioate. We thus conclude that the S-containing species from the B7A and DH10B(pJTU1238) DNA is a 5'-d(GPSA)-3' dideoxynucleoside with an RP phosphorothioate bond.  

While the present results do not allow us to conclude that the dnd-dependent phosphorothioation of G-A sequences in the E. coli strains occurs sequence specifically, an identical set of studies performed with Streptomyces lividans 1326, which displays the Dnd phenotype, revealed a 5'-d(GPSG)-3' RP species. No phosphorothioate form could be detected in a mutant (ZX1) deficient in the dnd gene cluster. 

    To verify that the phosphorothioate modification is indeed the basis for the Dnd phenotype, we performed an in vitro Tris-dependent DNA cleavage assay on the isolated native and synthetic

d(GPSA) (Rp) species and on the synthetic d(GA) dinucleotide as a negative control. Both native and synthetic d(GPSA) (Rp), but not d(GA), degraded as expected for the Dnd phenotype.

The widespread presence of the phenotype in more than 100 microbe isolates and of sets of dnd gene homologs in diverse microorganisms suggests that the phosphorothioation may represent a type of restriction modification system.  In addition to the structural and replicative compatibility of phosphorothioate-containing DNA molecules, the known resistance of phosphorothioate linkages in nucleic acids to a variety of nuclease activities, and the post-replicative and site-specific nature of the modification suggest that phosphorothioates inserted by the dnd modification system might play a protection mechanism for specific DNA against nucleases.  To our knowledge, unlike other DNA or RNA modification systems, DNA phosphorothioation by dnd modification system is the first physiological modification on the DNA backbone.
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