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摘要 

二氫嘧啶水解酶 (dihydropyrimidinase; DHPase) 在嘧啶代謝過

程中扮演最關鍵的速率決定步驟，其酵素活性是催化 5,6-dihydrouracil、

5,6-dihydrothymine 的開環水解。由於 DHPase 在工業上製造抗生素前

驅物常使用 hydantoin 作為受質，因此 DHPase 又常被稱為

hydantoinase。為了在工業應用以及學術上更了解其催化活性區，在

此科技部大專生研究計畫 ”二氫嘧啶水解酵素活性區的轉譯後羧化

修飾與雙金屬結合機制之研究(107-2813-C-040-031-B)” 的執行，我們

欲解出此酵素結構以及探討其活性中心，研究過程並伺機研究

DHPase 所屬的其他 cyclic amidohydrolase 家族酵素，如尿囊素水解酶

(allantoinase; ALLase)與二氫乳清酸水解酶 (dihydroorotase; DHOase)

以便比較。在之前的研究顯示綠膿桿菌的 DHPase (PaDHPase) 為一

雙套體，其活性區含有一個雙金屬中心以及在原核生物中極為罕見的

賴氨酸羧化  (lysine carboxylation)的轉譯後修飾  (post-translational 

modification)。為了探討結構上金屬與此賴氨酸的羧化 (COO-) 後修

飾關聯性，以及整體結構多聚體其他可能性，我們首先大量表現與純

化出天然雙金屬 PaDHPase，接著想辦法製備去金屬的 DHPase。藉由

純化出雙金屬的 DHPase 後，我們發現在特定螯合劑條件可分別抓出

蛋白質活性區內的單(β)金屬或兩個金屬(α+β)。之後我們透過篩選各
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種條件來晶體成長並得到蛋白質晶體、利用 X 光繞射結果與傅立葉

轉換解出分子結構，並藉由結晶結構了解各項分子層次如金屬結合位、

單金屬結合位與賴氨酸羧化成因的資訊。由於此類酵素家族其真核與

原核生物的酵素特性明顯不同，因此我們也用昆蟲細胞來嘗試生產人

類與斑馬魚的 DHPase, DHOase 與 ALLase。雖然在想像上，賴氨酸

羧化提供了兩個負電氧原子使得正電賴氨酸轉為新的負電荷胺基酸

用以結合兩個金屬，但結構的研究結果卻顯示賴氨酸羧化並不與全雙

金屬中心有關連，而是僅影響 β 金屬的結合。我們亦解出人類 DHOase

的此賴氨酸突變的結晶結構，亦發現仍有 α 金屬，顯示長期以來對於

此賴氨酸羧化在演化上是為了產生一個新的氨基酸以供雙金屬中心

的學說是有問題的。目前此計畫執行結果已獲 2 篇 SCI 科學期刊接

受刊登，本人皆為第一作者 [(1) Cheng JH (鄭人豪), Huang CC, Huang 

YH, Huang CY (2018) Structural basis for pH-dependent oligomerization 

of dihydropyrimidinase from Pseudomonas aeruginosa PAO1. Bioinorg. 

Chem. Appl., 2018, 9564391. (2) Cheng JH (鄭人豪), Huang YH, Lin JJ, 

Huang CY (2018) Crystal structures of monometallic 

dihydropyrimidinase and the human dihydroorotase domain K1556A 

mutant reveal no lysine carbamylation within the active site. Biochem. 

Biophys. Res. Commun., 505, 439-444.]。其他已經完成、仍待發表之

結果包括不同的突變株的結構、活性、金屬含量分析與質譜法偵測分
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子量有無後修飾之變化。此計畫的執行結果已明確的說明活性中心與

賴氨酸羧化後修飾是息息相關，且亦揭露此罕見的賴氨酸羧化並非全

然是為了雙金屬中心的自我聚集(assembly of the binuclear metal 

center)。下一階段的研究開啟將可能包括真核來源酵素的比較以及活

性區胺基酸的改變，以便在工業應用上利用這些催化機制與結構上的

知識來加大此酵素的活性，施以以結構為基礎的蛋白質工程。 
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第一章:緒論 

 

1.1 DHPase 功能與活性 

二氫嘧啶水解酶 (dihydropyrimidinase; DHPase) 廣泛存在於生

物中，其在嘧啶鹼基代謝三步驟(去氫、開環與降解)中負責第二步驟

幫助催化 5,6-dihydrouracil 與 5,6-dihydrothymine 的水解  [1]。此

DHPase 反應催化二氫嘧啶開環並產生溶解度高的產物 [2, 3]，為

DNA 鹼基生合成中扮演速率決定步驟的關鍵的酵素 [4]。另外，

DHPase 屬於 cyclic amidohydrolase 家族 [5]，其家族成員還包括尿囊

素水解酶  (allantoinase; ALLase) [6, 7] 、二氫乳清酸水解酶 

(dihydroorotase; DHOase) [6-10]、海因酶 (hydantoinase) [11, 12]、醯

亞胺酶 (imidase) [13-15]，其活性區內同時含有 2 個金屬鋅 ，並且活

性區重要的氨基酸均為四個 histidine、一個 aspartatate 和一個

post-carboxylated lysine [16]。DHPase 與二氫乳清酸水解酶以及尿囊素

水解酶，其催化的機制亦相當類似，主要是在活性區產生極化的水分

子對含氮鹼基的 cyclic imide bond 進行親核攻擊 [16]。由於 DHPase

在工業應用上被用來製造抗生素前驅物，使用 hydantoin 作為受質，

因此 DHPase 又常被稱為 hydantoinase [2, 3]。目前已經有數百種抗生

素製程專利運用 hydantoinase，同時並且希望獲得更多能在製程溫度
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高時能耐熱的 hydantoinase [17, 18]。 

雖然cyclic amidohydrolase家族其催化中心皆含有四個histidine，

一個 aspartatate，一個轉譯後 COO 修飾的 post-carboxylated lysine，

以及兩個金屬離子(通常為鋅)，然而這些酵素卻擁有絕對不同的受質

專一性，例如從 Agrobacterium species 純化出的 hydantoinase 沒有

5,6-dihydropyrimidine amidohydrolase 的活性 [19]；從 Saccharomyces 

kluyveri 和 Dictyostelium discoideum 純化出的 DHPase 也無法水解

hydantoin [20]。另外雖然所有的 DHPase 皆已知為四套體，但從

Pseudomonas putida YZ-26來源的 hydantoinase卻為二套體 [21, 22]。 

 

1.2 研究動機與背景 

DHPase 是一個雙金屬酵素，通常為四套體。在不同 pH 情況除

活性明顯有差異外 [23]，P. putida hydantoinase [21, 22] 可發現雙套體

構型。我們實驗室之前亦發現 P. aeruginosa DHPase (PaDHPase) [24] 

為二套體。由於在演化上 [25, 26]，許多蛋白質都不是單套體，必須

自我聚集成為多套體，不同機制的自我聚集而成的多套體通常與活性

與穩定性以及其他蛋白質-蛋白質交互作用有關 [25]，DHPase 為何可

以有不同種類的多套體以及不同套體與活性、耐熱性的關聯必須在結

構上加以釐清。也因此，在此計畫的執行過程中我們發現了雙套體與



8 
 

四套體的成因與不同 pH 有關，並解出了四套體的 PaDHPase 結構並

比較其與雙套體的作用網絡 [27]。 

DHPase 內含一罕見的賴氨酸羧化後修飾 [28, 29]，此修飾使用

帶有正電的賴氨酸轉為負電而形成嶄新的胺基酸 (novel amino acid) 

並因此可結合活性區中的雙金屬；而蛋白質的賴氨酸後修飾如最常見

的甲基化通常是由轉甲基酶所催化 [30]。雖然這個羧化後修飾在

DHPase 的活性區賴氨酸上目前已知並不是由別的酵素催化，但是是

如何自發性的自我形成，目前其機制仍然未知。若突變株如 K 突變

成 A 的話，加入羧基如甲酸、乙酸、丙酸等可稍微回復此突變株之

活性 [7, 11]。 

過去實驗中發現 DHPase若不經金屬結合與賴氨酸羧化後修飾並

無活性 [23]，因此我們透過純化綠膿桿菌的 DHPase (PaDHPase)，包

括製備單金屬與去金屬的各種 DHPases，希望得到各種結晶結構來了

解此酵素的活性區是如何自我組裝 (self-assembly)與自我活化

(self-activation)。同時，我們也嘗試將活性區中的幾個特定胺基酸分

別進行點突變，希望進一部探討在演化過程中活性區內的氨基酸和雙

金屬之間的關係是如何?是否有其他相類似的氨基酸能取代? 希望能

對於 PaDHPase 有更多的了解。也因此，在此計畫的執行過程中，我

們發現了賴氨酸羧化並不與全雙金屬中心有關連，而是僅影響 β 金屬
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的結合 [31]。 

由於此酵素是嘧啶鹼基代謝三步驟(去氫、開環與降解)中負責第

二步驟幫助催化 5,6-dihydrouracil與 5,6-dihydrothymine的水解的最關

鍵性的速率決定步驟，因此相關抑制劑亦可能用以研發新型抗菌劑與

抗癌劑，例如 5-FU 是利用此途徑所開發的臨床藥物之一 [32]。為有

機會研發新的抑制劑，達到抑制綠膿桿菌甚或其他超級細菌的嘧啶代

謝，進一步影響其生長，希望此研究亦能提供藥物設計，解決目前超

級細菌無藥可醫的一個新方向 [33, 34]。 
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第二章:材料與方法 

 

2.1 細菌蛋白質相關操作 

2.1.1 質體製備 

(1.) 將菌液離心 12000 rpm、1 min，倒掉上清液只留 pellet。 

(2.) 加 solution I (要冰) 200 µl pipetting (on ice 1 min)。 

(3.) 加 solution II 200 µl (輕輕 pipetting)，反應 1 min。 

(4.) 加 solution III 200 µl pipetting，反應 1 min。 

(5.) 離心 12000 rpm、10 min。 

(6.) 取上清(若吸到沉澱蛋白可取到新 eppendorf，稍微回至室溫在離

心一次)，加進 spin column，離心 12000 rpm、1 min。 

(7.) 加 wash buffer 700 µl，離心 12000 rpm、1 min (重複兩次)。 

(8.) 再次離心 12000 rpm、2 min。 

(9.) 將 spin column 放到新 eppendorf。 

(10.) 加 50 µl ddH2O，放 37°C 反應 2 min。 

(11.) 離心 12000 rpm、1 min。 

(12.) 放-20°C 保存。 

 

2.1.2 膠體電泳 
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(1.) 配置 1 % agarose 的 DNA 膠，並用 0.5 倍 TAE 來溶解。 

(2.) 利用微波爐加熱，勿沸騰使濃度不準，並且要時常搖晃確定混合 

均勻。 

(3.) 稍微冷卻後倒入製膠架內，不要有氣泡(若有氣泡可用 tip 輕戳   

排除)。 

(4.) Sample (DNA : dye = 2 μl : 1 μl 混合均勻)、marker 2 μl，依序加

入。 

(5.) 以 110V 跑 23 分鐘左右，並觀察之。 

(6.) 戴上手套將膠拿到 EtBr 盒，外染 15 min。 

(7.) 利用紫外光觀察顯影位置是否正確。 

 

2.1.3 Transformation 

(1.) 加入 10 μl勝任細胞(Ecos 21) + 10 μl DNA，並在冰上靜置 5 min。 

(2.) 放到 42°C 加熱 45 秒(離開冰上開始計時，時間到後馬上放回冰 

上 2 min)。 

(3.) 將玻璃棒過火 3 次，確認降溫後塗盤。 

(4.) 放 37°C 培養箱培養。 

 

2.1.4 蛋白質表現: 
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(1.) 將先前 transformation 塗盤培養的菌落，利用 tip 輕挑(盡量選分散

在不同區的單一菌落)分別排入 4 c.c.小管 LB 內培養到 OD 大於

1。 

(2.) 取 1 c.c.到新的小管 LB 培養。 

(3.) 剩下 3 c.c.取 200 μl 離心(12000 rpm、1min)，抽掉 180 μl 回溶，

之後以 98°C 煮 20 min(此為不加 IPTG 之 sample)。 

(4.) 之後將剩餘 LB 管加入 4 μl IPTG，以 37°C 培養 2 hr。 

(5.) 之後同樣取 200 μl 離心 (12000 rpm、1min)，抽掉 180 μl 回溶，

以 98°C 煮 20 min (此為加 IPTG 之 sample)。 

(6.) 之後跑 SDS-PAGE 觀察表現前後蛋白量是否有明顯變化。 

 

2.1.5 細菌放大培養 

(1.) 拿小管LB液加入 1 M ampicillin 4 μl 再加 15 μl 的菌 (LB管在

開和關都要過火) 放到培養箱以 37°C、200 rpm、4 hr培養。 

(2.) 裝500 c.c. ddH2O，加入12.5 g LB broth，然後瓶口蓋上鋁箔紙 (霧

面朝外)並貼滅菌膠帶。 

(3.) 放入滅菌釜 (須加水過底盤) 採用濕滅 15 min，等壓力降到和外

在環境一樣時再打開蓋子。 

(4.) 取出後放冷到室溫 (可用冰浴降溫)。 
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(5.) 先測量小管LB的O.D值 (要在1左右) ，不同的菌生長速度會不同，

有些可能會多於或少於4hr。 

(6.) 將大瓶加入1 M ampicillin 200 μl，再將小管加入大瓶 (一樣要過

火)。 

(7.) 放入培養箱約 7-8 hr 後 (測O.D值1-1.4) 加入1 M IPTG 125 μl，

再放回培養箱以 25°C 12 hr 培養。 

(8.) 取300 g到離心瓶 (含瓶子跟蓋子且要精確到小數點兩位)。 

(9.) 使用高速離心機離心 (20 mins, 12000 rpm, 4°C)，完成後倒掉上清

液。 

 

2.1.6 高速離心機操作 

(1.) 確認離心機使用之 rotor 型號、樣品容忍體積及最高轉速。 

(2.) 確認 rotor 內及離心機轉軸周圍是否有多餘水分，若有則需擦

乾。 

(3.) 樣本秤重需精確到小數點第二位，並且樣品不可至全滿，以免離

心管變形或溢出。 

(4.) 確認樣品平衡對稱放入、確認rotor是否有和轉軸卡榫緊密嵌合，

並且確認rotor上蓋是否有拴緊，檢查無誤後關上離心機蓋子。 

(5.) 設定 rotor 號碼、轉速、時間、溫度以及起降的速度後，開始離
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心。 

(6.) 結束後取出樣本，維持儀器門蓋打開保持離心機乾燥，關閉電

源。 

 

2.1.7 蛋白質純化 

(1.) 取 40 ml 的 5 mM imidazole 加入離心瓶回溶 pellet，回溶後再

倒回 tube。 

(2.) 拿冰桶裝冰，然後插入 tube 放至超音波震菌機震菌(震破細菌的

細胞壁，使它的蛋白質跑出來) 機器的設定為 (震菌5秒，休息5

秒，50個 cycle)震3-5次且勿超過 200w (不同的菌震的次數也不

同，可觀察菌液顏色由米黃轉為灰黑即可)，如果只有1管則震完

需放冰上等待10 mins (因震菌會產生熱，故我們要在冰上操作且

冷卻避免蛋白質變性)。 

(3.) 待震菌快完成前，先開啟離心機使其降溫至 4°C。 

(4.) 將震好的菌拿去離心 (20 mins、12000 rpm、4°C)。 

(5.) 離心結束後，將上清液倒至另一個乾淨 tube 並且插冰上。 

(6.) 在快震好菌時可先清洗His TrapTM HP column，將幫浦以上低下吸

的方向按ddH2O、NiSO4 ddH2O、5 mM imidazole的順序用5 ml/min

的速度清洗10 min。 



15 
 

(7.) 取20 μl滅過菌的ddH2O放入eppendorf並用tip輕點倒掉上清後的

pellet使其溶於裝有滅過菌ddH2O的eppendorf。 

(8.) 取離心過後的上清液過濾到 tube (事先取20 μl的上清液放入

eppendorf)。 

(9.) 將上清通完後的過濾液收集起來(一樣取 20 μl 放入eppendorf)。 

(10.) 接著依序用含有500 mM NaCl pH 7.4的不同濃度imidazole (5、

60、100、200、500 mM) 通入column，並收集洗出之蛋白溶液(5、

60 mM部分收取50 ml其餘收取30 ml)。 

(11.) 一樣將這5管分別取20 μl放入eppendorf 

(12.) 將上述 9 個 eppendorf (IPTG 前、後、上、過、5、60、100、

200、500 mM) 加入 10 μl 的 dye 並用 98°C 加熱 20 min，而沉澱

管的 eppendorf 則是加 10 μl 的 dye 並用 98°C 加熱 30 min。 

(13.) 依序用 EDTA、ddH2O、EtOH 以 5 的速度各 10 min 來清洗

column，洗完後要將 column 的蓋子鎖緊再放回冰箱。 

 

2.1.8 製作 SDS-PAGE 膠片與電泳 

(1.) 製作下膠: 依序加入 ddH2O、30% acrylamide、Tris-pH=8.8、SDS、

APS、TEMED 混合均勻後加到製膠片上，並用 70% 酒精補滿液

面將液面壓平。 
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(2.) 等出現明顯線條時，倒掉酒精開始做上膠。 

(3.) 製作下膠 (依據不同蛋白配置的下膠濃度也會不同，濃度高的網

狀較小適合小分子量): 本次實驗適用 15% 濃度較高的膠，依序

加入 ddH2O、30% acrylamide、Tris-pH=6.8、SDS、APS、TEMED

混合均勻後加到製膠片上並將尺梳插上。 

(4.) 將煮過的 sample 取 10 μl loading到格子內中一格加 2 μl 的 marker 

(順序是上、沉、過、5 mM imidazole、60 mM、100 mM、marker、

200 mM、500 mM)，內外加入 running buffer 後以 70V 120 min 跑

膠。 

(5.) 之後放入 coomassie blue中染30 min (依染劑的新舊時間會不太一

樣)。 

(6.) 接著放入退染液中退染大約 4 hr 或是放入水中退染 (時間較

久)。 

(7.) 當膠的背景變得略淡或透明且 band 能清楚看見時就能封膠。 

 

2.1.9 測 OD 值 

(1.) 觀察跑膠後結果發現100 mM imidazole和200 mM imidazole的

band質純且明顯單一。 

(2.) 取 800 μl 滅過菌的ddH2O + 200 μl Protein Assay Dye到cuvette搖
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晃均勻後blank 

(3.) 接著再加 2 μl 從100 和200 mM imidazole收集到的蛋白質液

體。 

(4.) 利用吸光值的不同來看蛋白質的濃淡。 

 

2.1.10 保存純化的蛋白質 

(1.) 將收集的目標蛋白加入 10%甘油，均勻混合後放入-80°C 的冰箱

保存。 

(2.) 以便之後能濃縮和降鹽 

 

2.1.11 蛋白質濃縮  

(1.) 使用Millipore Amicon ultra-10K 濃縮管來濃縮。 

(2.) 取出濃縮管後，以酒精和ddH2O小心清洗 (避免將過濾膜給弄

壞)。 

(3.) 加入10 ml ddH2O至濃縮管，以3000 rpm、4°C、10 min來離心，

觀察漏出水量是否正常以檢視膜的狀態。 

(4.) 清洗和檢測完畢後，加入10 ml蛋白質溶液，以3000 rpm、10°C、

15 min來離心，觀察蛋白質狀態是否有聚集沉澱，若有則調整溫

度再重複上述條件離心，直到找到蛋白質適合溫度才可增加離心

時間。 
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(5.) 使用完畢後以 ddH2O 和酒精清洗，最後保存在 20% 酒精中。 

 

2.1.12 蛋白質降鹽 

(1.) 為了後續的實驗需求我們會將濃縮後的蛋白質依序以含有400 

mM、300 mM、200 mM、100 mM鹽濃度的Tris或HEPES，來將

原蛋白液降鹽。 

(2.) 將濃縮後的蛋白質和降鹽buffer以1:4的比例緩慢加入，要特別留

意蛋白質在鹽濃度越低越容易聚集沉澱，同時溫度也會影響要特

別留意。 

(3.) 加入Millipore Amicon ultra-10K 濃縮管，同樣以3000 rpm、10°C、

15 min來離心，觀察蛋白質狀態是否有聚集沉澱，若有則調整溫

度再重複上述條件離心，直到找到蛋白質適合溫度才可增加離心

時間。 

(4.) 使用完畢後以 ddH2O 和酒精清洗，最後保存在 20% 酒精中。 

 

2.1.13 透析與螯合 

(1.) 螯合buffer成分為50 mM HEPES、15 mM 8-HQSA、1 mM EDTA、

pH 6.5。 

(2.) 將透析膜浸入buffer中並搓開，先在下方夾上夾子。 

(3.) 將蛋白加入，盡量不要有氣泡。 
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(4.) 在上方夾上夾子，並且和下面的方向不同，以增加接觸面積。 

(5.) 將去鹽column用10 mM NaPO4先清洗至少20ml。 

(6.) 將透析去過金屬的蛋白通入column(蛋白的量不能大於1.4ml)，並

在下方用eppendorf接，每管接10滴。 

(7.) 取5 ml 10 mM NaPO4通入，依照上述接法。 

(8.) 再取5 ml 10 mM NaPO4通入，大略將殘留物洗掉。 

(9.) 最後用25 ml 10 mM NaPO4將column洗乾淨。 

(10.) 測量OD值，最多收集到wash 2，若wash 3、4濃度也很高，可

以選擇再按照第一步驟重新再做一遍，確保裡面的鹽完全被去

除。 

 

2.1.14 晶體成長 

(1.) 依序在點晶盤中加入250 μl 晶體成長特定溶液，蓋上蓋子防止揮

發。 

(2.) 撕兩條點晶膠帶在點晶架上(要一次撕好不能有摺痕，且要平

整)。 

(3.) 依據實驗需求點1~4點，以晶體成長特定溶液:蛋白=1:1或其他比

例加入。 

(4.) 先點1 μl晶體成長特定溶液，再加1 μl的蛋白(速度要快不然晶體



20 
 

成長特定溶液可能會揮發掉，且不能有氣泡)。 

(5.) 最後黏到點晶盤上，並用試鏡紙將周圍緊密的壓緊。 

 

2.1.15 到國家同步輻射中心解蛋白質結構 

(1.) 在顯微鏡下挑選和晶體大小差不多的 loop。 

(2.) 將膠帶割下，並在顯微鏡下用loop小心的挑晶。 

(3.) 之後放到液態氮中固定，用預先在液態氮中冷卻的夾子夾住，並

連同液態氮一起拿到光束器前，才能將夾子拿出液面架到光束器

上。 

(4.) 最後一個出來的人按完警示鈕出來後，將門鎖上，再將鑰匙插入

另一個控制器，等預備鈴響完，即可開始進行X光繞射。 

(5.) 在電腦上設定好資料夾並打開程式。 

(6.) 設定旋轉的角度、距離、曝光時間等，並在電腦上預跑。 

(7.) 確認數值都在標準內即可開始跑。 

(8.) 一樣在其他台電腦設定好資料夾，並開啟程式。 

(9.) 和剛剛預跑過程差不多將收集到的資料利用軟體分析，最後經由

傅立葉轉換得到空間中的電子密度資訊。 

 

2.2 昆蟲細胞操作 
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    為了避免原核生物可能無法正確表達真核生物的酵素，我們亦需

要使用昆蟲細胞來表達與獲得人類與斑馬魚來源的酵素，以便解出結

構了解其分子相關資訊。 

 

2.2.1 昆蟲細胞培養 

(1.) 將細胞快速解凍並加入含 10% FBS 的 medium (稀釋原先解凍的

細胞液內的 DMSO)，種入 dish 或 flask 進行培養。 

(2.) 第 2 天將 medium 全部去除，更換新的 10% FBS 的 medium，以

完全去除細胞液內的 DMSO。 

(3.) 每 2-3 天更換新的 10% FBS 的 medium，更換時保留些許大約 1-2 

ml 原本舊的 10% FBS medium，剩餘部分才加入新的 10% FBS 

medium。 

(4.) 若細胞數量過多可將細胞擴增培養到新的培養盤。 

 

2.2.2 Transfection 

(1.) Plasmid 濃度要在(0.1~2.0 µg/µl)。 

(2.) 細胞在 well 內生長大約 70~90% 滿。 

(3.) 將 plasmid 和 medium 混合，使整體濃度為(0.01µg/µl)。 

(4.) 加入 Transfection reagent (和 DNA 的比例可為 1:1, 2:1, 3:1, 或
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4:1)，pipetting 後，在室溫反應 30 分鐘。 

(5.) 將反應好的 sample 加到 well 內(不需要將 growth medium 移除)，

輕輕搖晃 30 秒。 

(6.) 之後在 18-72 小時進行觀察。 
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第三章:實驗結果與討論 

 

3.1 雙金屬的PaDHPase純化與製備 

PaDHPase是一個活性區含有雙金屬的酵素。本實驗室前人構築的

pET21b-PaDHPase質體，藉由轉質大腸桿菌來表達此基因產物，並且

加入IPTG來大量表現目標蛋白，之後順利藉由親和性管柱層析方式，

使用Ni-NTA column來純化，並且以不同濃度的imidazole來洗出，最

後得到純的酵素(圖一)。 

         

 

 

蛋白質表現與純化。 (A)實驗室構築的PaDHPase質體。 (B)利用

Ni-NTA column純化的實際圖示。藉由Ni-NTA column內的固相擔體

(B) (A) 

(C) 
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結合，接著通入蛋白質液，由於目標蛋白事先加上6個His，因而會

和Ni結合，間接使目標蛋白binding在column上，接著利用不同濃度

的imidazole 和蛋白質競爭Ni的結合，使目標蛋白能在最後洗出。(C)

蛋白質純化後的膠圖。我們利用不同濃度的imidazole將binding在

Ni-NTA column內的蛋白給洗出，圖中可見在內含200 mM imidazole

溶液純化出目標蛋白PaDHPase (最右lane)。 

 

3.2  雙金屬PaDHPase晶體的獲得與解出結構 

經過數千種篩選，我們順利找到雙金屬 PaDHPase 結晶條件，並且

藉由經由優化蛋白質晶體條件(圖二)，得到更加立體且大顆的晶體。

利用 X 光繞射並已解出解析度為 2.17 Å 的結晶結構(圖二)。 

 

圖二：結晶結構。我們已解出 PaDHPase 的結晶結構，解析度為 2.17 
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Å。PaDHPase 與其他的 cyclic amidohydrolase 的活性區均含有四個

histidine，一個 aspartatate，一個轉譯後 COO 修飾的 post-carboxylated 

lysine，以及兩個金屬離子。 

雙金屬 PaDHPase 的晶體成長條件篩選與優化 
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雙金屬 PaDHPase 晶體的篩選與優化。藉由不斷嘗試，微調原本長晶

的條件，例如 PEG 濃度、pH 值、鹽類濃度等，或是調高原本的蛋白

質濃度，也可以嘗試改變蛋白質和長晶條件溶液比例，從 1:1 改成 2:1

或更高，以利找尋晶體更適合的成長條件，而獲得晶型更大、更完整

的晶體，有利後續收集 x 光繞射訊號解出結構時，有機會獲得解析度

更高的數據。 

 

3.3 PaDHPase 對於 pH 值依賴性的寡聚合現象 

在篩選晶體條件並成功得到晶體的同時，我們發現和過去得到的

晶體在相異極大的條件均有形成晶體，並且晶型也不相同，因此近一

步藉由晶體結構以及膠體過濾色譜分析比較，發現在不同 pH 值分別

形成不同聚體，推測此酵素可能因為不同的酸鹼環境改變化學鍵結，

形成不同寡聚合現象。 
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PaDHPase 在不同 pH 值的寡聚合現象。此次結構顯示為四套體而非

原已知的雙套體，經過條件回推發現在晶體成長時的 pH 有所不同。

pH 5.9 時，會形成四聚體；在 pH 為中性時，則形成二聚體。同時將

純化好的 PaDHPase 蛋白質液體，利用膠體過濾法再次驗證，通過

buffer C (20 mM MES 和 100 mM NaCl，pH 5.9)，得到相對應分子量

的訊號。正常單體的 PaDHPase 分子量為 53 kDa，而偵測到的兩個訊

號分別為 105、180 kDa，恰巧約為單體的 2 倍和 4 倍。校正標準使

用已知分子量的蛋白質：甲狀腺球蛋白（670 kDa）的，γ 球蛋白（158 

kDa）的，卵清蛋白（44 kDa），肌紅蛋白（17 kDa），和維生素 B 12

（1.35 kDa）。 
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3.4 單金屬PaDHPase的製備 

 PaDHPase是一個雙金屬的酵素。為了更加了解雙金屬中心對於

DHPase的活性以及post-carboxylated lysine作用的重要性，我們嘗試藉

由外在方式得到去金屬的PaDHPase。首先純化出雙金屬的PaDHPase，

接著藉由自行配製的螯合劑溶液進行透析 (1 mM EDTA, 15 mM 

8-HQSA, 50 mM MES, pH 6.5 )。由於剛開始尚未確定透析時間，因此

嘗試了幾種不同的時間，並且因為不確定透析過程中蛋白質是否會因

為濃度過高而大量沉澱，所以也嘗試了不同濃度進行透析。透析之後

會透過管柱層析去鹽後再進行濃縮。 

我們將這些經不同透析狀況的蛋白質液利用質譜儀 (ICP-MS)分

析，比較原先雙金屬 PaDHPase 和經過透析的差異。ICP-MS 顯示平

均來說其中一顆金屬成功被去除，而測試酵素活性時發現，去除一顆

金屬後的PaDHPase完全喪失活性。此時並不知道哪顆金屬被去除。 
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找尋與製備單金屬 PaDHPase。我們在嘗試不同的螯合劑條件，包括

螯合劑種類、濃度與 pH 值後，我們發現在 1 mM EDTA, 15 mM 

8-HQSA, 50 mM MES, pH 6.5 情況下透析雙金屬 PaDHPase 經 3 天可

得到單金屬 PaDHPase; 單獨使用 EDTA 並無法螯合出 PaDHPase 的

內含金屬。左圖:我們利用透析來浸置螯合劑於雙金屬 PaDHPase；中

圖: 利用分子篩管柱層析去掉螯合劑(以及螯合出的金屬鹽溶液); 右

圖:分管蒐集，此螯合劑配方為黃色，根據實驗結果我們僅蒐集前 1 mL

蛋白質溶液作為後續實驗所用(後來的結構證明這部分 PaDHPase 僅

含一個金屬)。 

 

3.5 單金屬PaDHPase結晶之獲得與結構之解出 

 為了更加確定究竟是活性區內的哪顆金屬被去除以及去除後如

何影響酵素活性，因此我們欲藉由得到單金屬的 PaDHPase 晶體並解

出結構，從結構方面來進一部探討。剛開始尚未確定透析時間，所以

嘗試了幾種不同的時間，並且不確定透析過程中蛋白質是否會因為濃

過高而大量沉澱，所以也嘗試了不同濃度進行透析，透過管柱層析後

再進行濃縮。解出結構後，單金屬 PaDHPase 結晶結構解析度為 2.23 

Å (表一)，發現僅剩一顆金屬(命名為 Znα) (圖 A)。同時發現和 Znα

作用的氨基酸包含: His59 (2.67 Å), His61 (2.72 Å), and D316 (2.29 Å)。
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另外，更驚人的發現是當去除 Znß 我們發現原本 post-carboxylated 

lysine 轉變成正常帶正電的 lysine。因此結構的研究顯示此

post-carboxylation並不是為了雙金屬中心而出現，即便此後修飾消失，

仍有一金屬 Znα 不需羧化的氧原子來穩定。 

我們將單金屬的 PaDHPase 和 TnDHPase 結構進行比較，發現單

金屬的 TnDHPase (圖 B) 仍然具有 post-carboxylated lysine 的結構以

及酵素活性，因此推測 post-carboxylated lysine 對於酵素活性有很大

的影響，同時在 Znß 在 PaDHPase 的有無，也會間接影響

post-carboxylated lysine，所以 PaDHPase 後修飾的作用應該是由第二

金屬 Znß 進入活性區來啟動。 

 

單金屬 PaDHPase 結晶 

PaDHPase 去金屬 3 次 

 

PaDHPase 去金屬 3 次 
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PaDHPase 去金屬 3 次 

 

PaDHPase 去金屬 3 次 

 

 

晶體名稱 長晶條件 

PaDHPase 去金屬 3 次 30% PEG400, 100 mM MES, pH 6.5, 100 mM 
Magnesium Chloride 

PaDHPase 去金屬 3 次 28% PEG550 MME, 100 mM MES, pH 6.5, 10 
mM Zine Sulfate 

PaDHPase 去金屬 3 次 25% PEG4000, 100 mM Tris-HCl, pH 8.5, 200 
mM Calcium Chloride 

PaDHPase 去金屬 3 次 30% PEG4000, 100 mM Tris-HCl, pH 8.5, 100 
mM, Magnesium Chloride 

PaDHPase 去金屬 3 次 

 

PaDHPase 去金屬 3 次 
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PaDHPase 去金屬 3 次 

 

 

 

單金屬 PaDHPase 晶體。藉由調高原本的蛋白質濃度，以及嘗試改變

蛋白質和晶體成長溶液比例，從 1:1 改成 2:1，重新篩選長晶條件，

成功將原本上圖細小如海膽尖刺或是薄片無厚度的晶體，經篩選重新

找到新條件，獲得大顆且具有厚度的晶體。 

繞射統計表 

晶體名稱 長晶條件 

PaDHPase 

去金屬 3 次 

22% PEG4000，

200 mM 

Ammonium 

Sulfate，100 mM 

Sodium Acetate 

PaDHPase 

去金屬 3 次 

20% PEG4000，

100 mM Tris 

pH8.5，200 mM 

Calcium Acetate 

PaDHPase 

去金屬 3 次 

20% PEG4000，

100 mM Tris 

pH8.5，200 mM 

Calcium Acetate 
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PaDHPase 單金屬(透析 3 次) 

  

 

 

利用 loop 挑取右圖 PaDHPase 單金屬 (透析 3 次) 在該條件內晶型最

立體且大顆的晶體，該晶體是在長晶條件為 (20% PEG 4000，100 mM 

Tris pH 8.5，200 mM Calcium Acetate) 的環境下形成之結晶，利用 x

光繞射進行繞射實驗收集繞射數據，在接收器距離 250 單位，光源釋

放 5 秒，角度從 50 收到 170 度的情況下進行實驗 (Distnce: 250，Time: 

5 s，Phi: 50~170)，最後得到析度為 2.23 Å。 
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活性區的結構。(A) 單金屬 PaDHPase：Lysine 並無後修飾的現象，

同時從結構上可以發現正常帶正電的 lysine 和金屬 Znα 距離過遠

(4.4Å) 而無作用力，表示 Znα 的穩固和 lysine 無關。(B)單金屬

TnDHPase ：活性區內僅有一個金屬 Znα ，不過其仍然具有

post-carboxylated lysine。(c) 雙金屬 PaDHPase：活性區內具有兩個金

屬鋅離子(Znα 和 Znß)，並且具有後修飾的 post-carboxylated lysine。

綜合圖 ABC，lysine 在單金屬 TnDHPase 和雙金屬 PaDHPase 均具有

post-carboxylation，但在單金屬 PaDHPase 卻沒有，而是原本正常帶
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正電的 lysine。因此，可說明單金屬 PaDHPase 為何沒有活性而單金

屬 TnDHPase 有活性，因為單金屬 PaDHPase 失去了後修飾的羧基。

更多值得研究的問題包括為何相似的酵素何來不同的修飾機制? 以

及親核攻擊官能基 Asp316 並未遠離活性區為何單金屬 PaDHPase 完

全失去活性? 這些由此計畫執行後所帶出的新問題仍待下一階段的

驗證。 

 

3.6 藉由質譜分析單金屬PaDHPase 

 為了驗證單金屬和雙金屬PaDHPase的結構差異是否為真，我們亦

使用了MALDI-TOF質譜儀的分析來比較。藉由將獲得晶體的單金屬

和雙金屬PaDHPase並解出結構的同管蛋白質液利用MALDI-TOF 質

譜儀分析其分子量並進行比較。理論上基因產物分子量會完全相同，

除非有其他因素，如後修飾或剪切等。我們的結果顯示單金屬和雙金

屬的 PaDHPase 分子量分別為 52952.87 和 52997.34，相差為44.47，

恰巧為 COO 修飾的分子量差，剛好呼應結構上發現的，當僅有Znα

時則無post-carboxylation。 
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雙金屬 PaDHPase 與單金屬 PaDHPase 的質譜儀分析。我們利用付費

方式送件分析這兩種 PaDHPase，發現分子量相差約 44 Da 

(52997-52953 = 44)，恰好就是 COO 修飾的分子量差。此結果與結晶

結構相互呼應後修飾是由第二金屬進入活性區來啟動此化學後修飾。



41 
 

意即沒有 Znß 就沒有後修飾。目前我們推論其化學反應應該是由帶正

電的金屬極化 CO2的負電促使新共價鍵的形成，並接著參與雙金屬活

性中心的自我組裝。 

 

3.7 單金屬與雙金屬PaDHPase結構比較 

 進一步將單金屬與雙金屬  PaDHPase 活性區進行重疊，發現 

His239 和  His183 角度上有些許旋轉，單金屬 (cyan)的His239和

His183角度上相較於雙金屬(yellow)分別移動 20.09º 和 12.95º，距離

上則移動 1.14 和 0.58 Å。另外從結構上可觀察到羧化的Lys150在雙

金屬以及未羧化的Lys150在單金屬其位置並無明顯不同。 
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單金屬與雙金屬PaDHPase活性區結構比較。將單金屬與雙金屬

PaDHPase活性區進行重疊，可以發現單金屬(cyan)的His239和His183

角度上相較於雙金屬(yellow)分別移動20.09º和12.95º，距離上移動

1.14和0.58 Å，顯示第二個金屬鋅進入活性區才能使活性區穩固。 

 

3.8 huDHOase K1556A之結構 (human DHOase K1556A) 

  除了DHPase之外，cyclic amidohydrolase家族的其他成員活性區

內是否也需要雙金屬才能穩固活性區，因此我們嘗試利用相同方法藉

由將雙金屬huDHOase透析並希望得到晶體，不過此方法並未成功，

經篩選無法獲得有效晶體。接著我們嘗試將  huDHOase 進行 

K1556A 之突變並經過多次篩選後順利順利得到晶體，並且這個點突

變的 huDHOase 亦解出結構。huDHOase K1556A結構的解析度為

2.77 Å (PDB entry 5YNZ)。從結構上看到 huDHOase K1556A 的突變

活性區內仍然保有一個金屬Znα，與單金屬PaDHPase相同。因此過去

認為post-carboxylated lysine能穩固活性區的雙金屬可能不完全正確，

同時從結構上也能發現在活性區內的雙金屬，Znß 相較於Znα 比較

不穩定而容易跑出，這點和單金屬PaDHPase極為相似，即 Znß 和

post-carboxylated lysine之間的影響有很大的關聯。 
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huDHOase K1556A之結構。當將post-carboxylated lysine進行突變後

發現 Znα 仍然在活性區內，而 Znß 則消失，因此過去認為

post-carboxylated lysine能穩固活性區的雙金屬可能不完全正確。即便

沒有此後修飾，Znα仍可存在。另外，和單金屬 PaDHPase 相似，若

無 Znß 則無 post-carboxylated lysine，因此Znß和post-carboxylated 

lysine之間的影響有很大的關聯。此結果亦顯示post-carboxylation可透

過 Znß 調控，並且是一個可逆反應，端取決於Znß的存在與否。 

 

3.9 其他複合結晶結構與點突變結構 

 目前已知 PaDHPase 活性區內的金屬 Znß 在活性區內扮演比較

重要的角色，在單金屬PaDHPase結構中可發現，若無Znß則無

post-carboxylated lysine，因此目前我們正在嘗試幾種抑制劑，例如某

臨床藥物以及自行篩選具抑制活性的化合物，期望能得到共結晶的結
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構(圖a)，並透過分子結構了解抑制機制以利進行藥物設計及優化。 

 同時，在上述發現雙金屬中心的穩固並非直接和post-carboxylated 

lysine相關，再加上cyclic amidohydrolase家族活性區內的氨基酸又都

相同，也激起我們想更加了解活性區內胺基酸和雙金屬之間的關聯及

影響，藉由點突變的結晶結構觀察活性區及雙金屬的變化，同時測量

活性，以利更加了解影響此酵素活性的原因。 
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(圖a) 

DHPase+抑制劑1 

 

DHPase+抑制劑2 

 

DHPase+抑制劑3 

 

DHPase+抑制劑4 

 

 

晶體名稱 長晶條件 

DHPase+抑制劑1 10% PEG 8000，100 mM HEPES pH7.5，200 mM Calcium Acetate 

DHPase+抑制劑2 10% PEG 8000，100 mM HEPES pH7.5，200 mM Calcium Acetate 

DHPase+抑制劑3 17%PEG20000，100mM Tris pH8.5，100mM Magnesium Chloride 

DHPase+抑制劑4 17%PEG8000，100mM Tris pH8.5，100mM Magnesium Chloride 
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DHPase+抑制劑4 

 

DHPase+抑制劑4 

 

DHPase+抑制劑5 

 

 

 

晶體名稱 長晶條件 

DHPase+抑制劑4 18% PEG8000，100mM HEPES pH7.5，200mM Calcium Acetate 

DHPase+抑制劑4 1.5mM Ammonium Sulfate，15% Glycerol，100mM Tris pH8.5 

DHPase+抑制劑5 25% PEG4000，100mM Tris pH8.5，200mM Calcium Chloride 
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(圖b) 

DHPase 突變株1 

 

DHPase 突變株1 (優化) 

 

DHPase 突變株1 (優化) 

 

DHPase 突變株1 (優化) 

 

 

晶體名稱 長晶條件 

DHPase 突變株1 18% PEG8000，100mM HEPES pH7.5，200mM Calcium 
Acetate 

DHPase 突變株1(優化) 20% PEG8000，100mM HEPES pH7.5，200mM Calcium 
Acetate 

DHPase 突變株1(優化) 16% PEG8000，100mM HEPES pH7，200mM Calcium Acetate 

DHPase 突變株1(優化) 20% PEG8000，100mM HEPES pH7.5，200mM Calcium 
Acetate 
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(圖b) 

DHPase 突變株2 

 

DHPase 突變株2 (優化) 

 

DHPase 突變株2 (優化) 

 

DHPase 突變株2 (優化) 

 

 

晶體名稱 長晶條件 

DHPase 突變株2 18% PEG8000，100mM HEPES pH7.5，200mM Calcium 

Acetate 

DHPase 突變株2(優化) 16% PEG8000，100mM HEPES pH7，200mM Calcium Acetate 

DHPase 突變株2(優化) 18% PEG8000，100mM HEPES pH7，200mM Calcium Acetate 

DHPase 突變株2(優化) 18% PEG8000，100mM HEPES pH7，200mM Calcium Acetat 
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DHPase 突變株1 

 

DHPase 突變株2(優化) 

 

利用loop挑取DHPase 突變株1，在該

條件內晶型最立體且大顆的晶體，該

晶體是在長晶條件為 (20% PEG 

8000，100 mM HEPES, pH7.5，200 mM 

Calcium Acetate)的環境下形成之結

晶，利用x光繞射進行繞射實驗收集繞

射數據，在接收器距離170單位，光源

釋放0.1秒，角度從92收到170度，且每

0.2度收一張圖。 

利用loop挑取DHPase 突變株2 (優

化)，在該條件內晶型最立體且大顆

的晶體，該晶體是在長晶條件為 

(16% PEG 8000，100 mM HEPES, 

pH7，200 mM Calcium Acetate)的環

境下形成之結晶，利用x光繞射進行

繞射實驗收集繞射數據，在接收器距

離200單位，光源釋放2秒，角度從95

收到205度，且每0.5度收一張圖。 
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(圖c) 

 

其他複合結構與點突變結構亦正在解析。(a) PaDHPase 與抑制劑共結

晶。嘗試了幾種抑制劑的共結晶，目前正在解析中。(b) PaDHPase 點

突變之晶體。嘗試了活性區內幾個胺基酸的突變，目前結構亦正在解

析。(c)實際操作之圖片。上圖: 使用電腦軟體來解析複合晶體; 中圖: 

利用顯微鏡觀察晶體與使用同步輻射光來收集繞射數據; 下圖: 使用

晶體環撈晶體上光束線分析繞射強度。 
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3.10 其他家族成員結晶結構 

  Cyclic amidohydrolase 家族的其他成員活性區如 ALLase 與

DHOase 和 PaDHPase 幾乎一樣，但這些酵素活性區的後修飾機制是

否和 PaDHPase 相同，即當僅有一個金屬鋅在活性區則無法形成

post-carboxylated lysine 仍未知。單金屬酵素具有活性與否，包括必須

要第二個金屬 Znß 進入活性區才能穩固活性區，這部分的資訊亦仍然

未知。 

  因此，我們透過螯合劑溶液 (1 mM EDTA, 15 mM 8-HQSA, 50 

mM MES, pH 6.5 ) 透析，希望藉由執行此 PaDHPase 計畫的成功來進

行下一階段 ALLase 與 DHOase 的新結果，所以我們嘗試將傷寒沙門

氏菌 (Salmonella enterica serovar Typhimurium; Sty)的 ALLase (圖 a)

和 huDHOase 進行去金屬程序，冀能利用結晶結構獲得後修飾資訊與

金屬中心相關資訊(圖 b)。 

  目前雖然有得到看起來疑似像蛋白質晶體的晶體，也試著利用 x

光繞射進行分析，不過得到的結果不是繞射點解析度太差，就是完全

沒有繞射點，又或者是該晶體其實是鹽，因此現在仍然在嘗試重新優

化實驗條件或是可能需要改用其他實驗方法。 

  所以目前有嘗試將 huDHOase 活性區的 post-carboxylated lysine

進行某些突變並獲得晶體結構，探討 Znß 和 post-carboxylated lysine



52 
 

以及其他金屬結合胺基酸如 His 與 Asp 突變的關聯性。 

 StyALLase 去金屬酵素製備方式目前利用和 PaDHPase 相同的方

式進行去金屬並長成晶體，不過收集的繞射圖訊號卻不如預期，嘗試

了三個不同條件的不同晶體但得到的繞射圖卻是空的完全沒有點，因

此目前可能會找尋其他實驗方法。然而，部分晶體卻在長時間的成長

下，出現令人驚喜的繞射結果。此部分並非我們原在此計畫的研究目

標，我們將在下階段繼續完成此結果。 

 另外，除了人類 huDHOase 外(我們僅得到 huDHOase K1556A 突

變株結構，單金屬 huDHOase 無法獲得有效晶體)，我們亦嘗試不同

來源的 DHOase，如從綠點魚(HsDHOase)以及酵母菌來源(ScDHOase)

來下手。HsDHOase 已完成去金屬製備，目前已進入晶體成長階段。

從得到的晶體中選了三個看起來比較立體且大小可以用 loop 挑起的

晶體進行繞射實驗。嘗試了三個不同條件的不同晶體目前得到的繞射

圖中一個是空的，暗示堆疊不一致; 而另外兩個解析度不好，但暗示

有機會優化晶體成長條件，因此正在將此有繞射點但解析度不佳的條

件進行優化，微調長晶條件或是提高蛋白質濃度，希望能得到比較良

好的晶體繞射圖；另一部份則往點突變方向探討，嘗試利用點突變晶

體結構來探討影響酵素活性的可能原因。ScDHOase 的部分同樣使用

相同手法去金屬以及點晶，不過目前均無得到任何 ScDHOase 的晶體，
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未來可能會提高蛋白質濃度再重新嘗試將蛋白質拿來點晶，希望藉由

提高蛋白質濃度，達到晶體形成。 

 

ScDHOase去金屬(透析 3次) 
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HsDHOase去金屬(透析 3次) 

 

 

StyALLase去金屬(透析 3次) 

Cyclic amidohydrolase 家族其他酵素成員透析螯合金屬程序。利用分

子篩管柱層析去掉螯合劑(以及螯合出的金屬鹽溶液)並且採用分管

蒐集。此螯合劑配方為黃色，根據實驗結果我們僅蒐集前幾管紅色標

示之濃度的蛋白質溶液作為後續實驗所用，避免溶液內含有金屬螯合

的複合物。 

Inject 
3

Wash
1

Wash
2

Wash 
3

Wash 
4

Wash 
5

Wash 
6

Wash 
7

Wash 
9

X 0.13 0.48 0.44 0.12 0.05 0.01  表示出
現顏色

Inject
3

Wash 
1

Wash 
2

Wash
3

Wash 
4

Wash 
5

Wash 
6

Wash7 Wash 
10

X X 0.18 0.5 0.07 0.04 0.04 

Inject 
3

Wash
1

Wash
2

Wash 
3

Wash 
4

Wash 
5

Wash 
6

Wash 
7

Wash 
10

0.01 0.16 0.56 0.62 0.21 0.07 0.03  表示
出現顏
色

Inject
3

Wash 
1

Wash 
2

Wash
3

Wash 
4

Wash 
5

Wash 
6

Wash
7

Wash 
9

X 0.12 0.53 0.38 0.21 0.06 0.02 
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StyALLase 去金屬(透析 3 次) StyALLase 去金屬(透析 4 次) 

StyALLase 去金屬(透析 3 次) StyALLase 去金屬(透析 4 次) 

StyALLase 去金屬(透析 4 次) 

 

 
晶體名稱 成長條件 

StyALL 去金屬

(透析 3 次) 

35%  PEG4000 

StyALL 去金屬

(透析 4 次) 

35%  PEG4000 

StyALL 去金屬

(透析 3 次) 

10%PEG8000，100mM HEPES，pH7.5，

200mM Calcium Acetate 

StyALL 去金屬

(透析 4 次) 

10%PEG8000，100mM HEPES，pH7.5，

200mM Calcium Acetate 

StyALL 去金屬

(透析 3 次) 

10%PEG8000，100mM MES，pH6.5，

200mM Zinc Acetate 
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StyALLase 去金屬(透析 3 次) 

  

*進一步將上圖繞射點圖中心低解析度區放

大，明顯看到連低解析度區域也沒有任何繞射

點，整個晶體內部是空的。 

 

利用 loop 挑取右圖 StyALLase 去金屬(透析 3 次)在該條件內晶型最立

體且大顆的晶體，該晶體是在長晶條件為(10% PEG 8000，100 mM 

HEPES，pH7.5，200 mM Calcium Acetate)的環境下形成之結晶，利

用 x 光繞射進行繞射實驗收集繞射數據，在接收器距離 500，光源釋

放 60 秒，角度 45 度的情況向進行實驗(Distnce: 500，Time: 60 s，Phi: 

45)，偵測結果如左圖發現晶體繞射結果是空的，無繞射點。 
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StyALLase 去金屬(透析 4 次) 

 

  

 

 

利用 loop 挑取右圖 StyALLase 去金屬(透析 4 次)在該條件內晶型最立

體且大顆的晶體，該晶體是在長晶條件為(10% PEG 8000，100 mM 

HEPES，pH7.5，200 mM Calcium Acetate)的環境下形成之結晶，利

用 x 光繞射進行繞射實驗收集繞射數據，在接收器距離 500，光源釋

放 60 秒，角度 225 度的情況向進行實驗(Distnce: 500，Time: 60s，Phi: 

225)，偵測結果如左圖發現晶體繞射結果是空的，無繞射點。 
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StyALLase 去金屬(透析 4 次) 

 

  

 

 

利用 loop 挑取右圖 StyALLase 去金屬(透析 4 次)在該條件內晶型最立

體且大顆的晶體，該晶體是在長晶條件為(10% PEG 8000，100 mM 

HEPES，pH7.5，200 mM Calcium Acetate)的環境下形成之結晶，利

用 x 光繞射進行繞射實驗收集繞射數據，在接收器距離 500，光源釋

放 60 秒，角度 225 度的情況向進行實驗(Distnce: 500，Time: 60s，Phi: 

225)，偵測結果如左圖發現晶體繞射結果是空的，無繞射點。 
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晶體名稱 成長條件 

HsDHOase 去金屬(透析 3 次) 15% PEG8000，50 mM Ammonium Sulfate，100 

mM Sodium Citrate 
HsDHOase 去金屬(透析 4 次) 15% PEG8000，50 mM Ammonium Sulfate，100 

mM Sodium Citrate 

HsDHOase 去金屬(透析 3 次) 30% PEG400，100 mM MES pH6.5，100 mM 

Sodium Acetate 
HsDHOase 去金屬(透析 4 次) 30% PEG400，100 mM MES pH6.5，100 mM 

Sodium Acetate 

 

HsDHOase 去金屬(透析 3 次) 

 

HsDHOase 去金屬(透析 4 次) 

 

HsDHOase 去金屬(透析 3 次) 

 

HsDHOase 去金屬(透析 4 次) 
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HsDHOase 去金屬(透析 3 次) 

 

HsDHOase 去金屬(透析 4 次) 

 

HsDHOase 去金屬(透析 3 次) 

 

HsDHOase 去金屬(透析 4 次) 

 
晶體名稱 成長條件 

HsDHOase 去金屬(透析 3 次) 1.6M Magnesium Sulfate，100 mM MES pH6.5 

HsDHOase 去金屬(透析 4 次) 1.6M Magnesium Sulfate，100 mM MES pH6.5 

HsDHOase 去金屬(透析 3 次) 800mM Potassium/sodium Tartrate，100mM 

HEPES pH7.5 
HsDHOase 去金屬(透析 4 次) 800mM Potassium/sodium Tartrate，100mM 

HEPES pH7.5 
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HsDHOase 去金屬(透析 3 次) 

 

HsDHOase 去金屬(透析 4 次) 

HsDHOase 去金屬(透析 4 次) 

 

 

 
晶體名稱 成長條件 

HsDHOase 去金屬(透析 3 次) 1.2 M Ammonium Sulfate，3% 2-Propanol，50 

mM Sodium Citrate 

HsDHOase 去金屬(透析 4 次) 1.2 M Ammonium Sulfate，3% 2-Propanol，50 

mM Sodium Citrate 

HsDHOase 去金屬(透析 4 次) 500 mM Ammonium Sulfate，1 M Lithium 

Sulfate，100 mM Sodium Citrate 
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HsDHOase 去金屬(透析 3 次) 

  

*進一步將上圖繞射點圖中心低解析度區放大，明

顯看到連低解析度區域也沒有任何繞射點，整個晶

體內部是空的。 

 

利用 loop 挑取右圖HsDHOase 去金屬(透析 3 次)在該條件內晶型最立

體且大顆的晶體，該晶體是在長晶條件(15% PEG 8000，50 mM 

Ammonium Sulfate，100 mM Sodium Citrate)的環境下形成之結晶，利

用 x 光繞射進行繞射實驗收集繞射數據，在接收器距離 500，光源釋

放 20 秒，角度 267 度的情況向進行實驗(Distnce: 500，Time: 20s，Phi: 

267)，偵測結果如左圖發現晶體繞射結果是空的，無繞射點。 
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HsDHOase 去金屬(透析 3 次) 

  

*進一步將上圖繞射點圖中心低解析度區放大，明

顯看到低解析度區域(約 7-10 Å)，雖然有繞射點

了不過強度不夠且在低解析度區無法順利解出結

構，不過可以進一步在優化此長晶條件。 

 

利用 loop 挑取右圖HsDHOase 去金屬(透析 3 次)在該條件內晶型最立

體且大顆的晶體，該晶體是在長晶條件(500 mM Ammonium Sulfate，

1 M Lithium Sulfate，100 mM Sodium Citrate)的環境下形成之結晶，

利用 x 光繞射進行繞射實驗收集繞射數據，在接收器距離 500，光源

釋放 50 秒，角度 2 度的情況向進行實驗(Distnce: 500，Time: 50s，Phi: 

2)，偵測結果發現雖有繞射點但強度不夠且集中在低解析度區。 
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HsDHOase 去金屬(透析 3 次) 

  

*進一步將上圖繞射點圖中心低解析度區放

大，明顯看到低解析度區域(約 7-10 Å)，雖

然有繞射點了不過強度不夠且在低解析度

區，同時繞射點有拖曳，無法順利解出結構，

不過可以進一步在優化此長晶條件。 

 

利用 loop 挑取右圖HsDHOase 去金屬(透析 3 次)在該條件內晶型最立

體且大顆的晶體，該晶體是在長晶條件(30% PEG400，100 mM MES 

pH 6.5，100 mM Sodium Acetate)的環境下形成之結晶，利用 x 光繞射

進行繞射實驗收集繞射數據，在接收器距離 300，光源釋放 1 秒，角

度 90 度的情況向進行實驗(Distnce: 500，Time: 1s，Phi: 90)，偵測結

果發現雖有繞射點集中在低解析度區且有拖曳。 
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3.11 利用真核細胞表現 ALLase 

  事實上 ALLase 還未有成功的真核重組蛋白質的報導，原核生物

如大腸桿菌似乎無法功能性的表達真核 ALLase，例如實驗室已試過

阿拉伯芥的 ALLase 於大腸桿菌表達無活性。我們試試看藉由培養昆

蟲細胞來表現真核來源的 ALLase，來探討真核和原核表現的 ALLase

活性區與功能之差異，並且希望更進一步活用在其他酵素如真核的

DHPase 與 DHOase 的重組蛋白質製備上。也希望排除是否因表達生

物的不同，是否會因為某些原因(如特別的修飾或折疊因子)而使酵素

活性出現差異。因此目前嘗試使用 High Five 昆蟲細胞進行實驗。 

 High Five（BTI-Tn-5B1-4）是一種昆蟲細胞品系。High Five 細胞

已成為使用桿狀病毒或轉染進行重組蛋白表達的最常用細胞系之一，

並且在許多情況下已經證明比其他鱗翅目細胞系如Sf9細胞表達更多

的重組蛋白。它們可以在沒有血清的情況下生長，並且可以以鬆散的

附著狀態或懸浮培養。High Five 細胞能產生豐富的 miRNA、siRNA

和 piRNA，使其適合所有此類研究。 

 剛開始使用的質體和轉殖入大腸桿菌表現的質體相同，不過

transfection 到 High Five 昆蟲細胞的效果並不明顯，同時剛開始設計

的酵素無外加 His 使後續實驗無法有效明確的分離出目標蛋白，只收

集到混合多種原先細胞內的雜蛋白，而無法真正確定酵素的活性。之
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後我們就改變方法構築了另一質體，並在目標蛋白質序列後端外加 6

個 His 以利純化分離目標蛋白。 

 

 

藉由含去內毒素的

Kit 來抽取質體，最

後測量到抽出的質

體濃度。 

 

  

左圖:實際 DNA 膠圖。之前 ALLase 的序列沒有外加 6 個 His ，無法

容易的進一步將破細胞後的上清液純化出 ALLase，所以後續測量酵

素活性時，也無法明確確定是否是測到目標酵素還是細胞內其他物質

干擾，所以後續我們改利用外加 6 個 His 的 ALLase，並利用 pFast Bac
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質體來搭載。右圖:由於不確定上圖抽出的質體是因為太濃而有點拖

曳，還是其實並非抽到目標，因此進行雙切的檢驗，添加原先設計的

質體內的兩個酵素切點，跑膠後觀察是否有被切出。 

 

 

第一代(1-1) 

 

第一代(1-2) 

 

第一代(1-1) 

 

第一代(1-2) 

 

第二代(2-1-1) 第二代(2-1-2) 
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第二代(2-2-1) 

 

第二代(2-2-2) 

 

第二代(2-1-1) 第二代(2-1-2) 



70 
 

  

第二代(2-2-1) 

 

第二代(2-2-2) 

 

第二代(2-1-1) 第二代(2-1-2) 
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第二代(2-2-1) 

 

第二代(2-2-2) 

 

 

High Five 昆蟲細胞培養。將細胞解凍到 2 個 25T flask 培養，接著每

2-3 天觀察並更換 medium，當培養到 7-8 分滿則可分別擴增成 2 盤，

或改更換成 75T flask 繼續培養，當細胞數達到一定程度後則可開始

進一步進行後續 transfection 的實驗。 
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Transfection 第 1 天 

Control(無 transfect) 

 

Control(無 transfect) 

 

Transfect 質體 1 (1:1) 

 

Transfect 質體 1 (1:2) 

 

Transfect 質體 2 (1:1) 

 

Transfect 質體 2 (1:2) 
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Transfect 第 2 天 

Control(無 transfect) 

 

Control(無 transfect) 

 

Transfect 質體 1 (1:1) 

 

Transfect 質體 1 (1:2) 

 

Transfect 質體 2 (1:1) 

 

Transfect 質體 2 (1:2) 

 



74 
 

Transfect 第 3 天 

Control(無 transfect) 

 

Control(無 transfect) 

 

Transfect 質體 1 (1:1) 

 

Transfect 質體 1 (1:2) 

 

Transfect 質體 2 (1:1) 

 

Transfect 質體 2 (1:2) 
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Transfect 第 3 天 (照螢光) 

Control(無 transfect) 

 

Control(無 transfect) 

 

Transfect 質體 1 (1:1) 

 

Transfect 質體 1 (1:2) 

 

Transfect 質體 2 (1:1) 

 

Transfect 質體 2 (1:2) 
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第四章:結論 

 本計畫內容成功如原計畫書所預期解出數個不同套體、不同金屬

含量的 DHPase 的結晶結構，本人並在此計畫區間發表3篇 SCI 論

文 [27, 31, 35]，其中2篇與此計畫密切相關，本人皆為第一作者 [27, 

31]; 另一篇則在行有餘力的空檔與實驗室其他夥伴合作合著，本人為

第二作者 [35]。此計畫結果報告出如何利用特別成分的螯合劑製備

單金屬PaDHPase，並獲得單金屬以及比較雙金屬PaDHPase的結晶結

構，並且從結構以及膠體過濾色譜分析中發現，雙金屬PaDHPase對

於pH值依賴性具有寡聚合現象 [27]。另外，比較單金屬及雙金屬

PaDHPase 活性區發現當僅有一個金屬Znα在活性區時，此時lysine

並無後修飾的作用，且酵素也不具有活性，必須由第二個金屬 Znß 進

入活性區，由帶正電的金屬極化CO2的負電促使新共價鍵的形成，並

接著參與雙金屬活性中心的自我組裝，才能穩固活性區使酵素具有活

性 [31]。同時，huDHOase K1556A的結晶結構也能更進一步證明，

在雙金屬活性區中，Znß 和罕見的 post-carboxylated lysine 具有很大

關聯性。這些結果帶出了下一階段的研究課題，包括此各酵素家族成

員在活性區的各項結構與活性是否一致? 由於部分不含金屬活性中

心的ALLase已被報導 [36, 37]，在演化過程中這些酵素是否仍必須具

雙金屬中心且需賴氨酸的後修飾仍待更多研究結果結論之。 
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最後，目前仍在繼續進行 PaDHPase 與抑制劑的共結晶以及活性

區中負責金屬結合胺基酸的點突變的研究，希望透過共結晶結構，從

分子結構來完全了解其抑制機制，並希望能夠根據此結構進行下一階

段的藥物設計優化。另外，希望獲得活化區突變株的結晶結構，來更

完整了解影響此酵素活性的原因，並進一步探討在演化過程中為何會

導向cyclic amidohydrolase家族成員其活性區完全的保留4個His、1個

Asp和1個post-carboxylated lysine。 

期待未來能完全了解此酵素，包括工業上用其生產具旋光性特異

性的抗生素前驅物。另外藉由結構與功能性研究能開發出相關抑制劑

抑制此酵素活性，間接抑制綠膿桿菌甚或其他超級細菌的生長及代謝，

成為新型的標靶抗生素藥物，達到另類新抗生素藥物研發的方向，為

社會對抗抗藥性細菌甚或癌細胞增添可能的臨床應用希望。 
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a b s t r a c t

Dihydropyrimidinase (DHPase) is a member of the cyclic amidohydrolase family, which also includes
allantoinase, dihydroorotase (DHOase), hydantoinase, and imidase. Almost all of these zinc metal-
loenzymes possess a binuclear metal center in which two metal ions are bridged by a post-translational
carbamylated Lys. Crystal structure of Tetraodon nigroviridis DHPase reveals that one zinc ion is sufficient
to stabilize Lys carbamylation. In this study, we found that one metal coordination was not sufficient to
fix CO2 to the Lys in bacterial DHPase. We prepared and characterized mono-Zn DHPase from Pseudo-
monas aeruginosa (PaDHPase), and the catalytic activity of mono-Zn PaDHPase was not detected. The
crystal structure of mono-Zn PaDHPase determined at 2.23 Å resolution (PDB entry 6AJD) revealed that
Lys150 was no longer carbamylated. This finding indicated the decarbamylation of the Lys during the
metal chelating process. To confirm the state of Lys carbamylation in mono-Zn PaDHPase in solution,
mass spectrometric (MS) analysis was carried out. The MS result was in agreement with the theoretical
value for uncarbamylated PaDHPase. Crystal structure of the human DHOase domain (huDHOase)
K1556A mutant was also determined (PDB entry 5YNZ), and the structure revealed that the active site of
huDHOase K1556A mutant contained one metal ion. Like mono-Zn PaDHPase, oxygen ligands of the
carbamylated Lys were not required for Zna binding. Considering the collective data from X-ray crystal
structure and MS analysis, mono-Zn PaDHPase in both crystalline state and solution was not carbamy-
lated. In addition, structural evidences indicated that post-translational carbamylated Lys was not
required for Zna binding in PaDHPase and in huDHOase.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Post-translational modification (PTM) on proteins has a regu-
latory role in many essential cellular processes by altering the
functional properties of proteins at a relatively low energy cost [1].
PTMs are typically reversible and may need a specific enzyme to
add covalent modification [1]. Post-translational Lys carbamylation,
i.e., a chemical reaction to add a carboxyl group to the ε-amino
group of a Lys, was discovered more than 20 years ago [2]. This
modification on Lys creates a new amino acid that changes the side
chain from positive to negative charge at neutral pH and also

lengthens the side chain [3e5]. A carbamylated Lys within the
active site of urease provides an oxygen ligand to each nickel,
thereby explaining the need for carbon dioxide in activation of the
apoenzyme and suggesting a role for di-metal binding [6]. To date,
more than 300 protein structures with Lys carbamylation, such as
pyruvate carboxylase, b-lactamase, ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), phosphodiesterase, hydantoi-
nase, urease, dihydroorotase (DHOase), allantoinase, and dihy-
dropyrimidinase (DHPase), can be found in the Protein Data Bank.

DHPase catalyzes the reversible cyclization of dihydrouracil to
N-carbamoyl-b-alanine in the second step of the pyrimidine
degradation pathway [7]. DHPase [3,8,9] is a member of the cyclic
amidohydrolase family [10,11], which also includes allantoinase
[4,12,13], DHOase [4,14e17], hydantoinase [5,18], and imidase
[19e21]. Almost all of these zinc enzymes contain the binuclear
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metal center that consists of four His, one Asp, and one post-
translational carbamylated Lys residues. Post-carbamylated Lys is
required for enzyme activity and self-assembly of binuclear metal
center [4,5]. Metals in DHPase can be removed by some chelators
[3]. The active site of apo-DHPase can be restored via titration with
metal ions, which restores activity [3]. Crystal structure of Tetrao-
don nigroviridis DHPase (TnDHPase) reveals that one zinc ion is
sufficient to stabilize Lys carbamylation [3]. Thus, vertebrate
DHPase may only need one zinc ion for catalytic reaction [3]. It
remains unclear whether or not only one metal is also sufficient for
stabilizing Lys carbamylation and normal function in bacterial
DHPase. Because molecular evidence is lacking, Lys carbamylation
in other mono-Zn DHPase and cyclic amidohydrolase such as
DHOase also remains to be elucidated.

In the present study, we prepared and characterized mono-Zn
Pseudomonas aeruginosa DHPase (PaDHPase). Unlike mono-Zn
TnDHPase, mono-Zn PaDHPase activity was undetectable. To find
the reason, we determined the crystal structure of mono-Zn
PaDHPase at 2.23 Å resolution. Crystal structure of the human
DHOase domain (huDHOase) K1556A mutant was also determined,
and the structure revealed that the active site of huDHOase K1556A
mutant contained one metal ion. X-ray crystal structure and mass
spectrometric (MS) analysis revealed that mono-Zn PaDHPase in
crystalline state and solution was not carbamylated. Thus, no
enzyme activity was found.

2. Materials and methods

2.1. Protein expression and purification of PaDHPase

Construction of the PaDHPase expression plasmid has been re-
ported [8]. The recombinant PaDHPase was purified using the
protocol described previously for SSB-like proteins [22e25]. Briefly,
E. coli BL21(DE3) cells were transformed with the expression vector
and overexpression of the expression plasmids was induced by
incubatingwith 1mM isopropyl thiogalactopyranoside. The protein
was purified from the soluble supernatant by Ni2þ-affinity chro-
matography (HiTrap HP; GE Healthcare Bio-Sciences), eluted with
Buffer A (20mM Tris-HCl, 250mM imidazole, and 0.5M NaCl, pH
7.9). Protein purity remained at >97% as determined by SDS-PAGE
(Mini-PROTEAN Tetra System; Bio-Rad, CA, USA).

2.2. huDHOase K1556A mutant

In mammals, DHOase is found as part of the large multifunc-
tional protein, carbamoyl phosphate synthetase (CPSase)/aspartate
transcarbamoylase (ATCase)/DHOase protein (CAD) [26]. Con-
struction of huDHOase (aa 1456e1846 of CAD protein) expression
plasmid has been reported [27]. The huDHOase K1556A mutant
was generated using a QuikChange Site-Directed Mutagenesis kit
according to the manufacturer's protocol (Stratagene, LaJolla, CA).
The presence of the mutation was verified by DNA sequencing. The
oligonucleotide primers used for this mutant were as follows: 50-
TCTGCAGCCGGGCTGGCGCTTTACCTCAAT-30 and 50-CTCATTGAGG-
TAAAGCGCCAGCCCGGCTGC-30. The underlined sequences denote
the mutated amino acid. The recombinant huDHOase K1556A
mutant protein was purified using the protocol described for
PaDHPase.

2.3. Preparation of mono-Zn PaDHPase

Purified PaDHPase was dialyzed against a chelating buffer
(50mMMES, 50mM EDTA, and 15mM8-HQSA, pH 6.5; Buffer B) at
room temperature for 3 days. The resultant enzyme solution was
then dialyzed against a dialysis buffer (20mM HEPES and 100mM

NaCl, pH 7.0; Buffer C).

2.4. Crystallography

Before crystallization, mono-Zn PaDHPase and huDHOase
K1556A mutant were concentrated to 20mg/mL in Buffer C. Crys-
tals of mono-Zn PaDHPase were grown at room temperature by
hanging drop vapor diffusion in 25% PEG 4000, 100mM Tris-HCl,
200mM calcium chloride, pH 8.5. Crystals of huDHOase K1556A
mutant were grown in 2M sodium chloride, 100mMMES, 200mM
sodium acetate, pH 6.5. Data were collected using an ADSC
Quantum-315r CCD area detector at SPXF beamline BL13C1 at
NSRRC (Taiwan, ROC). All data integration and scaling were carried
out using HKL-2000 [28]. The crystal structures of mono-Zn
PaDHPase and huDHOase K1556A mutant were determined with
the molecular replacement software Phaser-MR [29] using di-Zn
PaDHPase (PDB entry 5E5C) [30] and huDHOase (PDB entry 4BY3)
[31] as models, respectively. Models was built and refined with
PHENIX [32] and Coot [33].

2.5. MS analysis

The carbamylated and decarbamylated PaDHPases were
analyzed via matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) using the protocol
described previously [34]. The cinnamic acid derivative a-cyano-4-
hydroxycinnamic acid (CHCA) matrixes were dissolved in 50%
acetonitrile with 0.1% formic acid. One mL of samplewasmixedwith
an equal volume of CHCA, then 1 mL of analyte solution was
deposited onto a stainless steel sample plate, air-dried, and
analyzed in a Voyager-DE Pro MALDI-TOF mass spectrometer
equipped with a pulsed nitrogen laser set at 337 nm (Applied Bio-
systems, CA). All mass spectra were acquired in the linear positive
ion mode with delayed extraction. The extraction and guide wire
voltages were set at 20 kV and 0.2%. The mass calibration was
achieved using ion peaks of BSA. Data analysis was performed by
Data Explorer software (Applied Biosystems).

3. Results and discussion

3.1. Preparation of mono-Zn PaDHPase

PaDHPase is a di-Zn enzyme [30]. To determine the importance
of the binuclear metal center in PaDHPase activity and the rela-
tionship between post-translational Lys carbamylation and the
metals within the active site of PaDHPase, mono-Zn PaDHPase was
prepared and characterized. After analysis using inductively
coupled plasma mass spectrometry [4,5], we found that one metal
ion in di-Zn PaDHPase was removed by incubating with chelator
buffer containing 15mM8-HQSA and 50mMEDTA for 3 days. EDTA
alone is a poor chelator for removal of metal in PaDHPase. Unlike
TnDHPase, however, the activity of mono-Zn PaDHPase was
undetected.

3.2. Crystal structure of mono-Zn PaDHPase

To determine which metal ion in di-Zn PaDHPase was removed
by the chelator buffer and to study themetal removing effect on the
enzyme structure-activity relationship, mono-Zn PaDHPase was
crystallized through hanging drop vapor diffusion for structure
determination. The crystal structure of mono-Zn PaDHPase at a
resolution of 2.23 Å (Table 1) showed one zinc atom (designated as
Zna) in the active site (Fig. 1A). Zna was coordinated with His59
(2.67 Å), His61 (2.72 Å), and D316 (2.29 Å). Three water molecules
were also found near Zna. H239, which was originally involved in

J.-H. Cheng et al. / Biochemical and Biophysical Research Communications 505 (2018) 439e444440



coordination with Znb of di-Zn PaDHPase, was loosely associated
with Zna at a distance of 3.38 Å. Unlike in mono-Zn TnDHPase
(Fig. 1B) [3], Lys150 was not carbamylated in mono-Zn PaDHPase
(Fig. 1A). The composite omit map showed that the electron density
between Zna and Lys150 in mono-Zn PaDHPase was not connected.
The distance (4.4 Å) between the ε-amino group of Lys150 and Zna

was not reasonable for interaction (Table 2). In addition, crystal-
lographic analyses also indicated that Znb in di-Zn PaDHPase
(Fig. 1C) was easily removed. Thus, structural evidence in this study
indicated that the Lys in mono-Zn TnDHPase [3] and di-Zn PaDH-
Pase [30] are carbamylated, but not in mono-Zn PaDHPase (PDB
entry 6AJD).

Table 1
Data collection and refinement statistics.

Data collection
Crystal mono-Zn PaDHPase huDHOase K1556A
Wavelength (Å) 0.975 0.975
Resolution (Å) 30e2.23 30e2.77
Space group P21212 C222
Cell dimension (Å) a¼ 88.36 a¼ 90 a¼ 88.84 a¼ 90

b¼ 110.17 b¼ 90 b¼ 108.63 b¼ 90
c¼ 112.66 g¼ 90 c¼ 99.22 g¼ 90

Completeness (%) 99.8 (99.9)a 99.9 (99.7)a

〈I/sI〉 12.9 (3.9) 23.68 (2.74)
Rsym or Rmerge (%) 0.133 (0.491) 0.07 (0.498)
Redundancy 5.1 (5.2) 4.4 (4.4)
Refinement
Resolution (Å) 29.28e2.23 29.8e2.77
No. reflections 54478 12440
Rwork/Rfree 0.1819/0.2323 0.2260/0.2889
No. atoms
Protein 956 363
Zinc 1 1
Water 283 14

R.m.s deviation
Bond lengths (Å) 0.008 0.011
Bond angles (�) 0.980 1.188

Ramachandran Plot
In preferred regions 909 (95.48%) 335 (92.80%)
In allowed regions 35 (3.68%) 21 (5.82%)
Outliers 8 (0.84%) 5 (1.39%)

PDB entry 6AJD 5YZN

Rsym¼SjI� ‘I’ j/SI, where I is the observed intensity, ‘I’ is the statistically weighted average intensity of multiple observations of symmetry-related reflections.
a Values in parentheses are for the highest resolution shell.

Fig. 1. Structures of the active site. (A) The mono-Zn PaDHPase. Lys150 was not carbamylated in mono-Zn PaDHPase. The composite omit map (at 1.0 s) showed that the electron
density between Zna and Lys150 in mono-Zn PaDHPase was not connected. The distance between the ε-amino group of Lys150 and Zna was 4.4 Å. (B) The mono-Zn TnDHPase. The
mono-Zn TnDHPase contains one metal (Zna) and carbamylated Lys155 (Kcx155). The electron density between Zna and Lys155 in mono-Zn TnDHPase is connected. (C) The di-Zn
PaDHPase. The di-Zn PaDHPase contains two metals (Zna and Znb) and carbamylated Lys150 (Kcx150). The Lys in mono-Zn TnDHPase and di-Zn PaDHPase are carbamylated, but not
in mono-Zn PaDHPase.

Table 2
Distance between metal and residues.

di-Zn PaDHPase (PDB entry 5E5C) mono-Zn PaDHPase (PDB entry 6AJD)

Metal Residue Dist. [Å] Metal Residue Dist. [Å]
Zna H59 [NE2] 2.19 Zna H59 [NE2] 2.67
Zna H61 [NE2] 2.30 Zna H61 [NE2] 2.72
Zna Kcx150 [OX1] 2.04 Zna K150 [NZ] 4.39
Zna D316 [OD1] 2.30 Zna D316 [OD1] 2.29
Znb H183 [ND1] 2.34 Zna H183 [ND1] 4.61
Znb H239 [NE2] 3.13 Zna H239 [NE2] 3.38
Znb K150 [OX2] 1.85
Znb Zna 2.89
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3.3. MS analysis of mono-Zn PaDHPase

The crystal structure of mono-Zn PaDHPase revealed that
carbamylation did not occur. To verify whether the Lys was still
uncarbamylated in solution, mono-Zn PaDHPase and di-Zn
PaDHPase were analyzed via mass spectrometry. MALDI-TOF MS
analysis of the mono-Zn PaDHPase (Fig. 2A) and di-Zn PaDHPase
(Fig. 2B) gave molecular weights of 52 952.87 and 52 997.34,
respectively. The molecular weight of mono-Zn PaDHPase agreed
well with the theoretical value for the uncarbamylated PaDHPase.
The difference (52 997.34e52 952.87¼44.47) was reasonable for
CO2. Thus, mono-Zn PaDHPase in both crystalline and solution did
not have carbamylated Lys (Figs. 1A and 2A, respectively). Unlike
TnDHPase, one metal atom (Zna) bound in the active site of
PaDHPase was not sufficient to maintain the carbamylation on
Lys150.

3.4. Structural comparison of the di-Zn PaDHPase and mono-Zn
PaDHPase

Besides the post-translational carbamylation, the superimposed
structures of di-Zn PaDHPase andmono-Zn PaDHPase also revealed
conformational changes at the active sites (Fig. 3), especially for
His239 and His183. Relative to their positions in mono-Zn PaDH-
Pase (cyan), the side-chain orientations of His239 and His183 in di-
Zn PaDHPase (yellow) shifted by angles of 20.09� and 12.95� and
distances of 1.14 and 0.58 Å, respectively. The conformation of
carbamylated Lys150 in di-Zn PaDHPase and uncarbamylated
Lys150 in mono-Zn PaDHPase did not significantly differ in
position.

3.5. Post-carbamylated lysine was not required for Zna binding in
PaDHPase

The post-translational lysine carbamylation facilitated either
one or two metal ions coordination, such as in the following:
RuBisCO [35], which binds one Mg2þ; and urease [2,6], which binds
two Ni2þ ions. Intuitively, for the Lys side chain to serve as bridging
ligand to the two metals within the binuclear metal center, car-
bamylation through a reaction with carbon dioxide in di-metal
amidohydrolase superfamily needs to occur first [3]. However, the
Lys in mono-Zn PaDHPase did not undergo carbamylation (Fig. 1A).
The composite omit map clearly showed that the electron density

between Zna and Lys150 in mono-Zn PaDHPase was not connected.
In addition, post-carbamylated Lys was not required for Zna bind-
ing in PaDHPase. Based on these structural data, we concluded that
the post-carbamylation mechanism on the Lys among these met-
alloenzymes may differ.

3.6. Crystal structure of huDHOase K1556A mutant

Whether the post-carbamylated Lys is also not required for Zna
binding in DHOase remains unclear. We made an attempt to crys-
tallize mono-Zn huDHOase, but we did not get suitable crystals for
structure determination. However, we obtained crystals of huD-
HOase K1556A mutant successfully. Like DHPase, huDHOase is also
a member of the cyclic amidohydrolase family [36]. The crystal

Fig. 2. MS analysis. To verify whether the Lys was uncarbamylated in solution, (A) mono-Zn PaDHPase and (B) di-Zn PaDHPase were analyzed via MALDI-TOF MS. The mono-Zn
PaDHPase and di-Zn PaDHPase gave molecular weights of 52 952.87 and 52 997.34, respectively. The difference (44.47) was reasonable for CO2. Thus, one metal atom bound in the
active site of PaDHPase was not sufficient to maintain the carbamylation on Lys150.

Fig. 3. Structural comparison of the di-Zn PaDHPase and mono-Zn PaDHPase.
Besides the post-translational carbamylation, the superimposed structures of di-Zn
PaDHPase and mono-Zn PaDHPase also revealed conformational changes at the
active sites, especially for His239 and His183. Relative to their positions in mono-Zn
PaDHPase (cyan), the side-chain orientations of His239 and His183 in di-Zn PaDH-
Pase (yellow) shifted by angles of 20.09� and 12.95� and distances of 1.14 and 0.58 Å,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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structure of huDHOase K1556A mutant was solved at 2.77 Å (Fig. 4;
PDB entry 5YNZ). The crystal structure revealed that when the
carbamylated Lys was absent, huDHOase did not lose Zn2þ ions
completely. Like mono-Zn PaDHPase, huDHOase K1556A mutant
still contained one metal ion (Zna). Thus, oxygen ligands of the
carbamylated Lys in huDHOase were not absolutely required for di-
metal binding. Only Znb in huDHOase was affected by the carba-
mylation/decarbamylation.

In conclusion, we prepared and characterized mono-Zn PaDH-
Pase through X-ray crystal structural and MS analyses. Post-
translational carbamylated Lys was not required for Zna binding
in PaDHPase, both in crystalline state (Fig. 1) and solution (Fig. 2).
Post-translational carbamylated Lys was also not required for Zna
binding in huDHOase. These cases were different from that of
vertebrate DHPase (TnDHPase). Furthermore, one metal ion in
PaDHPase was not sufficient to stabilize carbamylation, and mono-
Zn PaDHPase was inactive. Hence, the di-Zn metal center in
PaDHPase was essential [8].
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Dihydropyrimidinase, a dimetalloenzyme containing a carboxylated lysine within the active site, is a member of the cyclic
amidohydrolase family, which also includes allantoinase, dihydroorotase, hydantoinase, and imidase. Unlike all known dihy-
dropyrimidinases, which are tetrameric, pseudomonal dihydropyrimidinase forms a dimer at neutral pH. In this paper, we report
the crystal structure of P. aeruginosa dihydropyrimidinase at pH 5.9 (PDB entry 5YKD). ,e crystals of P. aeruginosa dihy-
dropyrimidinase belonged to space group C2221 with cell dimensions of a� 108.9, b� 155.7, and c� 235.6 Å. ,e structure of
P. aeruginosa dihydropyrimidinase was solved at 2.17 Å resolution. An asymmetric unit of the crystal contained four crystal-
lographically independent P. aeruginosa dihydropyrimidinase monomers. Gel >ltration chromatographic analysis of puri>ed
P. aeruginosa dihydropyrimidinase revealed a mixture of dimers and tetramers at pH 5.9. ,us, P. aeruginosa dihydropyr-
imidinase can form a stable tetramer both in the crystalline state and in the solution. Based on sequence analysis and structural
comparison of the dimer-dimer interface between P. aeruginosa dihydropyrimidinase and )ermus sp. dihydropyrimidinase,
di@erent oligomerization mechanisms are proposed.

1. Introduction

Dihydropyrimidinase is a key enzyme for pyrimidine catab-
olism [1, 2]. Dihydropyrimidinase catalyzes the reversible
cyclization of dihydrouracil to N-carbamoyl-β-alanine in the
second step of the pyrimidine degradation pathway (Figure 1).
Dihydropyrimidinase can also detoxify xenobiotics with an
imide functional group, ranging from linear imides to het-
erocyclic imides [3–9]. Homologous enzymes from micro-
organisms are known as hydantoinase, used as biocatalyst for
hydrolysis of 5-monosubstituted hydantoins in the synthesis of
D- and L-amino acids [10, 11]. Optically pure amino acids have
been widely used as intermediates for semisynthesis of anti-
biotics, active peptides, hormones, antifungal agents, pesti-
cides, and sweeteners. Dihydropyrimidinase and hydantoinase
generally possess a similar active site, but their overall se-
quence identity and substrate speci>city may di@er [3, 12]. For
example, hydantoinase puri>ed from Agrobacterium species
has no 5,6-dihydropyrimidine amidohydrolase activity [13].
Dihydropyrimidinases from the yeast Saccharomyces kluyveri

and the slimemoldDictyostelium discoideum do not hydrolyze
hydantoin [14]. ,us, several bacterial hydantoinases are
still named and identi>ed as dihydropyrimidinase because
of their catalytic activity toward natural substrates, namely,
dihydrouracil and dihydrothymine. ,ese bacterial en-
zymes include Pseudomonas aeruginosa and )ermus sp.
dihydropyrimidinases [15, 16].

Dihydropyrimidinase, hydantoinase, imidase, allantoi-
nase, and dihydroorotase belong to the cyclic amidohy-
drolase family because of their functional and structural
similarities [17]. Members of this enzyme family catalyze the
ring-opening hydrolysis of the cyclic amide bond of each
substrate in either >ve- or six-membered rings. Even if these
enzymes have similar functions, they have relatively low
amino acid sequence identity. In addition, the substrate
selectivity and speci>city of these enzymes highly di@er
[18, 19]. Most of the active sites of dihydropyrimidinases,
hydantoinases, allantoinases, and dihydroorotases contain
four histidines, one aspartate, and one carboxylated lysine
residue, which are required for metal binding and catalytic
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activity [8, 15, 18, 20, 21]. �e presence of a carboxylated
lysine in hydantoinase is also required for the self-assembly
of the binuclear metal center [12, 20, 22] and increases the
nucleophilicity of the hydroxide for catalysis [23].�e global
architecture of the dihydropyrimidinase monomer consists
of two domains, namely, a large domain with a classic (β/α)8-
barrel structure core embedding the catalytic dimetal center
and a small β-sandwich domain [16, 22, 24, 25].

All known dihydropyrimidinases are tetramers except
pseudomonal enzymes. Hydantoinase from P. putida YZ-26
functions as a dimer [26, 27]. Recently, we identi�ed that
dihydropyrimidinase from P. aeruginosa PAO1 also forms
a dimer [28]. In addition, the crystal structure of P. aeruginosa
PAO1 dihydropyrimidinase indicated that several residues
crucial for tetramerization are not found in P. aeruginosa
dihydropyrimidinase [28]. In this study, we found that the
oligomerization of P. aeruginosa PAO1 dihydropyrimidinase
is a pH-dependent process. At pH 5.9, P. aeruginosa PAO1
dihydropyrimidinase mainly formed a tetramer. To con�rm
this result and determine how this enzyme can also form
a tetramer, we also determined the crystal structure of
P. aeruginosa PAO1 dihydropyrimidinase at 2.17 Å resolution
at acidic environment. Structural comparison indicated that
although P. aeruginosa PAO1 dihydropyrimidinase can also
form a tetramer, the residues being crucial for tetramerization
are di�erent from those in�ermus sp. dihydropyrimidinases.

2. Materials and Methods

2.1.Cloning,ProteinExpression,andPuri�cation. Construction
of the P. aeruginosa dihydropyrimidinase expression plas-
mid has been reported [15]. Recombinant P. aeruginosa
dihydropyrimidinase was expressed and puri�ed using the
protocol described previously [15].�e protein puri�ed from
the soluble supernatant by Ni2+-a�nity chromatography
(HiTrap HP; GE Healthcare Bio-Sciences, Piscataway, NJ,
USA) was eluted with Bu�er A (20mM Tris-HCl, 250mM
imidazole, and 0.5M NaCl, pH 7.9) and dialyzed against
a dialysis bu�er (20mM HEPES and 100mM NaCl, pH 7.0;
Bu�er B). Protein purity remained>97% as determined by SDS-
PAGE (Mini-PROTEAN Tetra System; Bio-Rad, CA, USA).

2.2. Gel Filtration Chromatography. Gel �ltration chro-
matography was carried out by the AKTA-FPLC system
(GE Healthcare Bio-Sciences, Piscataway, NJ, USA). In brief,
puri�ed protein (5mg/mL) in Bu�er C (20mM MES and

100mM NaCl, pH 5.9) was applied to a Superdex 200 prep
grade column (GE Healthcare Bio-Sciences, Piscataway, NJ,
USA) equilibrated with the same bu�er [29]. �e column
was operated at a ¨ow rate of 0.5mL/min, and the proteins
were detected at 280nm. �e column was calibrated with
proteins of known molecular weight: thyroglobulin (670 kDa),
c-globulin (158 kDa), ovalbumin (44 kDa),myoglobin (17 kDa),
and vitamin B12 (1.35 kDa).

2.3. Crystallography. Before crystallization, P. aeruginosa
dihydropyrimidinase was concentrated to 20mg/mL in
Bu�er C. Crystals were grown at room temperature by
hanging drop vapor di�usion in 10% PEG 8000, 100mM
HEPES, 200mM calcium acetate, pH 5.9. Data collection
and re�nement statistics for the crystal of P. aeruginosa
dihydropyrimidinase are shown in Table 1. Data were col-
lected using an ADSC Quantum-315r CCD area detector at
SPXF beamline BL13C1 at NSRRC (Taiwan, ROC). All data
integration and scaling were carried out using HKL-2000
[30]. �ere were four P. aeruginosa dihydropyrimidinase
monomers per asymmetric unit. �e crystal structure of
P. aeruginosa dihydropyrimidinase was solved at 2.17 Å reso-
lution with the molecular replacement software AMoRe [31]
using the dihydropyrimidinase (PDB entry 5E5C) [28] as

Dihydrouracil

N N

O

O O

N

COOH

NH2

N-carbamoyl-β-alanine

+ H2O

Figure 1: �e physiological reaction of dihydropyrimidinase.
Dihydropyrimidinase catalyzes the reversible cyclization of dihy-
drouracil to N-carbamoyl-β-alanine in the second step of the
pyrimidine degradation pathway.

Table 1: Data collection and re�nement statistics.

Data collection
Crystal P. aeruginosa dihydropyrimidinase
Wavelength (Å) 0.975
Resolution (Å) 30–2.17
Space group C2221

Cell dimension (Å)
a� 108.9, α� 90
b� 155.7, β� 90
c� 235.6, c� 120

Completeness (%) 99.8 (100)∗

<I/σI> 15.13 (3.7)
Rsym or Rmerge (%) 0.122 (0.599)
Redundancy 7.1 (7.3)
Re�nement

Resolution (Å) 30–2.17
Number of re¨ections 100197
Rwork/Rfree 0.1759/0.2312
Number of atoms
Protein 1912
Water 312

RMS deviation
Bond lengths (Å) 0.0151
Bond angles (°) 1.6495

Ramachandran plot
In preferred regions 1345 (94.19%)
In allowed regions 68 (4.76%)
Outliers 15 (1.05%)

PDB entry 5YKD
∗Values in parentheses are for the highest resolution shell.
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model. After molecular replacement, model building was
carried out using XtalView [32]. CNS was used for molecular
dynamics re�nement [33]. �e �nal structure was re�ned to
an R-factor of 0.1759 and an Rfree of 0.2312. Atomic co-
ordinates and related structural factors have been deposited
in the PDB with accession code 5YKD.

3. Results and Discussion

3.1. Structure of the P. aeruginosa Dihydropyrimidinase
Monomer. Crystals of P. aeruginosa dihydropyrimidinase

were grown at room temperature by hanging drop vapor
di�usion in 10% PEG 8000, 100mM HEPES, 200mM cal-
cium acetate, pH 5.9. �e crystals of P. aeruginosa dihy-
dropyrimidinase grown under this condition belonged to
space group C2221 with cell dimensions of a � 108.9,
b� 155.7, and c� 235.6 Å.�e crystal structure of P. aeruginosa
dihydropyrimidinase was solved at 2.17 Å resolution (Table
1). �e unit cell contained eight molecules. An asymmetric
unit of the crystal contained four crystallographically in-
dependent P. aeruginosa dihydropyrimidinase monomers,
in which two zinc ions were found in the active site per

A

C

B

D

(a) (b)

Figure 2: Crystal structure of P. aeruginosa dihydropyrimidinase. (a) Ribbon diagram of a P. aeruginosa dihydropyrimidinase tetramer.
Each P. aeruginosa dihydropyrimidinase monomer is color-coded. Two zinc ions in the active site are presented as black spheres. (b) Ribbon
diagram of a P. aeruginosa dihydropyrimidinase monomer with the secondary structures labeled.
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D316 H239

H61

H59
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Figure 3: Structural comparison. (a) Superposition of the active site of dihydropyrimidinases. �eir active sites contain four histidines, one
aspartate, and one carboxylated lysine residue, which are required for metal binding and catalytic activity. Dihydropyrimidinases from
P. aeruginosa (PDB entry 5E5C; green),�ermus sp. (PDB entry 1GKQ; salmon), Tetraodon nigroviridis (PDB entry 4H01; pale yellow), and
the structure (PDB entry 5YKD; purple blue) in this study are shown.�e architecture of these active sites is similar. (b) Superposition of the
active site of members of the amidohydrolase family. �eir active sites contain four histidines, one aspartate, and one carboxylated lysine
residue, which are required for metal binding and catalytic activity. P. aeruginosa dihydropyrimidinase (PDB entry 5YKD; purple blue),
Escherichia coli allantoinase (PDB entry 3E74; bright orange), Burkholderia pickettii hydantoinase (PDB entry 1NFG; aquamarine), and
E. coli dihydroorotase (PDB entry 1J79; brown) are shown. �e architecture of these active sites is similar.
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monomer (Figure 2(a)). �e majority of the electron density
for P. aeruginosa dihydropyrimidinase exhibited good
quality, and no discontinuity was observed. Brie¨y, the
overall structure of each P. aeruginosa dihydropyrimidinase
unit consists of 17 α-helices, 19 β-sheets, and two zinc ions
(Figure 2(b)). At pH 5.9, the architecture of the P. aeruginosa
dihydropyrimidinase monomer consists of two domains,
namely, a large domain with a classic (β/α)8-barrel struc-
ture core embedding the catalytic dimetal center and a small
β-sandwich domain.

3.2. Structural Comparison. �e overall structure and ar-
chitecture of the active site of P. aeruginosa dihydropyr-
imidinase are similar to those of other dihydropyrimidinases
(Figure 3(a)) and other members of the amidohydrolase
family of enzymes, such as hydantoinases, dihydroorotases,

and allantoinases (Figure 3(b)). �e active sites of these
enzymes contain four histidines, one aspartate, and one
carboxylated lysine residue, which are required for metal
binding and catalytic activity [12, 14, 15, 19, 20, 34, 35].

3.3. pH-Dependent Oligomerization of P. aeruginosa
Dihydropyrimidinase. It was noted that the crystals of the
dimeric P. aeruginosa dihydropyrimidinase belonged to
space group P3121 grown at the condition of 28% PEG 6000,
100mM HEPES, 200mM lithium acetate, pH 7.5 [28]. Due
to the di�erent crystallization condition, we attempted to
test whether the oligomerization of P. aeruginosa dihy-
dropyrimidinase is pH-dependent. All known dihydropyr-
imidinases are tetramers. However, pseudomonal
dihydropyrimidinase/hydantoinase forms a dimer at neu-
tral pH [26–28]. Given that the structure implies that
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Figure 4: Gel �ltration chromatographic analysis. Gel �ltration chromatography was carried out by the AKTA-FPLC system in Bu�er C
(20mM MES and 100mM NaCl, pH 5.9). �e corresponding peaks show the eluting P. aeruginosa dihydropyrimidinase. �e column was
calibrated with proteins of known molecular weight: thyroglobulin (670 kDa), c-globulin (158 kDa), ovalbumin (44 kDa), myoglobin
(17 kDa), and vitamin B12 (1.35 kDa).
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Figure 5:�e structure of P. aeruginosa dihydropyrimidinase tetramer. An asymmetric unit contains four crystallographically independent
P. aeruginosa dihydropyrimidinase monomers B-A-C-D. Crystallographically related tetramer B-A-C′-D′was formed and further stabilized
via many hydrogen bonds and salt bridges. �is tetramerization structure was similar to that of �ermus sp. dihydropyrimidinase
(PDB entry 1GKQ).
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P. aeruginosa dihydropyrimidinase may also form a tetramer
in the crystalline state at pH 5.9 (Figure 2(a)), we performed
biochemical veri>cation to con>rm the oligomerization
state. To con>rm whether or not the oligomerization of
P. aeruginosa dihydropyrimidinase is pH-dependent, we
conducted gel >ltration chromatography at pH 5.9. As
shown in Figure 4, the results revealed that two species with

elution volume of 63.25 and 69. 26mL did coexist. ,e
molecular mass of a P. aeruginosa dihydropyrimidinase
monomer, as calculated from the amino acid sequence, is
53 kDa. Assuming that these two forms of P. aeruginosa
dihydropyrimidinase have a shape and partial speci>c vol-
ume similar to the standard proteins, the native molecular
masses of P. aeruginosa dihydropyrimidinase were estimated
to be 105 and 180 kDa, approximately 1.9 and 3.5 times the
molecular mass of a P. aeruginosa dihydropyrimidinase
monomer, respectively. In comparison at pH 7.5, gel >l-
tration chromatographic analysis of P. aeruginosa dihy-
dropyrimidinase revealed a single peak; the native molecular
mass was estimated to be 117 kDa [28]. ,e two forms of this
enzyme obtained from the gel >ltration chromatography at
pH 5.9 had similar speci>c activity (data not shown). ,us,
P. aeruginosa dihydropyrimidinase did exist as a mixture of
dimers and tetramers at pH 5.9.

3.4. Structural Insights into Dimer of Dimer (Tetramer)
Formation of Dihydropyrimidinase. In this study, we have
identi>ed that P. aeruginosa dihydropyrimidinase did exist
as a mixture of dimers and tetramers at pH 5.9. To assess
how P. aeruginosa dihydropyrimidinase can form a stable
tetramer, the dimer-dimer interface was analyzed. In the

Table 2: ,e formation of hydrogen bonds at the dimer-dimer
interface of P. aeruginosa dihydropyrimidinase.

Subunit 1 Distance [Å] Subunit 2
A: K374 [NZ] 3.00 B: E14 [OE1]
A: H13 [NE2] 2.88 B: E14 [OE1]
A: R386 [NH2] 3.86 B: E14 [OE2]
A: R386 [NH1] 2.81 B: E15 [OE2]
A: R386 [NH2] 2.83 B: E15 [OE2]
A: R468 [NH2] 3.61 B: Q306 [OE1]
A: R253 [NH1] 3.27 B: S307 [O]
A: R253 [NH2] 3.13 B: S307 [O]
A: R467 [NH1] 2.92 B: V354 [O]
A: R468 [NE] 2.95 B: G357 [O]
A: R468 [NH2] 3.09 B: G357 [O]
A: R468 [NH2] 3.40 B: R358 [O]
A: R467 [NH1] 3.24 B: L359 [O]
A: E14 [OE1] 3.09 B: K374 [NZ]
A: E14 [OE1] 2.47 B: H13 [NE2]
A: E15 [OE2] 2.70 B: R386 [NH1]
A: S307 [O] 3.30 B: R253 [NH1]
A: S307 [O] 3.55 B: R253 [NH2]
A: V354 [O] 2.91 B: R467 [NH1]
A: G357 [O] 2.94 B: R468 [NH2]
A: G357 [O] 2.94 B: R468 [NE]
A: R358 [O] 3.56 B: R468 [NH2]
A: L359 [O] 3.16 B: R467 [NH1]
C′: H13 [NE2] 2.79 D′: E14 [OE1]
C′: K374 [NZ] 3.25 D′: E14 [OE1]
C′: R386 [NH1] 2.85 D′: E15 [OE1]
C′: R386 [NH2] 2.59 D′: E15 [OE2]
C′: R468 [NH2] 3.26 D′: Q306 [OE1]
C′: R253 [NH1] 3.13 D′: S307 [O]
C′: R253 [NH2] 3.16 D′: S307 [O]
C′: R468 [NE] 2.71 D′: G357 [O]
C′: R468 [NH2] 3.11 D′: R358 [O]
C′: E14 [OE1] 2.88 D′: H13 [NE2]
C′: E14 [OE1] 2.89 D′: K374 [NZ]
C′: E15 [OE2] 2.88 D′: R386 [NH1]
C′: E15 [OE2] 2.73 D′: R386 [NH2]
C′: Q306 [OE1] 3.53 D′: R468 [NH2]
C′: S307 [O] 3.21 D′: R253 [NH1]
C′: S307 [O] 3.59 D′: R253 [NH2]
C′: G357 [O] 2.65 D′: R468 [NE]
C′: R358 [O] 3.33 D′: R468 [NH2]

Table 3: ,e formation of salt bridges at the dimer-dimer interface
of P. aeruginosa dihydropyrimidinase.

Subunit 1 Distance [Å] Subunit 2
A: K374 [NZ] 3.00 B: E14 [OE1]
A: H13 [NE2] 2.88 B: E14 [OE1]
A: R386 [NH2] 3.86 B: E14 [OE2]
A: H13 [NE2] 3.75 B: E14 [OE2]
A: R386 [NH1] 3.55 B: E15 [OE1]
A: R386 [NH1] 2.81 B: E15 [OE2]
A: R386 [NH2] 2.83 B: E15 [OE2]
A: E14 [OE1] 3.09 B: K374 [NZ]
A: E14 [OE1] 2.47 B: H13 [NE2]
A: E14 [OE2] 3.93 B: H13 [NE2]
A: E15 [OE1] 3.69 B: R386 [NH1]
A: E15 [OE2] 3.00 B: R386 [NH2]
A: E15 [OE2] 2.70 B: R386 [NH1]
C′: H13 [NE2] 2.79 D′: E14 [OE1]
C′: K374 [NZ] 3.25 D′: E14 [OE1]
C′: H13 [NE2] 3.86 D′: E14 [OE2]
C′: R386 [NH1] 2.85 D′: E15 [OE1]
C′: R386 [NH2] 3.84 D′: E15 [OE1]
C′: R386 [NH1] 2.96 D′: E15 [OE2]
C′: R386 [NH2] 2.59 D′: E15 [OE2]
C′: E14 [OE1] 2.88 D′: H13 [NE2]
C′: E14 [OE1] 2.89 D′: K374 [NZ]
C′: E14 [OE2] 3.78 D′: H13 [NE2]
C′: E15 [OE1] 3.34 D′: R386 [NH1]
C′: E15 [OE2] 2.88 D′: R386 [NH1]
C′: E15 [OE2] 2.73 D′: R386 [NH2]
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crystal of P. aeruginosa dihydropyrimidinase, the four
molecules formed two pairs of dimers, B-A and C-D, re-
spectively (Figure 5). Since the two dimers of P. aeruginosa
dihydropyrimidinase associate via few contacts to create the

tetramer, it was thought that the tetrameric state may be
possibly due to crystal packing forces. We noted that in the
crystal, another crystallographically related tetramer B-A-
C′-D′ (Figure 5) was formed and further stabilized via many

(a) (b)

Figure 6: Comparison of the tetrameric structures of �ermus sp. dihydropyrimidinase and P. aeruginosa dihydropyrimidinase.
(a) Structural analysis of the dimer-dimer interface of P. aeruginosa dihydropyrimidinase. �e distance (Å) of the residues is shown.
(b)Many residues crucial for forming hydrogen bonds at the dimer-dimer interface of P. aeruginosa dihydropyrimidinase were not found in
the dimer-dimer interface of �ermus sp. dihydropyrimidinase.
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Figure 7: Sequence alignment of dihydropyrimidinases from P. aeruginosa and �ermus sp. �e amino acids that are involved in dimer-
dimer interface of P. aeruginosa and �ermus sp. dihydropyrimidinase are boxed, respectively.
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hydrogen bonds and salt bridges (Tables 2 and 3). ,is
tetramerization structure was similar to that of)ermus sp.
dihydropyrimidinase (PDB entry 1GKQ).

We also compared the residues important for tetrame-
rization located at the B-A-C′-D′ dimer-dimer interface
with those of )ermus sp. dihydropyrimidinase (Figure 6).
Although their overall structures are similar, the important
residues for tetramer (dimer B-C′ with dimer A-D′) for-
mation are quite di@erent. For the tetramer formation of
P. aeruginosa dihydropyrimidinase, many hydrogen bonds
with close distance were found: these bonds (<3 Å) include
K374(A)–E14(B), H13(A)–E14(B), R386(A)–E14(B), R386
(A)–E15(B), R467(A)–V354(B), R468(A)–G357(B), E14(A)–
H13(B), E15(A)–R386(B), V354(A)–R467(B), G357(A)–R468(B),
H13(C′)–E14(D′), R386(C′)–E15(D′), R468(C′)–G357(D′),
E14(C′)–H13(D′), E14(C′)–K374(D′), E15(C′)–R386(D′), and
G357(C′)–R468(D′); however, these residues were not found
for the tetramer formation of)ermus sp. dihydropyrimidinase
(Figure 6). Only A13–D14 hydrogen bond was found
in )ermus sp. dihydropyrimidinase (i.e., H13–E14 in
P. aeruginosa dihydropyrimidinase). ,us, the dimer-dimer
interface between P. aeruginosa dihydropyrimidinase and
)ermus sp. dihydropyrimidinase was signi>cantly di@erent
(Figure 7). Comparison by superimposition indicated that
many Arg residues (R253, R358, R386, R467, and R468)
found in P. aeruginosa dihydropyrimidinase, but not in
)ermus sp. dihydropyrimidinase, may play a crucial role
for the pH-dependent oligomerization. If consider the pKa,
a much better candidate is His13, which is involved in
intermolecular interactions and, dependent on the envi-
ronment of its side chain, which may easily change pro-
tonation state between pH 5.9 and pH 7.5. However, this
speculation needs to be con>rmed by further biochemical
experiments.

3.5. Di;erent Mechanisms for Tetramer Formation of
Dihydropyrimidinases. In this study,we identi>edP. aeruginosa
dihydropyrimidinase can be a tetramer both in the crys-
talline state and in solution (Figure 4). ,e structure of the
tetrameric)ermus sp. dihydropyrimidinase and P. aeruginosa
dihydropyrimidinase was compared (Figure 6).Many important
residues for )ermus sp. dihydropyrimidinase tetramer for-
mation are di@erent from those for P. aeruginosa dihy-
dropyrimidinase (Figure 7). On the basis of these results,
we concluded that P. aeruginosa dihydropyrimidinase could
form a tetramer, but its oligomerization mechanism di@ered
from those of other dihydropyrimidinases such as )ermus
sp. dihydropyrimidinase.
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Characterization of single-stranded DNA-binding
protein SsbB from Staphylococcus aureus: SsbB
cannot stimulate PriA helicase

Kuan-Lin Chen,a Jen-Hao Cheng,a Chih-Yang Lin,ab Yen-Hua Huanga

and Cheng-Yang Huang *ac

Single-stranded DNA-binding proteins (SSBs) are essential to cells as they participate in DNA metabolic

processes, such as DNA replication, repair, and recombination. The functions of SSBs have been studied

extensively in Escherichia coli. Unlike E. coli, which contains only one type of SSB (EcSSB), some bacteria

have more than one paralogous SSB. In Staphylococcus aureus, three SSBs are found, namely, SsbA,

SaSsbB, and SsbC. While EcSSB can significantly stimulate EcPriA helicase, SaSsbA does not affect the

SaPriA activity. It remains unclear whether SsbBs can participate in the PriA-directed DNA replication

restart process. In this study, we characterized the properties of SaSsbBs through structural and

functional analyses. Crystal structure of SaSsbB determined at 2.9 Å resolution (PDB entry 5YYU) revealed

four OB folds in the N-terminal DNA-binding domain. DNA binding analysis using EMSA showed that

SaSsbB binds to ssDNA with greater affinity than SaSsbA does. Gene map analysis demonstrated that

SAAV0835 encoding SaSsbB is flanked by unknown genes encoding hypothetical proteins, namely,

putative Sipho_Gp157, ERF, and HNHc_6 gene products. Structure-based mutational analysis indicated

that the four aromatic residues (Phe37, Phe48, Phe54, and Tyr82) in SaSsbB are at positions that

structurally correspond to the important residues of EcSSB for binding to ssDNA and are also critical for

SaSsbB to bind ssDNA. Similar to EcSSB and other SSBs such as SaSsbA and SaSsbC, SaSsbB also

exhibited high thermostability. However, unlike EcSSB, which can stimulate EcPriA, SaSsbB did not affect

the activity of SaPriA. Based on results in this study and previous works, we therefore established that

SsbA and SsbB, as well as SsbC, do not stimulate PriA activity.

Introduction

Single-stranded DNA-binding proteins (SSBs) play crucial roles
in DNA metabolic processes, such as DNA replication, repair,
and recombination in prokaryotes and eukaryotes.1,2 During
these reactions, SSB is necessary to maintain the transient
unwinding of duplex DNA in a single-stranded state.3 SSB binds
to ssDNA with high affinity in a sequence-independent manner.
Bacterial SSBs are typically homotetramers, in which four
oligonucleotide/oligosaccharide-binding folds (OB fold) form
a DNA-binding domain. In additional to ssDNA, SSB also binds
to many DNA metabolism proteins that constitute the SSB
interactome.4,5 The C-terminal acidic tail (DDDIPF) and the
intrinsically disordered linker (IDL) of SSB are necessary to

mediate protein–protein interactions.4 The entire C-terminal
domain of SSB is disordered even in the presence of ssDNA.6

The structure, DNA binding properties, and functions of SSB
have been studied extensively in Escherichia coli (EcSSB).7,8

EcSSB has three distinct DNA binding modes that are depen-
dent on protein and salt concentrations in a solution.9 ssDNA
unwrapping analysis shows that EcSSB can diffuse along ssDNA
in the different binding modes, indicating a highly dynamic
complex.10

Several bacteria have two paralogous SSBs, namely, SsbA and
SsbB.11 Based on the sequence identity and the DNA binding
properties, the third SSB (SsbC) is also identied in Staphylo-
coccus aureus.12 S. aureus, a Gram-positive pathogen, causes
serious problems to public health worldwide.13 Some SSB
inhibitors as broad-spectrum antibacterial agents targeting S.
aureus and other pathogens have been discovered.12,14

SsbA is referred to as a counterpart of EcSSB. SsbA and SsbB
are essential for genome maintenance and transformational
recombination, respectively.15–18 Signicant differences for
SsbBs are found in their C-terminal sequences and DNA
binding properties. In Bacillus subtilis, SsbB binds to ssDNA
with lesser affinity than BsSsbA does.17 However, Streptomyces
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coelicolor SsbB (ScSsbB) exhibits greater DNA-binding affinity
than ScSsbA does.18 Unlike Streptococcus pneumonia SsbB
(SpSsbB), BsSsbB and ScSsbB lack the C-terminal acidic tail of
SSB for protein–protein interactions.16–18 Thus, SsbBs from
different organisms exhibit different protein–DNA and protein–
protein interaction specicities.

PriA is a DEXH-type helicase used for replication restart in
bacteria.19–22 PriA is a poor helicase and needs some specic
loading proteins to reload the replicative DnaB helicase back
onto the chromosome. In E. coli, accessory proteins PriB and
SSB are known to stimulate PriA helicase activity.23,24 However,
SaSsbA, a counterpart of EcSSB, does not trigger SaPriA.25

Instead, SaDnaD is found to enhance the ATPase activity of
SaPriA.26 The manner by which SaSsbA and SaSsbB participate
in SaPriA-directed primosome assembly and in DNA replication
restart remains unclear.

SSB has mainly been studied in Gram-negative E. coli, and, to
a lesser extent, in Gram-positive bacteria. Little is known about
the fundamental function of SsbB for the assembly of the
replication restart primosome. For instance, nothing is known
whether or not SsbB can stimulate PriA helicase. Because of
lacking experimental evidences, whether SsbB is thermostable
and whether SsbB has the typical C-terminal acidic tail of SSB
for protein–protein interactions also remain unclear. Whether
PriB, an EcSSB-like ssDNA-binding protein lacking the C-
terminal domain of SSB,27–29 is a counterpart of SsbB still
needs to be further elucidated.

In this study, we have cloned, expressed, puried, and bio-
chemically characterized SaSsbB. We also have crystallized
SaSsbB and determined its molecular structure. Unlike EcSSB,
SsbB could not enhance PriA activity. Thus, we established that
these three EcSSB-like proteins in S. aureus (SsbA, SsbB, and
SsbC) do not stimulate PriA activity.

Experimental
Construction of plasmids for SaSsbA, SaSsbB, SaDnaD, and
SaPriA expression

SaSsbA,25 SaDnaD,26 and SaPriA30 expression plasmids have
been constructed in other studies. SAAV0835, the gene encoding
a putative SaSsbB, was amplied through PCR by using the

genomic DNA of S. aureus subsp. aureus ED98 as a template. The
primers used for the construction of the pET21-SaSsbB plasmid
are summarized in Table 1.

Protein expression and purication

Recombinant SaSsbA,25 SaDnaD,26 and SaPriA30 have been
puried in other studies. Recombinant SaSsbB was expressed
and puried in accordance with a previously described protocol
for PriB.27,28 In brief, E. coli BL21(DE3) cells were transformed
with the expression vector, and the overexpression of the plas-
mids was induced by incubating with 1 mM isopropyl thio-
galactopyranoside. The protein was puried from a soluble
supernatant through Ni2+ affinity chromatography (HiTrap HP;
GE Healthcare Bio-Sciences), eluted with Buffer A (20 mM Tris–
HCl, 250 mM imidazole, and 0.5 M NaCl, pH 7.9) and dialyzed
against a dialysis buffer (20 mM HEPES and 100 mM NaCl, pH
7.0; Buffer B). Protein purity remained at >97% as determined
by SDS-PAGE (Mini-PROTEAN Tetra System; Bio-Rad, CA, USA).

Preparation of dsDNA substrate

The double-stranded DNA substrate (dsDNA) PS4/PS3-dT30 for
ATPase assay was prepared at a 1 : 1 concentration ratio.25,26

PS4/PS3-dT30 was formed in 20 mM HEPES (pH 7.0) and
100 mM NaCl by briey heating at 95 �C for 5 min and by slowly
cooling to room temperature overnight.

Electrophoretic mobility shi assay (EMSA)

EMSA for SaSsbB was conducted in accordance with a previ-
ously described protocol for SSB.31 In brief, various lengths of
ssDNA oligonucleotides were radiolabeled with [g32P] ATP (6000
Ci/mmol; PerkinElmer Life Sciences, Waltham, MA) and T4
polynucleotide kinase (Promega, Madison, WI, USA). The
protein (0, 0.01, 0.02, 0.039, 0.078, 0.1563, 0.3125, 0.625, 1.25,
and 2.5 mM; tetramer) was incubated for 30 min at 25 �C with
1.7 nMDNA substrates in a total volume of 10 mL in 20mMTris–
HCl (pH 8.0) and 100 mM NaCl. Aliquots (5 mL) were removed
from each of the reaction solutions and added to 2 mL of gel-
loading solution (0.25% bromophenol blue and 40% sucrose).
The resulting samples were resolved on 8% native poly-
acrylamide gel at 4 �C in TBE buffer (89 mM Tris borate and

Table 1 Primers used for construction of plasmidsa

Oligonucleotide Primer

SaSsbB-NdeI-N GGGCATATGTTAAACAGAGTAGTTTTAGTA
SaSsbB-XhoI-C GGGCTCGAGGAACGGGAGGTCTGAAAAATC
SaSsbB(F37A)-N ACATTAGCAGTAAACAGAACAGCCACGAATGCTCAA
SaSsbB(F37A)-C CTCGCCTTGAGCATTCGTGGCTGTTCTGTTTACTGC
SaSsbB(F48A)-N GGCGAGCGTGAAGCAGAGCTTATAAACGTAGTAGTGTTC
SaSsbB(F48A)-C GAACACTACTACGTTTATAAGCTCTGCTTCACGCTCGCC
SaSsbB(F54A)-N TTTATAAACGTAGTAGTGGCCAAAAAACAAGCTGAAAAC
SaSsbB(F54A)-C TTCAGCTTGTTTTTTGGCCACTACTACGTTTATAAAATC
SaSsbB(Y82A)-N CGACTACAAACACGTAACGCCGAAAACAAAGACGGGCAA
SaSsbB(Y82A)-C TTGCCCGTCTTTGTTTTCGGCGTTACGTGTTTGTAGTCG

a These plasmids were veried by DNA sequencing. Underlined nucleotides indicate the designated site for the restriction site or the mutation site.
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1 mM EDTA) for 1 h at 100 V and visualized through phos-
phorimaging. A phosphor storage plate was scanned, and data
regarding complex and free DNA bands were digitized for
quantitative analysis. The ssDNA binding ability of the protein
was estimated through linear interpolation from the concen-
tration of the protein that bound 50% of the input DNA.

ATPase assay

SaPriA ATPase assay25,26 was performed with 0.4 mM [g-32P] ATP
and 0.12 mM SaPriA in a reaction buffer containing 40 mM Tris
(pH 8.0), 10 mM NaCl, 2 mM DTT, 2.5 mM MgCl2, and 0.1 mM
PS4/PS3-dT30 DNA substrate. Aliquots (5 mL) were taken and
spotted onto a polyethyleneimine cellulose thin-layer chroma-
tography plate, which was subsequently developed in 0.5 M
formic acid and 0.25 M LiCl for 30 min. Reaction products were
visualized by autoradiography and quantied with
a phosphorimager.

Site-directed mutagenesis

SaSsbB mutants were generated with a QuikChange Site-
Directed Mutagenesis kit in accordance with the manufac-
turer's protocol (Stratagene, LaJolla, CA, USA) by using the
primers (Table 1) and the wild-type plasmid pET21b-SaSsbB as
the template. The presence of mutation was veried through
DNA sequencing.

Bioinformatics

The amino acid sequences of 150 sequenced SSB homologs
were aligned using ConSurf,32 and the structures were visualized
by using PyMol.

Crystallography

Before crystallization was performed, SaSsbB was concentrated
to 15 mg mL�1 in Buffer B. Crystals were grown at room
temperature through hanging drop vapor diffusion in 30% PEG
4000, 100 mM Tris, and 200 mM sodium acetate at pH 8.5. Data
were collected with an ADSC Quantum-315r CCD area detector
at SPXF beamline BL13C1 at NSRRC (Taiwan, ROC). Data were
integrated and scaled with HKL-2000.33 Four SaSsbB monomers
per asymmetric unit were present. The crystal structure of
SaSsbB was determined at 2.98 Å resolution with the molecular
replacement soware Phaser-MR34 by using SaSsbA as a model
(PDB entry 5XGT).25 A model was built and rened with

PHENIX35 and Coot.36 The nal structure was rened to R-factor
of 0.2139 and Rfree of 0.2995. The atomic coordinates and
related structure factors have been deposited in the PDB with
the accession code 5YYU.

Results and discussion
Sequence analysis of SaSsbB

SAAV0835, which encodes SaSsbB of 141 aa, was found on the
basis of the nucleotide sequence similar to BsSsbB and EcSSB.
The amino acid sequence of SaSsbB shared 36% identity to that
of SaSsbA. The ConSurf analysis reveals that the C-terminal
region of SaSsbB was variable (Fig. 1). Like EcSSB, SaSsbB also
had a long exible region, but its exible region was composed
of few proline and glycine residues. SaSsbB (109–141 aa) had
one Gly residue and two Pro residues (Fig. 1), which are
signicantly less than those of EcSSB (116–178 aa; 15 Gly resi-
dues and 10 Pro residues). In addition, SaSsbB did not have a C-
terminal acidic peptide tail. The C-terminal acidic tail DDDIPF
in EcSSB involved in protein–protein interactions was FSDLPF
in SaSsbB.

Analysis of ssb (SAAV0835)

Fig. 2 shows the gene map of S. aureus chromosomal region
with the ssb gene SAAV0835, which is anked by unknown genes
encoding hypothetical proteins with similarity to Sipho_Gp157,
ERF, and HNHc_6. Unlike E. coli, which contains one type of
SSB, S. aureus have three paralogous SSBs (SsbA, SsbB, and
SsbC).12 The gene map analyses of ssb show signicant differ-
ences.12,25 Unlike EcSSB located adjacent to uvrA, SaSsbA is
anked by rpsF and rpsR,25 which encode the ribosomal proteins
S6 and S18, respectively. SaSsbC is anked by the putative SceD,
the putative YwpF, and fabZ genes, which code for a trans-
glycosylase, a hypothetical protein, and a b-hydroxyacyl-ACP
dehydratase, respectively.12 The gene regulation for SaSsbB is
still unknown. Given that SsbB is essential for transformational
recombination, these function-undetermined genes (Fig. 2) in
S. aureus may be regulated with SaSsbB in a single signaling
control and may be also involved in transformational recom-
bination. However, this hypothesized relationship must be
further conrmed by a detailed transcription analysis.

Fig. 1 Sequence analysis of SaSsbB. An alignment consensus of 150 sequenced SSB homologs by ConSurf reveals the degree of variability at
each position along the primary sequence. Highly variable amino acid residues are colored teal, whereas highly conserved amino acid residues
are burgundy. A consensus sequence was established by determining the most commonly found amino acid residue at each position relative to
the primary sequence of SaSsbB.
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SaSsbB bound to ssDNA

We studied the binding of puried SaSsbB (Fig. 3) to ssDNA
(dT15-40) at various protein concentrations by using EMSA. To
compare the DNA-binding abilities of SaSsbB, we quantied
[Protein]50 through linear interpolation from the protein
concentration (Fig. 4 and Table 2). The binding ability of SaSsbB
to dT40 in the presence of 0.4 M NaCl was also analyzed (Fig. 4).
[SaSsbB]50 of dT40 binding was 90 � 4 nM, which was about
fourfold lower than that in the presence of 0.4 M NaCl (382� 16
nM). Thus, the binding ability of SaSsbB to ssDNA is salt-
dependent. Under the condition, only one band shi was
found for dT20-60 (Fig. 5).

Stimulation of the ATPase activity of SaPriA by SaSsbB

To date, it remains unclear whether SsbB can stimulate the
activity of the primosomal protein PriA. To investigate the
possible effect of SaSsbB, we performed an ATPase assay for
SaPriA. SaDnaD,26 which stimulates the SaPriA activity, was
used as a positive control. In contrast to SaDnaD,26 we found
that the ATPase activity of SaPriA in the presence of SaSsbB was
not changed (Fig. 6). Given that the C-terminal domain of SsbB

did not contain the acidic tail (Fig. 1), SsbB may not bind to
PriA. Thus, no stimulation occurred (Fig. 6).

Crystal structure of SaSsbB

In this study, we have shown that unlike EcSSB, SaSsbB did not
contain the C-terminal acidic peptide and could not stimulate
SaPriA helicase. To deeply understand the structure–function
relationship of SaSsbB, we crystallized SaSsbB through hanging

Fig. 3 Coomassie Blue-stained SDS-PAGE (15%) of the purified
SaSsbA, SaSsbB, and molecular mass standards. The sizes of the
standard proteins, from the top down, are as follows: 170, 130, 100, 70,
55, 40, 35, 25, and 15 kDa.

Fig. 4 ssDNA binding of SaSsbB. Protein was incubated at 25 �C for
30 min with ssDNA in a total volume of 10 mL in 20 mM Tris–HCl (pH
8.0) and 100 mM NaCl. The [Protein]50 values of SaSsbB as a function
of the length of the ssDNA were determined using EMSA.

Table 2 The [Protein]50 values of SaSsbB as analyzed by EMSAa

DNA [Protein]50 (nM)

dT15 >2000
dT20 190 � 8
dT30 164 � 7
dT40 90 � 4
dT40 (with 0.4 M NaCl) 382 � 16

a [Protein]50 was calculated from the titration curves of EMSA by
determining the concentration of the protein needed to achieve the
midpoint value for input DNA binding. Errors are standard deviations
determined by three independent titration experiments.

Fig. 2 Genemap of S. aureus chromosomal region with the ssb gene SAAV0835. The gene SAAV0835 coding for SaSsbBmaps from the 863279
to 863704 nt of the S. aureus genome. This ssb gene is flanked by unknown genes encoding hypothetical proteins, namely, the putative gene
products similar to Sipho_Gp157, ERF, and HNHc_6.
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drop vapor diffusion and determined its structure at a resolu-
tion of 2.98 Å (Table 3). The secondary structural element of
SaSsbB is similar to that of SaSsbA (Fig. 7A). The amino acids
107–141 in SaSsbB ternary structure were not observed.
Consistent with the result from gel ltration analysis (data not

shown), four monomers of SaSsbB per asymmetric unit were
present (Fig. 7B). The SaSsbB monomer has an OB-fold domain
similar to EcSSB, and the core of the OB-fold domain possesses
a b-barrel capped with an a-helix. Unlike ScSSB, which contains

Fig. 5 EMSA of SaSsbB. Protein (0, 0.01, 0.02, 0.039, 0.078, 0.1563, 0.3125, 0.625, 1.25, and 2.5 mM; tetramer) was incubated at 25 �C for 30 min
with 1.7 nM of (A) dT15, (B) dT20, (C) dT30, (D) dT40, (E) dT50, or (F) dT60 in a total volume of 10 mL in 20mM Tris–HCl (pH 8.0) and 100mMNaCl.
Only one band shift was found for these ssDNAs.

Fig. 6 The ATPase activity of SaPriA did not change when acting with
SaSsbB. SaPriA ATPase assay was performed with 0.4 mM [g-32P] ATP,
0.12 mM of SaPriA, and 0.1 mM PS4/PS3-dT30 DNA substrate for 1 h. To
study the effect, SaSsbA (10 mM), SaSsbB (10 mM), or SaDnaD (4 mM) was
added into the assay solution. Reaction products were visualized by
autoradiography and quantified with a phosphorimager.

Table 3 Data collection and refinement statistics

Data collection
Crystal SaSsbB
Wavelength (Å) 0.975
Resolution (Å) 30–2.98
Space group P212121
Cell dimension (Å) a ¼ 63.99, a ¼ 90

b ¼ 84.74, b ¼ 90
c ¼ 84.86, g ¼ 90

Completeness (%) 99.8 (99.8)a

hI/sIi 13 (2.5)
Rsym or Rmerge (%)b 0.125 (0.541)
Redundancy 3.8 (4.0)

Renement
Resolution (Å) 30–2.98
No. reections 9334
Rwork/Rfree 0.2139/0.2995

No. atoms
Protein 399
Water 16

R.m.s deviation
Bond lengths (Å) 0.011
Bond angles (�) 1.385

Ramachandran plot
In preferred regions 359 (93.25%)
In allowed regions 20 (5.19%)
Outliers 6 (1.56%)
PDB entry 5YYU

a Values in parentheses are for the highest resolution shell. b Rsym ¼ S|I
� ‘I’|/SI, where I is the observed intensity, ‘I’ is the statistically weighted
average intensity of multiple observations of symmetry-related
reections.
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an additional strand (b6),18 SaSsbB does not contain b6. Addi-
tional b6 strands clamp two neighboring subunits together in
a tetrameric SSB.18 Thus, SsbBs from different organisms may
exhibit different protein–DNA and protein–protein interaction
specicities.

Trp40, Trp54, Phe60, and Trp88 in EcSSB participate in
ssDNA binding via stacking interactions (Fig. 7C). Corre-
spondingly, Phe37, Phe48, Phe54, and Tyr82 in SaSsbB might
play roles in ssDNA binding (Fig. 7D). These residues proposed

for binding DNA in SaSsbB were also identical to those in
SaSsbA (Fig. 7E). SaSsbB structurally resembles PriB,27,28 but
signicant differences in the lengths of b4- and b5-sheets were
found (Fig. 7F).

Mutational analysis

According to crystal structure of SaSsbB, we speculated that
Phe37, Phe48, Phe54, and Tyr82 in SaSsbB allow nucleic acids to

Fig. 7 Crystal structure of SaSsbB. (A) The secondary structural element of SaSsbB. The secondary structural element of SaSsbB is shown above
its sequence. (B) Crystal structure of SaSsbB. Four monomers of SaSsbB per asymmetric unit were present. The entire C-terminal domain was
disordered. (C) ssDNA-binding mode of SaSsbB. In the EcSSB–ssDNA complex (PDB entry 1EYG), Trp40, Trp54, Phe60, and Trp88 participated in
ssDNA binding via stacking interactions. The corresponding residues in SaSsbB, namely, Phe37, Phe48, Phe54, and Tyr82, might play roles in
ssDNA binding similar to those of EcSSB. For clarity, only a dimer of EcSSB and SaSsbB is shown. (D) Superposition of SaSsbB and EcSSB. The N-
terminal domains of SaSsbB and EcSSB (gray) are similar. (E) Crystal structure of SaSsbA. The residues proposed for binding DNA in SaSsbB are
also identical to those in SaSsbA. (F) Superposition of SaSsbB and KpPriB. The N-terminal domain of SaSsbB and KpPriB (PDB entry 4APV; green)
are similar, in which the only significant difference is in the lengths of the b4 and b5 sheets.
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wrap around the whole SaSsbB. We constructed and analyzed
alanine substitution mutants (i.e., F37A, F48A, F54A, and Y82A)
through EMSA (Fig. 8). Table 4 summarizes [Protein]50 of the
binding of these SaSsbB variants to dT50. These SaSsbB
mutants have [Protein]50 higher than that of the wild-type
SaSsbB. The mutational effect on the ssDNA binding activity
of SaSsbB followed the order Y82A > F54A > F48A > F37A.
Structure-based mutational analysis indicated that SaSsbB
might bind to ssDNA in a manner similar to that of EcSSB
(Table 4).

Thermostability

SSB proteins have high thermostability.37 SsbA and SsbC are
highly thermostable.12 It is still unknown whether SsbB has
high thermostability. We performed indirect thermostability
experiments (Fig. 9). The activity of SaSsbB incubated at 100 �C,
95 �C, 90 �C, and 85 �C for 30 min decreased by 60%, 35%, 15%,
and 2%, respectively. Given that the activity of EcSSB decreased
by 50% aer 30 min incubation at 95 �C,37 we determined that
the thermostability of these SSBs followed the order SaSsbA ¼

SaSsbB > SaSsbC > EcSSB (Table 5). Thus, SaSsbB also exhibited
high thermostability.

SsbB is not a counterpart of PriB

PriB is a dimeric ssDNA-binding protein with two OB folds,27–29

only found in some Gram-negative bacteria.21,22 Our crystal
structure reveals that the N-terminal DNA-binding domain of
SaSsbB structurally resembles PriB, although they signicantly
differ in the lengths of b4- and b5-sheets (Fig. 7F). Like SaSsbB,
PriB also lacks the acidic tail. Because E. coli has only one SSB, it
may raise a question whether PriB is the second SSB in E. coli
and plays a functional role that is similar to SsbB in S. aureus.
Sequence comparisons and operon organization analyses also
show that PriB evolves from the duplication of the SSB gene.38

However, PriA activity can be signicantly stimulated by PriB
but not by SsbB (Fig. 6). Thus, SaSsbB and EcPriB have different
functions, and PriB is not a counterpart of SsbB. Considering
that the mechanisms of action of primosomes involved in DNA
replication restart differ between E. coli21,22 and Gram-positive

Fig. 8 Mutational analysis of SaSsbB for ssDNA binding. Binding of
SaSsbB mutant protein (F37A, F48A, F54A, and Y82A) to dT50. The
mutant protein was incubated with dT50. The phosphor storage plate
was scanned, and the data for complex and free DNA bands were
digitized for quantitative analysis.

Table 4 The [Protein]50 values of SaSsbB mutants as analyzed by
EMSAa

dT50 [Protein]50 (nM)

SaSsbB 83 � 7
SaSsbB(F37A) 155 � 12
SaSsbB(F48A) 176 � 10
SaSsbB(F54A) 191 � 16
SaSsbB(Y82A) 296 � 18

a [Protein]50 was calculated from the titration curves of EMSA by
determining the concentration of the protein (tetramers) needed to
achieve the midpoint value for input DNA binding. Errors are
standard deviations determined by three independent titration
experiments.

Fig. 9 The thermostability of SaSsbB. Protein (1 mM) was incubated at
temperatures ranging from 40 �C to 100 �C for 30 min. The resultant
protein solution was incubated at 25 �C for 30 min with dT30. The
phosphor storage plate was scanned, and the data for complex and
free DNA bands were digitized for quantitative analysis.

Table 5 Thermostability of SaSsbBa

Temperature

The decreased activity (%)

SaSsbA SaSsbB SaSsbC EcSSB

85 �C 2 2 2
90 �C 15 15 20
95 �C 35 35 40 50
100 �C 60 60 70

a Protein (1 mM) was incubated at temperatures ranging from 40 �C to
100 �C for 30 min. The resultant protein solution was incubated at
25 �C for 30 min with dT30. The phosphor storage plate was scanned,
and the data for complex and free DNA bands were digitized for
quantitative analysis. Results of SaSsbA,12 SaSsbC,12 and EcSSB37 are
adapted from previous works for comparison.
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bacteria,39 we should elucidate the process by which PriA can
cooperate with various loading factors to reactivate the same
stalled forks.

Recently, we have identied and characterized the third SSB
(SsbC) in S. aureus.12 The structure and ssDNA-binding mode of
SaSsbA,25 SaSsbB (this study), and SaSsbC12 are similar. Further
studies are still needed to understand why SSB in S. aureus is
necessary to evolve three similar but different SSBs.
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