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はじめに

　進化分子工学実験から生ずる多種の変異体のDNAシーケンシングや、SNP解析のための

DNAシーケンシングは　配列がほとんど同じものの少しの違いを多量の試料に対して行う

必要がある。この目的に適したDNAシーケンサーを検討した。

　DNAシーケンシングのサンガー法は、当初、放射能標識したDNA複製反応の生産物を、

電気泳動で空間展開し、それをオートラジオグラムで可視化し読み取るという多段階のス

テップを取る遅いプロセスであった。ヒトゲノム計画を推進したDNAシーケンサーは、こ

の電気泳動を時問展開に変え、4色蛍光標識したDNA複製産物を電気泳動時にレーザーで

実時閲モニターするという高速化を実現したものであった。さらに高速化するには、DNA

複製反応時に何らかの方法で実時間モニターすればよい。パイロシーケンシング法はその

一っの解答であった。われわれはこれとは別に、DNA複製反応を実時間で電気化学的にモニ

ターすることによって配列を決定する並列高速シーケンサーを提案した。その基本原理は、

DNA複製反応が1塩基伸長に伴い、平均0．3個のプロトンが吸収されること（at　pH7）に基

づく。半導体pHセンサーは微小・高集積・高速応答という特長をもつので、超並列モニタ

ーが可能となり、高スループットのシーケンサーとなることが期待できる。欠点としては、

現状では短鎖DNAにしか適用できない。しかし、進化分子工学実験から生ずる多種の変異

体のDNAシーケンシングや、SNP解析のためのDNAシーケンシングにはこれで十分である。

　次のような段階でその実用化を検討した。（1）固定化タグ配列（ブイDNA）の固定化

密度は従来のコンストラクトでも十分量を達成していたが、今回導入したヘアピン状ブイ

DNAのヘアピンループ中央に配置したチオUを介してゲート表面にジスルフィド結合さ

せる方法でも、1．3xlO4分子／μm2という十分量を達成できた。ブイDNAに対する相補タグ

配列を持つ未知配列DNAのハイブリダイゼーションの効率も70％に達した。この結果、

理論検出限界の10倍量の未知配列DNAを固定化できたことになる。（2）この試料DN

AをブイDNAから剥離し、ブイDNAを再利用できることを確認した。（3）1対の差動

型ISFETを薄型フローセルに固定化した装置を改良し、セルフプライミングDNAの10塩

基長の伸長に伴うpH変化を観測し、立ち上がり時間60sで8、5mVの出力を得た。この出力

は1塩基伸長を観測できる大きさである。立ち上がり時間の遅さは、本方法の特長である

高速性を損なう。これは表面複製反応の遅さではなく、MicrofludiCS技術の未熟さに起因

する液間界面の平坦化に起因する。
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研究成果

1．原理

1．1　DNA複製反応に伴うp　H変化

DNA複製反応において、1ヌクレオチドの伸長反応は次の式によって表される。

　　　　　　　　　　　　　　　　　　　　　　　　O’
　　　　　　　　　　　　　　　　　　　　　　　　ヨ
　DNAn　÷　｛dNTP｝　＋　xHl＋→DNA亘　一〇一P一つ一dN　　＋　｛PP跨
　　　　　　　　　　　　　　　　　　　　　　　　II
　　　　　　　　　　　　　　　　　　　　　　　　O

　ここで、｛…　　｝は、プロトン解離状態、Mg2＋結合状態の異なる分子種のセットを意

味し、各分子種間で異なるpK。値をもつ。反応式中のH＋の係数xは、溶液の初期pEに依

存するが、｛dNTP｝と｛PPi／の各分子種のpK。値から、pH7．0近傍では、約＋0．3である

ことが計算された。すなわち、試料溶液のpH緩衝能を落としておけば、pHはアルカリ

側にシフトする。この事実は先行研究によりISFETpHセンサーの出力電圧として検出さ

れ確認された（Sakurai，T、＆Eusimi，Y，Ana1．C五em．64，1996（1992））。

1．2　複製反応の実時問モニターによる超並列DNAシーケンサーのプロトコール

　DNA複製反応を実時間モニターすることによる高速DNAシーケンシングの方法を図1

に提案する。

　チューブの内面に直線上にM対のISFETが集積されており、それらのゲート膜表面の

窒化ケイ素にプローブ（または、ブイと呼ぶ）ssDNAの3’末端側を固定化する。M＋1種

のプローブssDNAが固定化されている。M種の配列未知の試料ssDNAの5’末端側にこの

プローブのタグ配列に相補な配列を付け、3’末端側にはセルフプライミングするユニバーサ

ル配列を付けておく。この他1種の参照用ssDNAを用意する。

　①M種未知試料DNAと参照用DNAをプローブにハイブリダイズさせる。

　②チューブにDNAポリメラーゼ（即）とdATPに流し、次に、洗浄液を流す。

　③即とdTTPを流し、次に洗浄する。

　④KFとdGTPを流し、次に洗浄する。

　⑤KFとdCTPを流し、次に洗浄する。

　⑥上記の②一④を未知配列の塩基数だけ繰り返す。

　⑦変性バッファーを流し、試料DNAを解離流出させる。

　⑧上記①一⑦を繰り返す。

②一⑤のいずれかのステップで、DNA複製反応が1塩基伸長するが、その時、pHがアル

カリ側にパルス状に変化する。試料で同じ塩基がn個並んでいる場合は、パルスの高さが
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n倍になることが期待される。実際、M．Ronaghiらのパイロシーケンシング法では、4塩

基の連を識別している。

　この方法で1時間に決定できる塩基数は、3600xMxv／4（lw＋IB）。

M＝256の時、250，000base／hrという高速性が期待できる。

1．4　理論検出限界

　ここで用いているISFETpHセンサーの感度は、中性pHIで0．02pHである。

次に、複製反応に伴う局所的プロトン濃度変化を計算する。

まず、図2に示す、1塩基伸長時のプロトンの拡散距離Lを評価する。プロトンの拡散係

数はD＝9．31x10’5cm21s。固定化面積が300μm2以上あれば、1次元拡散と見なしてよく、

DNAポリメラーゼの反応速度をu［nt／s1とすると、

　　　　五＝痂×10－2m

DNAの固定化密度を　N分子／μm2とすると、図2の直方体の体積は

　　　　v＝L〆2〉×10－9乏

　渠　i　i
　i　i　i　l

叢弊i…｝

　　　　騰妻
　　　　、　　　　r　　　　一照　　　　　工　　　ド　　　　　　　　　ヨ

　　　　　　　　　　　　　　ヤ　そ　　　　、　　誼’　　　　　　　　　　　　ドヤ　　　　じ　　　　　　　マ　　　　　

　　　　鞠　　　　　■　　r

、．驚薪

図2．DNA1分子あたりの作業空間

バッファーの緩衝能をf、アボガドロ数をNAとすると、体積要素vにおける局所pH変化

パルス高は、pH7．0において、

　　　　ゆH＝一1・g笹7。一〇y／N．ノ！）＋1・90σ7“）

　　　　紳一一α3澤び蕩〕・bg健）

これをテーラー展開し、第1項までを取ると、理論検出限界の固定化DNA密度は、
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　　　N一雌×携淵1×1蛸厚

ISFET感度△pH二〇．02、u＝25nt／s、仁5　の時、N＝4．O　x103μm’2と評価できる。

DNA複製反応1塩基伸長の反応収率をηとすると、シーケンシング可能な塩基長は、

　　五。＝lo905／109η

η＝0。9のとき、Lo＝7，η＝0。99のとき、Loニ70。実際、固定化DNAパイロシーケンシ

ングの場合、15塩基まで正確に配列決定している。

2．材料と方法

2．1　DNAオリゴマー

　プローブssDNA（繋留用DNA、ブイDNAと呼ぶ）としては、次のDNAオリゴマーを合成し

用いた。3’末端はジデオキシ体となっており、再利用可能なように伸長反応を抑制してい

る。チオUを介するSS結合でISFETゲート表面に固定化される。

tb．一評CAGCACGGTGGTCGGCTCCAG－GAG－C汐

　　　　　選／G璽CGTGCCACCAG窒
　　　　　　　　F皿C

テスト用試料DNAとしては、次のDNAオリゴマーとその誘導体を合成して用いた。アンダー

ラインの部位で、ブイDNAにハイブリダイズしISFETゲート表面に固定化される。セルフプ

ライミングで複製反応が起こる。誘導体としては、配列決定部分の配列が、

　　　　　　　　AGTCTGTGGTTTTTTTTTT

となっているものであり、dATPの投入により10塩基、さらにdCTPの投入により、5塩基、

さらにdGTPの投入により3塩基、最後にdTTPの投入により1塩基伸長することが観察され

るような試料である。

3㏄鰍麟へ
舳
3

　　　　　　　　　　　　　　　　　　T一踏MRA

2．2　DNAオリゴマーの固定化

　チオUを有するブイDNAをスライドガラスやISFETのゲート表面に固定化するには、

図3に示すようなSS結合交換反応を用いた。
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ii3「・ 　　ii≡16H　
　
↓　　　　　　ぺ　　　　　『　　『　　　　　甲　　　　』

　　　　・② 』2・ピリジルジスルフィド化

三iil轡．・Q一卜心壌㎝

滴→ ¢銅H
　i紳→一佃　一之》

髪1・田・』　　lq・H　
　
↓　　　　③　交換反応によるBuoyDNAの固定化
　　　　　　』　　　　　　　　　　　　　　　　　　　　　　　　－

　　　　　　■　　　　　　　』
　　　　　　　■　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　『

　　　　　　　■　　　　　　　■　　　　　　』

ヨ餌” 面3一：ヨ？R
三桝　繭く》　玩Si一・†（CH函一S－S｛〕皿

二1㎝　　　　　≡三二1・R

図3　ブイDNAの固定化反応

2．3　装置

　　2本のISFET（新電元工業株式会社から贈与）をオゾンクリーナーで洗浄後、超音波

洗浄した。そのうち1本のゲート表面にブイDNAを固定化し、次いで試料DNAをハイブ

リダイズさせた。もう1本のISFETはシラン化処理を行いREFETとした。

　図4のように、PDMAを用いて、2本の1SFETが向かい合わせに固定化されたフローセ

ルを作製した。
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　欝む

《データ》

鷹．鐙，蟹

　擬搬誌較電縫催霧獲衿・〆纒 1
　　　　　　　　　　欝欝戸憾、霧，、灘盆簸叢騒電樹
フ縫一一鷺麹（溌鶏く捧）綜

　図4。測定装置概略図。差動型測定回路とは、BAS社製ISFETmV！pHメーターであ

る。

3．結果

3。1．DNA固定化密度

　固定化タグ配列（ブイDNA）の固定化密度は従来のコンストラクトでも十分量を達成

していたが、今回導入したヘアピン状ブイDNAのヘアピンループ中央に配置したチオU

を介してゲート表面にジスルフィド結合させる方法でも、1。3x104分子／μm2という十分量を

達成できた。図5参照。

　ブイDNAに対する相補タグ配列を持つ未知配列DNAのハイブリダイゼーションの効率

も70％に達した。この結果、上記理論検出限界の10倍量の未知配列DNAを固定化で

きたことになる。

　この試料DNAをブイDNAからSDSバッファーにより解離させ、ブイDNAを再利用

できることを確認した。
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　　図5．スライドグラスヘのブイDNAの固定化反応における固定化密度。（a）滴下DNA

濃度依存性、（b）タイムコース。固定化密度は、FITC蛍光を蛍光分光光度計で測定し、検量

線から表面密度を求めた。

3．2．電気信号出力

　図6に示すように、セルフプライミングDNAの10塩基長の伸長に伴うpH変化を観測し、

90％立ち上がり時間60sでピーク値8．5mVの出力を得た。伸長反応が起こらないdTTPのみ
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の投入では電気信号出力が無いことを確認してあり、観測された出力は複製反応をモニタ

ーしていることになる。この出力は1塩基伸長を観測できる大きさである。

璽dAτPとdOTPfこよる複製反応

璽dTTPによる複製反応
10

8

6
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　　　　　図6．固定化DNA10塩基長複製反応の実時問モニター。

　　　　　　　　右側縦軸はアルカリ方向pH変化を表す。

試料の塩基配列から考えて伸長反応が起こるはずのないdTTPのみを投入したときは出力

変化は無いが、10塩基分の伸長反応が起こるdATP＋dCTPを投入すると8．5mVの出力変

化が得られた。

4。今後の展望

　　図6に示す出力の立ち上がり時間の遅さは、本方法の特長である高速性を損なうこと

になる。△pH＝1の2種の0。6SSCバッファーを切り替えて流すことによる出力変化曲線

の立ち上がりも同程度に遅いことから、この立ち上がりの遅さは表面複製反応の遅さでは

なく、Microf工udiCS技術の未熟さに起因する液間界面の平坦化に起因することが判明した。

当初の計算通りの高速性を実現するためには、マイクロフローセルの設計を再検討する必

要がある。特にISFETの製造工程と流路製造工程を一体化することが望ましい。
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公表した参考論文のコピー集

本シーケンサーの対象である、進化分子工学の関係論文を4編添付して、参考

に供する。
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Abstract 
Background: We developed a method to make a various high quality random peptide libraries for 

evolutionary protein engineering based on a combinatorial DNA synthesis. 

Results: A split synthesis in codon units was performed with mixtures of bases optimal[y designed 

by using a Genetic Algorithm program. it required only standard DNA synthetic reagents and 

standard DNA synthesizers in three lines. This multi-Iine split DNA synthesis (MLSDS) is simply 

rea[ized by adding a mix-and-sptit process to normal DNA synthesis protocol. Superiority of 

MLSDS method over other methods was shown. We demonstrated the synthesis of 
oligonucleotide libraries with I O 1 6 diversity, and the construction of a library with random sequence 

coding 1 20 amino acids containing few stop codons. 

ConclusiQns: Owing to the flexibility of the MLSDS method, it wifl be able to design various 

"rational" Iibraries by using bioinformatics databases. 

Background 
The combinatorial synthesis method has been demon-
strating its effectiveness in discovering novel functional 

molecules- Examples of this method in the field of evolu-

tionary protein engineering are selections of a novel func-

tional peptide from a random library on solid support [ l]. 

phage display [2] or in vitro virus (synonym far RNA-pep-

tide fusion or mRJ~JA-display) [3-5]. The efficiency of the 

methads depends on the screening technique employed 
and the library quality. In the display methods, a library 

of polynucleotide templates must be prepared in order ta 

obtain a random peptide library. A primitive random 
library of such templates is (NNN)* (N = equimolar mix-

ture af A. T. G and C). This library leads ta premature 
short peptides and a particular bias of the 2lmino acid 

composition, which makes the effective searchable 
sequence space biased. A slightly impraved library NNK 

or NNS (K / S = equimolar mixture of T and C / G and C) 

has been conventionally used_ Several methods have been 

developed for a more improved library. Various " rational" 

libraries in which the nucleotide mixtures were optimized 

for a target amino acid composition by using a computer 

calculation ha:ve been developed [6-8]. 

Removal of stop codons to obtain long ORFS is impottant 

for the evolutionary design of a novel protein starting 

from a random library. Several methods based on random 

block-ligation were reported [9,10]. Two high quality 

libraries that lead ta the successful evolutionary protein 

design were as follows: the trinucleotide 

Page i of 3 

rp~ge nvmber nat forcitet~bn purposes) 

15 



BMC Biotechnology 2004, 4: 1 9 htt p://www. biomed central.com f i 472-6750/4/i 9 

phosphoramidites (3NPs) method using twenty pre-syn-

thesized trimers of nucleotide phosphoramidites [1 1-14], 

and the pre-selecting method using an mRNA display 
with a C-teminus affinity tag in order to remove stop 

codons [15]. 

We report in this article on a convenient methad for the 

construction of a high quality library based on combina-

torial DNA synthesis. This library has few stop codon and 

has an optimized amino acid composition for various 

purposes. A random library based on the split synthesis 

[1] is made routinely in combinatorial chemistry, but a 

few methods [16,17] and a few applications [18,19] have 

been reported for oligonudeotides synthesis. They were 

used for mutagenesis and the products did not have high 

quality for evolutionary protein engineering. We applied 

the split synthesis to oligadeoxyribonucleotide synthesis 

and developed a new procedure, based on the synthesis of 

designed codon mixtures using multi-line DNA synthesiz-

ers. Our methdd, Multi-Line Split DNA Synthesis 
CMLSDS), requires only standard reagents and three: or 

four synthesizers for DNA synthesis. MLSDS can make 
various " rational" Iibraries of huge diversity with few stop 

codans. 
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Results and Discussions 
Adoptive design to the target amino acid composition 

Scheme of the MLSDS method is shown in Fig. I and 
Table 1, and described in detail in I~4ethods section. 

MLSDS is able to remove not only stop codons but also 

particular codons. It is able to design the codcn composi-

tion. We incorporated the effect of the single nucleotide 

deletion during a general oligonucleotide synthesis [20] 

into the design_ 

Designed biased libraries are useful for creating various 

novel proteins such as a functional peptide without Cys 

[21] or an engineered protein without Met [22]. Unnatu-

ral codons and unnatural amino acid [23] will be alsa 

incorporated iri desired composition. It will be able to 

incorporate various results of analysis of bioinfolmatics 

databases in order to make an initial library with higher 

evolvability in experimental protein evolution. The opti-

mum amino acid composition in the library may be dif-

ferent for each target protein. For example, when we want 

to explare the global protein sequence space exhaustively, 

the unifoun amino acid composition may be the best_ 
When we want to explore only a proven region in the pro-

tein sequence space, the use af the average amino acid 

composition among naturai proteins [241 might be better 

for many aspects- When we want to design a protein with 

some specific properties, a library with increased or 
decreased fracticn of specific amino acid should be con-

structed for each segmental region on the polypeptide 
chain. 
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Figure I 
Scheme of the MLSDS method. The case of three-lines 
is shown. Uppermost three boxes indicate the state in the 

DNA synthesizers after the frst three synthetic cycies, that 

is, partial mixtures oftrip]et codons attached to the CPGs. i , 

2 and 3 denote l~1:, 2nd and 3rd jetter mixture in tbe iine-l 

DNA synthesizer, respectively. Their A:T:G:C mixing ratios 

are designed with the GA program so that 1 23 gives a partial 

mixture of tripiet codons without any stop cadons. in the 

same way, 456 and 789 denote corresponding partial mix-
tures of triplet codons in the line-2 and the line-3 DNA syn-

thesizers, respectively. The equimolar mixture of 1 23, 456 

and 789, which is obtained after split-and-mix procedure, 

can be designed to give approximateiy the target amino acid 

composition without stop codons. Examples of I ,2,.....,9 are 

shown in Table [ . 
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Table ! : Examples of mo!ar mixing ratio of bases for MLSDS Iibraries 

Library name No C,s Naturai 

Line Number of Synthesizers Line- l Line-2 Line-3 Line- l Line-2 Line-3 

ID Number of premix phosphoramidtces 1 2 3 4 
Flolar mixing ratio of A:T:G:C 

5 6 7 8 9 1 2 3 4 5 6 7 8 9 

A 

G 
C 

2 3 S S 
O O 3 4 
3 O O 4 
3 1 O O 

o o 2 S O s 4 2 2 o o 3 4 o 
3 O 3 S 2 O i 
3 1 1 O O S O 
l O 1 3 S 3 l 

I 3 2 3 4 2 S 
2 S S 2 4 O O 
O 2 2 i 2 4 O 

Among these wide spectra of requirements, we designed 

DNA Iibraries that code peptide libraries having various 

characteristics and have no stop codons. Examples are: a 

library with the average amino acid composition of natu-

ral proteins [24], which is named "Natural" Iibrary in this 

article, the uniform amino acid composition; and the uni-

form composition except [Cys] = O. A Iibrary encoding 

only four kinds of amino acid (a c-Fos mutant library 

[26]) was also designed. Designed molar mixing ratios of 

A:T:G:C for some of these libraries are shown in Table 1. 

Another interesting example was obtained when the target 

composition was "Unifom except [Met] = O and [Term] = 

O ". The designed molar mixing ratio of A:T:G:C gave the 

high fitness F valuc (0.96 on three lines splits) and gave 

no stop codon even if the effect of a point deletion was 

included in the GA calculation. A Met-less random library 

may be the best starting library for global search of the 

protein sequence space. This speculation is supported by 

the report [22] stating that a mutant dihydrofolate reduct-

ase generated by the replacement of all Met had much 
higher enzymatic activity than the wild type. 
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Intemal deletion problem in the oligonucleotides synthe-

sis process is itnportant. It destrays the codon-based 

design, Ieading to stop-codon generation and undesirable 

amino acid composition_ Our program incorporated dele-
tion effects into the CA calculation and succeeded to min-

imize the deletion problem. Moreover it was reported that 

contamination of deletion products could be decreased 
on a denaturing PAGE for DNA of this length [ I S]. 

We also investigated the practical number of DNA synthe-

sizers. For this purpose, we calculated the final correlation 

coefficient between the designed and the various target 

compositions with up to 6-line DNA synthesizers. As 
shown in Fig. 2, the final correlation coefficient (= the 

final Ifi-mess) became saturated at about 3- or 4-lines on 

this program. Our GA program is not the best for obtain 

best F value but suitable for designing actual synthesizing 

operations. These results showed MLSDS method gave a 
high quality library even with three DNA synthesizers. 

Figure 2 
Dependence of the final fitness on the number of 
DNA synthesizers for various libraries. Ordinate: finai 
fitness (=correlation coeffitcient). Abscissa: Iine number of 

DNA synthesizers. Libraries are "Uniform", "Natura[", "No 

Met" and "No Cys". 

When we took the natural abundance as the target amino 

acid composition, we got a highest fitness value F = 0.99 

(on three lines) in the GA calculations. This is reasonable, 

because the average amino acid composition among nat-

ural proteins highly correlates to the number of synony-

mous codons in the standard genetic code table [25]. 

Synthesis OfMLSDS Iibraries 
We synthesized a " Natural" Iibrary and a " Uniform except 

[Cys] = O" Iibrary mentioned in the previous section. In 

Table 2 the compositions of the actually synthesized DNA 

libraries are listed in comparison with the target composi-

tions. They were high quality libraries (F = 0.85 and 0_66, 

respectively) without stop codons in full-length DNAs. 

The deletion rate was about 0.30/0 per coupling. For the 

tatal DNAS including deletants, F = 0.90 and 0.60, 

respectively. 

Page 3 of 8 

rpage number not for citation purposes) 

17 



BMC Biotechnology 2a04, 4:1 9 htt p jlwww.b iamedcentral. cam/i 472-675a/4/1 9 

Table 2: Comparison of the amino acid compositions of the actually 5ynthesized DNA Iibraries (the full length library) with the target 

composition 

Library nanle Natura~ No Cys c-Fos el, g'-

Target Actuai Target Actual Target Actua[ 

Ala 

Arg 
Asn 
Asp 
C ys 

Gln 

Glu 
Gf y 

His 

Ile 

Leu 
L ys 

Net 
P~e 

Pro 

Ser 

Thr 
Trp 
T yr 

Val 

Te rm 

Number of sequenced codon 

Correfation coefficient 

Surn of absolute errors 

8,9~, 

4,7 

4,4 

SS 
2,8 

3.9 

6 .2 

7,8 

2.0 

4,6 

7,S 

7.0 

I ,7 

3,S 

4,6 
7
,
 
i
 

6,0 

l.I 

3,S 

6,9 

O,Q 

I I .4'~ 

3_S 

3_S 

g_6 

2.5 
2
.
 
l
 

6.9 

! 2.0 

l .2 

3.9 

3.7 

6.2 

l.l 

4.0 

2S 
8
.
 
l
 

S.8 

l _g 

4*4 

6.9 

0.0 

S68 

0.8S 

26.9･% 

S.3･/-

S.3 

5.3 

S.3 

0.0 

S.3 

5.3 

S.3 

S.3 

S.3 

S .3 

S.3 

S.3 

S.3 

5.3 

S.3 

S.3 

5.3 

S_3 

S.3 

0.0 

6.7'/. 

S.9 

4*3 

S .9 

0.0 

S.S 

S.5 

8.2 

2.7 

S.9 

4.3 

4.7 

3.S 

5. l 

2.4 

l .6 

6.7 

8.2 

4.7 

8.2 

0.0 

2SS 
0.66 

28. I '~ 

0.0% 

30.0 

OO 
O JO 

0.0 

20.0 

20.0 

O .O 

0.0 

0_O 

O.O 

30.0 

0.0 

O.O 

O.O 

O _O 

O.O 
O
_
 
O
 

0.0 

0.0 

0.0 

o.o~ 

29.7 

o.o 

o .o 

o_o 

i 9.6 

25,0 

o.o 

o.o 

o.o 

o_a 

27.9 

o.o 

o.o 

o.o 

o.o 

o.o 

o.o 

o.o 

o.o 

o.o 

2i9 
I .oo 

S.66'/. 

"Term" denotes stop codons. In each target cornposition, [Term] :: O. "Natural": the [ibrary with the natural abundance (the average composition in 

207 natural proteins) [1 8]; "No Cys": the library with uniforrn composition except [Cys] :: Oi "c-Fos e', g'-": a c-Fos mutant library containing only 4 

kinds of amino acid as sarne as in ~ef.[26]. 

We alsa synthesized MLSDS products camposed of lim-
ited kinds of amino acid. It has been regarded that such a 

peptide can be synthesized only by 3NP method. A 
mutant c-Fos library that contained only four kinds of 

amino acid was synthesized, which was equivalent to a 

library synthesized by 3NP method [26]. It was a high 
quality library (F = I .OO) (Table 2). So far, fifteen libraries 

with various amino acid compositions were successfully 

synthesized 

In order to make long ORFs, we assembled 8 units of the 

oligomers. Stem sequences of them did not have any stop 

codans- A DNA Iibrary encoding 120 amino adds plus 
nine 5'- and 3'-flanking semi-random di-peptides (thus, 

total 138 amino acids) was constructed (Fig. 3). 

The diversity of the synthesized library is about I C16 judg-

ing from the mass (data of A26a) and purity (data of 

PACE) of synthesized DNA. With an in vivo selection, 
there is a diversity limit by the transformation step. But 

with an in Uitro selection, there is no such limitation. Thus 

exploration af huge sequence space by in t!itro vims [3-5] 

or related techniques [28,29] will become possible, 
depending on the experimental cost. 

Cornparison of MLSDS with other methods 
So far, a really random library has been generated by four 

methods. Other methods do not give a really random 
library, bec~Luse they can not provide a library in which all 

the 20 amino acids are encoded at all sites. A comparison 

of iibrary quality for three methods is shown in Table 3 . 

An application of 3NPs method to mutagenesis of anti-
bodies [27] ar coiled-coils [30] gave good results. Twenty 

kinds of 3NPS mean one codon per one amino acid, but 

the codons are degenerate. Thus 3NPs method makes 
many tRJ:NAs useless. The translation effilciency was calcu-

lated based on the codon usage, giving maximum 4-fold 
decrease in Triticum aestivum. It was reparted that the reac-

tion efiidency of 3NPs was far from unifarm. The 
sequence data of synthesized DNA using an equimolar 
mixture of 19 kinds of 3NPs Cwithout Cys) showed 12-

fold (maximum) difference in composition [27] or Inore 

[121･ The coupling yield was affected by the mixin'~ ratio 
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Tabte 3: The comparison between the target amino acids composition and the actual comp05ition ofvariou5 Iibraries. 

A. Uniform Type 

Method 3 N Ps mRNA display M LSDS 

RefereAce, L[brary 

Target vaiue 

Correlation coefficient * 

Sum of absolute errors b [~.] 

Percentage of stop codon 

Percentage of cassettes containing stop codon 

[29], 96T ~,. 6 

Equimolar 19 2Lmino acids 

O.4 3 

54.5 

ND ' 

ND ' 

CI 8], ~andom 

Equimolar 20 amino acids 

0.56 

23.7 

0.46 

8.33 

This work, No Cys 

~quirnolar 19 amino acids 

0.66 

28. f 

O.OO 

O.OO 

B_ Doping Type 

Method 3NPS mRNA display MLSDS 

PLeference, Library 

Target value 

Correlation coefficient * 

Sum of absoi~te errors ~ t"/.] 

Percentage of stop codon 

Percentage of cassettes containing stop codon 

129], i OOz 

Biased 

0.94 

41 .4 

ND = 

ND = 

ti 8], ~-Cassette polar 

Polar amino acid 

O_S6 

73.7 

0.39 

6.2S 

This work, c-Fos, e', g'-

Biased 

I .OO 

5.66 

0.00 

0_OO 

The values were calculated using the data offuli-length (without deletion) iibraries. Values of 3NPS and mRNA dispiay method were calculated with 

some assumptions. [n mRNA display method, the value of stop codons were estimated fram data described in the article and some assumptions; 

one cassette did not have two or more stop codons and stop codons appeared equ21[ly in every pos~tion. The target composition of ~-Cassette 

polar is assumed that polar arnino acids are equi-molar and the others are O'/.. 

*Correlation coefncient is calculated vsing target and actual amio acids composition including stop codons contribution. And it is assumed that stop 

codons were not appeared in fuli-length libraries of 3NPS method. 

5 Sum of absolute values of difference between each target and actuat arnino acid. 

' ND is abbreviation of no data. 

of 3NPs and by the context, showing 8-fold (maximum) 
difference for the same 3NP [27]. Thus it will be diffrcult 

to colrect reaction effirciencies by adjusting the mixing 

ratio. The correlation coefflrcient between the target ccun-

position and the actual composition was about 0.4 (for 

uniform 19 kinds of amino acids) [27] (Table 3). Dimer-

phosphoramidites [17] m~thod is a variation of 3NPS 
method, u3ing pre-synthesized amidites, and had the 
same problems. In fact, the bias was observed [ 17]. 

A pre-selecting method using an mRNA display [15] was 
fruitful in evolutionary protein design. Novel peptide 

aptamers were evolved starting from a long ORF random 
library [3 1,32]. But this method could not remove all the 

stop codons. It gave limited library diversity. This method 

has low flexibility in amino acid composition. For exam-

ple it is difficult to generate a " Uniform except [Metl = O " 

library. The correlation coefficient between the target 

composition and the actual camposition were not so high 
(Table 3). 

The Y-Ligation Block Shuffling (YLBS) method [9] has 
high potentiality in the evolutionary design of peptides. It 

has prohlems on deletion and reaction bias of RNA Iigase. 

I~LSDS produced libraries with high quality as shown in 

Table 3 . Above-mentioned problems are not so severe for 

MLSDS method, because it uses only standard phosphor-

amidites and is free from any biochemical bias such as in 

mRJ~A display and in YLBS. It was reported that the differ-

ence in the reaction efficiency of equimolar mixture of 

four kinds of mono-phosphoramidites was only about I -

S o/o j33,34]. MLSDS can create any specific amino acid 

composition as same as 3NP method, and a MLSDS 
library is made at lower cost than that made with other 

methods. 

Conclusions 
We applied the split synthesis to oligodeoxyribonucle-

otide synthesis and developed a new procedure, Multi-

Line Split DNA Synthesis (l~4LSDS), based on the synthe-

sis of designed codon mixtures using three-line DNA syn-

thesizers- MLSDS can make various "rational" Iibraries of 

huge diversity with few stop codons by using bioinformat-

ics databases. Combination of an lvILSDS Iibr2Lrv with a 

screening methad for huge diversity will accelerate the 

protein evolution in vitro. 
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Figure 3 
Production of 2x, 4x, and 8x length library. Lane-M: 
Size marker. 10 base ladder (left) and 100 base ladder (right). 

Lane-S: Initial synthesized library (87 mer). Lane- I U: Initial 

single-unit library (94 mer) made by PC~ ampMflcation. Lane-

2U: Double-unit iibrary (138 mer) made by ligation product 

of digested I U_ Lane-4U: quadruple-unit library (240 mer) 

Lane-8U: octuple-unit [ibrary (444 mer). PAGE was done 

with 5 '~ po[yacrylamide, TAE buffer (pH 8.0), 8 M urea, 

6S'C and stained with SybrGreen I and visualized with a fluo-

rescence imager (Bio-Rad FX). 

The sequence of a 87 mer library was 5'-GAT GAC GCG 

AAG ACG NAC TGS (123/456/789)15 NAC TCS GAC GCT 
GGC TGC CAC-3', where N and S denote AITIC/C and Gl 
C, respectively. The AT:C:C mixing ratio in each letter of 

three codon groups 123, 456, and 789 was shown inTable 

1 . These values were calculated as describcd belaw. Both 

flanking regions contain the recognition sequences of 

type-Ils restriction enzymes Bbsl and ~bvl, respectively. In 

arder to make longer sequences, we ligated 2 to 8 units of 

oligomers at the cohesive ends (the underlined sequences 

shown above) generated by the restriction enzyme treat-

ment_ The assembly method was as described in Ref. [1 6]_ 

The italicized sequence shown above represents the 
assembly unit (random region of 4S bp and ffanking 
semi-random linking region of (6+6)/2 bp) . 

The synthesized DNA Iibraries were amplified by PCR 

using KOD Dash polymerase (TOYOBO), inserted into 
pCR2.1TOPO vector (Invitrogen) and cloned, avoiding 
doning bias. The clones were sequenced. 

Computer calculations to determine the optimum molar 
mixing ratio of four bases in the codon synthesis step were 

performed by using Mathematica CWolfram Research) . 
We made a GA program for this purpose. Firstly, the target 

amino acid composition, pT = G,T1' PT2' pT3""' pT21)' was 

established, where normally pT21 = O for stop codons. Sec-

ondly, we calculated an expected amino acid (plus stop 

codons) composition, p = (pl' p2' p3,.., p21)' from the 

molar mixing ratio of the bases, x = (xl' x,, x3,....., xl 2L)' 

where 12L is equal to 4(number ofbases) x 3(number of 

codon letters) x L(number of synthesizer-line) . For exam-

ple, the mixtures for the first letter and the second letter of 

the first DNA synthesizer have the molar mixing ratio [A] : 

[T]: [G]: [C] = xl : x2 : x3 : x4 and xs : x6 : x7 : x8' respectively. 

And for example, when L = 3, the expected alanine com-

position pl is given byi 

l x3r8 "Isx20 ~l = ~{ x ~;:4){x5 +:~e +x7 ~;ra} If Cxl3 ~xl4 + +x20) 
xlS + xlG)(xi7 + XIB + xl9 3 (xl+x2+ 3 

x.1 xs2 

+ ~ 

 

(JF;s + ,~:~6 + x27 + x.s)('r29 +,r30 + x31 +x3Z] 

(1) 

Methods 
A random MLSDS Iibrary was synthesized as follows. A 
standard DNA synthesis method was used in three lines af 

DNA synthesizer running in parallel. The randomized 
regions were combinatorialy synthesized in codon units. 

Triplet cadons were synthesized separately in the three 

synthesizers as an elongation reaction ofoliganucleotides 

on beads made of controlled pore glass CCPG) . CPC beads 

were mixed together manually, and then splitted again 

into three reaction tubes manually and the next triplet 

codons were synthesized CFig. l). 

for the full-length sequence without deletion. 

We solved an integer-programming problern (6-valued 
l 2L-dimensional optimization problem) ha:ving the solu-

tion xi as integer (0,1,2,3,4,5). The reason for 6-digits 

" integer" was to simplify the DNA synthesizer handling 

and also to simplify the calculation. As the fitness F ofx in 

the GA, we took a correlation coefficient between the 

expected (or designed) amino acid composition and the 

target amino acid composition: 

}
 
N -

N
 
N
 N 

P[x] s ~NipT t P -~pT'i~pi}! C'¥.Tpl~2 -(~pT'f)2)(NP2 - (~p~}2) , 

i=1 i=1 ~=1 i=1 
(lb 
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where N = 21 for our normal case. The optimum x, which 

gave the maximum fitness F, was calculated using a simple 

CA program. 

It was reported the deletion rate during a general oligonu-

cleotide synthesis is about 0_50/0 per coupling [20], and 

our data (about 0.30/0 per coupling) were compatible with 

this value. We incorporated the effect of the single nucle-

otide deletion into the CA calculation. We considered 

ouly the affect of a point deletion in a synthesized oligo-

nucleotide because the deletion rate is low enough- When 

a point deletion occurs in the 5' constant region, all the 

amino acids in the random region are the frame shifted 

ones. When the event occurs at the i-th site of the random 

region, it affects the composition in the all downstream 

fram the i-th site, and so on. We incorporated all these 

effects into the c.alculation ofthe composition. Details are 

described in Additional file 1. 
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Additional material 

Additional File 1 

In the additional WORD file (MLSDS22AdditionalFile.doc;, the detait 

of calculation method is described for the the expected amino acids com-

position p * (p!~~, P,L*g, ････ -P~rnJ considering the single nucleotide 

d el etion. 
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