
1 

DESCRIPTION 

Polypeptide having D-lactate Dehydrogenase Activity, Polynucleotide Encoding the 

Polypeptide, and Process for Production of D-lactic acid 

TECHNICAL FIELD 

5 [0001] 

The present invention relates to a novel polypeptide for production of D-lactic 

acid, which polypeptide has a D-lactate dehydrogenase activity; a polynucleotide 

encoding the polypeptide; and a transformant into which the polynucleotide is 

introduced. The present invention also relates to a method of producing D-lactic 

10 acid which comprises culturing the transformant. 

BACKGROUND ART 

[0002] 

From the idea of carbon neutrality, strong attention has been given to 

polylactic acids (PLAs) which utilize a renewable resource, biomass, as starting 

15 material. PLAs are relatively low cost and heat resistant having a melting point of 

about 170°C; therefore, they are expected as a biodegradable polymer which can be 

melt-molded. In addition, it is known that a stereocomplex polylactic acid can be 

obtained by mixing poly-L-lactic acid and poly-D-lactic acid (Patent Documents ] to 

3). Stereocomplex polylactic acid are known to exhibit a higher melting point and 

2 0 higher crystallizability as compared to single polymers and provide useful molded 

articles as fibers, films and resin molded articles. For both of the starting materials 

thereof, L~lactic acid and D-lactic acid, there is a demand for a method of producing 

them with high purity and high efficiency. 

[0003] 

25 In nature, there exist bacteria which efficiently produce lactic acids, such as 

lactic acid bacteria, and some of those lactic acid production methods utilizing such 

bacteria have already been put to practical use. Examples of bacteria which 
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efficiently produce L-lactic acid include Lactobacillus delbrueckii. In addition, as 

bacteria which efficiently produce D-lactic acid, microbes such as Sporolaclobacillus 

laevolacticus are known (Patent Document 4). In any of these cases, the amount of 

the accumulated lactic acid reached a high level in anaerobic culture; however, since 

5 D-lactic acid and L-lactic acid are produced as by-product in L-lactic acid 

fermentation and D-lactic acid fermentation, respectively, the optical purity is 

lowered. In addition, it is extremely difficult to separate these lactic acids. 

[0004] 

Therefore, as a production method of lactic acid having a high optical purity, 

10 it has been examined to introduce a gene encoding L-lactate dehydrogenase or D-

lactate dehydrogenase into a yeast which does not intrinsically have lactic acid-

producing ability and subject the yeast to L-lactic acid and D-lactic acid fermentation 

(Patent Documents 4 to 6 and Non-patent Document 1). With regard to L-lactic 

acid fermentation by genetically engineered yeast, by introducing a highly active gene 

15 originated from Xenopus laevis which encodes the L-lactate dehydrogenase, lactic 

acid fermentation can be efficiently performed with high optical purity (Patent 

Document 4). On the other hand, with regard to D-lactic acid fermentation by 

genetically engineered yeast, although D-lactic acid having high optical purity can be 

obtained in the same manner as in the case of L-lactic acid fermentation, the yield 

2 0 thereof is a problem (Patent Documents 5 and 6 and Non-patent Document 1). 

PRIOR ART DOCUMENTS 

PATENT DOCUMENTS 

[0005] 

Patent Document 1: JP S61-36321A 

25 Patent Document 2: JP S63-241024A 

Patent Document 3: JP 2000-17163A 

Patent Document 4: W02007/043253 



Patent Document 5: JP 2007-074939A 

Patent Document 6: W02004/104202 

NON-PATENT DOCUMENTS 

[0006] 

Non-patent Document 1: Ishida N, et aL, Journal of Bioscience and Bioengineering 

(2006), 101, 172-7 

SUMMARY OF THE INVENTION 

PROBLEMS TO BE SOLVED BY THE INVENTION 

[0007] 

An object of the present invention is to realize highly productive D-lactic acid 

fermentation using a polypeptide having a D-lactate dehydrogenase activity higher 

than that of conventional polypeptides and a polynucleotide encoding the polypeptide. 

MEANS FOR SOLVING THE PROBLEMS 

[0008] 

The present inventors intensively studied a variety of D-lactate 

dehydrogenases to discover a polypeptide which increases the production of D-lactic 

acid and also has a D-lactate dehydrogenase activity to yield only a small amount of 

by-product; and a polynucleotide encoding the polypeptide, thereby completing the 

present invention. 

[0009] 

That is, the present invention is constituted by the following modes. 

[0010] 

(1) A polypeptide which is any one of the following (A) to (C): 

(A) a polypeptide having the amino acid sequence shown in SEQ ID NO: 1 or 2; 

(B) a polypeptide having the same amino acid sequence as shown in SEQ ID NO: I or 

2 except that one or several amino acids are substituted, deleted, inserted and/or 

added, which polypeptide has a D-lactate dehydrogenase activity; and 
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(C) a polypeptide having an amino acid sequence which has a sequence identity of 

not less than 80% to the amino acid sequence shown in SEQ ID NO:l or 2, which 

polypeptide has a D-lactate dehydrogenase activity. 

[0011] 

5 (2) A polynucleotide which is any one of the following (a) to (e): 

(a) a polynucleotide having the nucleotide sequence shown in SEQ ID NO:3 or 4; 

(b) a polynucleotide having the same nucleotide sequence as shown in SEQ ID NO:3 

or 4 except that one or several nucleotides are substituted, deleted, inserted and/or 

added, which polynucleotide encodes a polypeptide having a D-lactate 

10 dehydrogenase acti vity; 

(c) a polynucleotide which hybridizes under stringent conditions with the entirety or a 

part of the polynucleotide having the nucleotide sequence shown in SEQ ID NO:3 or 

4 or a complementary strand thereof, which polynucleotide encodes a polypeptide 

having a D-LDH activity; 

15 (d) a polynucleotide having a nucleotide sequence which has a sequence identity of 

not less than 80% to the nucleotide sequence shown in SEQ ID NO:3 or 4, which 

polynucleotide encodes a polypeptide having a D-lactate dehydrogenase activity; and 

(e) a polynucleotide encoding the polypeptide according to (1). 

[0012] 

20 (3) A DNA construct in which the polynucleotide according to (2) and a 

promoter capable of expressing the polynucleotide are linked. 

[0013] 

(4) The DNA construct according to (3)? characterized in that the above-

described promoter is a promoter of pyruvate decarboxylase 1 gene (PDC1 gene), 

25 suppression-of-exponential-defect 1 gene (SED1 gene) or glyceraldehyde-3-

phosphate dehydrogenase 3 gene (TDH3 gene). 

[0014] 



(5) The DNA construct according to (3) or (4), wherein the above-described 

promoter is selected from any one of the following (I) to (III): 

(1) a promoter having the nucleotide sequence shown in any one of SEQ ID NOs:5 to 

7; 

(II) a promoter having a nucleotide sequence which hybridizes under stringent 

conditions with the nucleotide sequence shown in any one of SEQ ID NOs:5 to 7 or a 

nucleotide sequence comprising a part thereof; and 

(III) a promoter having the same nucleotide sequence as shown in any one of SEQ ID 

NOs:5 to 7 except that one or several nucleotides are deleted, substituted and/or 

added. 

[0015] 

(6) A transformant in which the polynucleotide according to (2) or the DNA 

construct according to any one of (3) to (5) is introduced. 

[0016] 

(7) A transformed yeast in which the polynucleotide according to (2) or the 

DNA construct according to any one of (3) to (5) is introduced. 

[0017] 

(8) The transformed yeast according to (7), wherein at least one of pyruvate 

decarboxylase 1 gene (PDC1 gene)? suppression-of-exponential-defect 1 gene (SED1 

gene) and glyceraldehyde-3-phosphate dehydrogenase 3 gene (TDH3 gene) of the 

above-described transformed yeast is substituted with the polynucleotide according to 

(2) or the DNA construct according to any one of (3) to (5). 

[0018] 

(9) The transformed yeast according to (8), wherein at least one of the above-

described genes is PDC1 gene. 

[0019] 

(10) A method of producing D-lactic acid, which comprises the step of 



culturing the transformant according to (6) or the transformed yeast according to any 

one of (7) to (9). 

[0020] 

(11) A transformant in which a polynucleotide encoding D-lactate 

dehydrogenase originated from the family Limulidae or DNA construct in which the 

polynucleotide and a promoter capable of expressing the polynucleotide are linked is 

introduced. 

[0021] 

(12) A transformed yeast in which a polynucleotide encoding D-lactate 

dehydrogenase originated from the family Limulidae or DNA construct in which the 

polynucleotide and a promoter capable of expressing the polynucleotide are linked is 

introduced. 

[0022] 

(13) The transformed yeast according to (12), wherein at least one of pyruvate 

decarboxylase 1 gene (PDC1 gene), suppression-of-exponential-defect 1 gene (SED1 

gene) and glyceraldehyde-3-phosphate dehydrogenase 3 gene (TDH3 gene) of the 

above-described transformed yeast is substituted with the above-described 

polynucleotide encoding D-lactate dehydrogenase originated from the family 

Limulidae or DNA construct in which the polynucleotide and a promoter capable of 

expressing the polynucleotide are linked is introduced. 

[0023] 

(14) A method of producing D-lactic acid, which comprises the step of 

culturing the transformant according to (11) or the transformed yeast according to 

(12) or (13). 

EFFECTS OF THE INVENTION 

[0024] 

According to the present invention, a polypeptide having a D-lactate 
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dehydrogenase activity suitable for fermentative production of D-lactic acid and a 

polynucleotide encoding the polypeptide are provided. In addition, by using the 

polynucleotide of the present invention, a transformant capable of highly producing 

D-lactic acid can be easily obtained, and in turn, D-lactic acid can be efficiently 

5 produced with high purity by culturing the transformant. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] 

[Fig. 1] Fig. 1 shows the procedures for preparing one of the yeast SU042 

strains according to the present invention. 

10 [Fig. 2] Fig. 2 shows the results of membrane-integrated continuous culture of 

yeast SU042 strain according to the present invention. 

MODE FOR CARRYING OUT THE INVENTION 

[0026] 

The modes for carrying out the present invention will now be explained in 

15 detail. 

[0027] 

The term "D-lactate dehydrogenase (hereinafter, also referred to as "D-LDH") 

activity" is an activity to convert reduced nicotinamide adenine dinucieotide (NADH) 

and pyruvic acid into D-lactic acid and oxidized nicotinamide adenine dinucieotide 

20 (NAD+). 

[002S] 

The present invention is characterized by including a polypeptide having the 

amino acid sequence shown in SEQ ID NO: 1 or 2 or a homolog thereof, which 

polypeptide having a D-LDH activity. 

25 [0029] 

The polypeptide having the amino acid sequence shown in SEQ ID NO:l or 2 

is a polypeptide originated from Limulus polyphemns, which belongs to the family 
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Limulidae and genus Limulus. 

[0030] 

Examples of the homolog of the polypeptide having the amino acid sequence 

shown in SEQ ID NO: 1 or 2 include a polypeptide having the same amino acid 

5 sequence as shown in SEQ ID NO: 1 or 2 except that one or several, preferably 1 to 

10, more preferably 1 to 5, still more preferably 1 or 2 amino acids are substituted, 

deleted, inserted and/or added, which polypeptide also has a D-LDH activity. 

[0031] 

Further, a homolog of the polypeptide shown in SEQ ID NO:l or 2 may also 

10 be a polypeptidehaving an amino acid sequence which has a sequence identity of not 

less than 80%, preferably 90%, more preferably not less than 95% to the amino acid 

sequence shown in SEQ ID NO:l or 2, which polypeptide also has a D-LDH activity. 

Here, the sequence identity of an amino acid sequence can be easily checked using 

the BLAST, which is a software widely used in the art. Anyone can use the BLAST 

15 through the NCBI (National Center for Biotechnology Information) homepage, and 

the identity can be easily checked by using default parameters. 

[0032] 

In addition, the homolog of the polypeptide having the amino acid sequence 

shown in SEQ ID NO: 1 or 2 may also be a polypeptide originated from a living 

2 0 organism belonging to the family Limulidae, preferably a living organism belonging 

to the genus Limulus or Tachypleus, more preferably Limulus polyphemus belonging 

to the genus Limulus, or Tachypleus tridentatus, Tachypleus gigas or Tachypleus 

rotundicauda belonging to the genus Tachypleus, which polypeptide has a D-LDH 

activity. 

25 [0033] 

The polypeptide having the amino acid sequence shown in SEQ ID NO: 1 or 2 

can be extracted from Limulus polyphemus by a known method or prepared using a 
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known peptide synthesis method. Further, it can be also prepared by gene 

recombination technique using a polynucleotide encoding the amino acid sequence 

shown in SEQ ID NO:l or 2. The polypeptide having the amino acid sequence 

shown in SEQ ID NO: 1 or 2 can be also extracted from a living organism belonging 

5 to the genus Tachypleus by a known method or prepared using a known peptide 

synthesis method. Further, it can be also prepared by gene recombination technique 

using a polynucleotide encoding the amino acid sequence of the polypeptide. 

[0034] 

The homolog of the polypeptide having the amino acid sequence shown in 

10 SEQ ID NO: 1 or 2 may have an improved D-LDH activity and/or an improved 

thermal stability as compared to the polypeptide having the amino acid sequence 

shown in SEQ ID NO: 1 or 2. Here, the term "an improved D-LDH activity" refers 

to an improvement in the substrate affinity and molecular activity (Kcat) for pyruvic 

acid and NADH, as well as a shift in the optimum pH for the enzyme activity of the 

15 polypeptide closer to a pH suitable for growth of cells expressing the polypeptide. 

Such polypeptide may be artificially designed based on the polypeptide having the 

amino acid sequence shown in SEQ ID NO: 1 or 2, or may be separated from nature. 

Further, a mutation may be randomly introduced to the D-lactate dehydrogenase gene 

by an evolutionary molecular engineering method to screen a preferred polypeptide 

2 0 therefrom. 

[0035] 

The present invention is characterized by including a polynucleotide having 

the nucleotide sequence shown in SEQ ID NO:3 or 4 or a homolog thereof, which 

polynucleotide encodes a polypeptide having a D-LDH activity. Here, the origin 

2 5 of the "polynucleotide" does not matter and may be a cDNA, genomic DNA, 

synthetic DNA, mRNA, synthetic RNA, replicon RNA; however, it is preferably a 

DNA or RNA, more preferably DNA. Also, the "polynucleotide" may be either 
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single stranded or double stranded with a complementary strand thereof. Further, 

the "polynucleotide" may also contain a natural or artificial nucleotide derivative. 

[0036] 

The polynucleotide having the nucleotide sequence shown in SEQ ID NO:3 

5 or 4 is a polynucleotide originated from Limulus polyphemus and characterized by 

encoding a polypeptide having the above-described D-LDH activity. 

[0037] 

Examples of the homolog of the polynucleotide shown in SEQ ID NO:3 or 4 

include a polynucleotide having the same nucleotide sequence as shown in SEQ ID 

10 NO:3 or 4 except that one or several, preferably 1 to 40. more preferably 1 to 30, still 

more preferably 1 or 20, especially preferably 1 to 10. most preferably 1 to 5 

nucleotides are substituted, deleted, inserted and/or added, which polynucleotide also 

encodes a polypeptide having a D-LDH activity. 

[0038] 

15 Further, examples of the homolog of the polynucleotide shown in SEQ ID 

NO:3 or 4 also include a polynucleotide which hybridizes under stringent conditions 

with the entirety or a part of the polynucleotide having the nucleotide sequence 

shown in SEQ ID NO:3 or 4 or a complementary strand thereof, which 

polynucleotide also encodes a polypeptide having a D-LDH activity. Here, the term 

2 0 "a polynucleotide which hybridizes under stringent conditions" refers to, for example, 

a polynucleotide which is hybridized by a known hybridization technique (Current 

Protocols I Molecular Biology edit. Ausubel et al., (1987) Publish. John Wily & Sons, 

Section 6.3-6.4) or the like using, as probe(s), one or a plurality of selected 

polynucleotides having at least 20, preferably 25, more preferably at least 30 arbitrary 

2 5 consecutive nucleotides of the original nucleotide sequence. Here, stringent 

conditions can be achieved, for example, by performing hybridization in the presence 

of 50% formamide at a hybridization temperature of 37°C, 42°C for more stringent 
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condition, 65°C for still more stringent condition, and washing the resultant with a 

0.1 x to 2* SSC (saline-sodium citrate) solution (composition of 1 * SSC solution: 

150 mM sodium chloride and 15 mM sodium citrate). 

[0039] 

5 Further, the homolog of the polynucleotide shown in SEQ ID NO:3 or 4 may 

also be a polynucleotide having a nucleotide sequence which has a sequence identity 

of not less than 80%, more preferably not less than 90%, still more preferably not less 

than 95% to the nucleotide sequence shown in SEQ ID NO:3 or 4, which 

polynucleotide also encodes a polypeptide having a D-LDH activity. The sequence 

10 identity of the nucleotide sequence of polynucleotide used herein can be determined 

by using the above-described gene analysis program. BLAST or the like. 

[0040] 

Further, the homolog of the polynucleotide shown in SEQ ID NO:3 or 4 may 

also be a polynucleotide originated from a living organism belonging to the family 

15 Limulidae, preferably a living organism belonging to the genus Limulus or 

Tachypleus, more preferably Limulus polyphemus, Tachypleus tridentatus, 

Tachypleus gigas or Tachypleus rotundicauda, which polynucleotide encodes a 

polypeptide having a D-LDH activity. 

[0041] 

2 0 Although the above-described polynucleotide can be prepared by cloning 

from a living organism belonging to the family Limulidae, preferably a living 

organism belonging to the family Limulidae and genus Limulus (hereinafter, these are 

also collectively referred to as "Limulus"), it can also be synthesized chemically or by 

employing the technique of Fujimoto et al. (Hideya Fujimoto, Production Method of 

2 5 Synthetic Gene, Plant Cell Engineering Series 7, Plant PCR Experimental Protocol, 

1997, Shujunsha Co., Ltd., p.95-100), which is know as a synthesis method of long-

chain DNA. Normally, the polynucleotide cloned from Limulus can be isolated by 
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a known method. Examples of such method include one in which, using a primer 

synthesized based on a cDNA sequence which is highly conserved in the D-lactate 

dehydrogenase, the cDNA being prepared from poly A (+) RNA isolated from 

Limulus hemocytes, a partial fragment is amplified and sequenced, and the entire 

ORF sequence thereof is then determined by 5' RACE and 3' RACE methods, 

followed by amplification by PCR to obtain a polynucleotide. Further, the cloning 

from Limulus can also be performed by complementing the D-lactate dehydrogenase 

function. The principle thereof is described in detail in DOMINIQUE, G., Appl 

Environ Microbiol, United States (1995), 61,266-272. In this manner, the 

polynucleotide of the present invention having a nucleotide sequence once 

determined can be once again obtained from Limulus hemocytes; however, it can be 

also directly synthesized chemically using a DNA synthesis apparatus. 

[0042] 

Here, the above-described polypeptide or polynucleotide can be modified as 

appropriate by appropriately introducing a substitution(s), deletion(s), insertion(s) 

and/or addition mutation(s) to the amino acid sequence or nucleotide sequence 

thereof using a site-specific mutation introduction method (Current Protocols I 

Molecular Biology edit. Ausubel et al., (1987) Publish. John Wily & Sons Section 

8.1 -8.5) or the like. Further, such modification of an amino acid sequence of 

polypeptide or nucleotide sequence of polynucleotide is not restricted to those 

performed by artificial introduction or synthesis of a mutation, but encompasses not 

only those performed based on an artificial mutation treatment, but also those 

naturally occurred by a mutation in an amino acid. 

[0043] 

The above-described polynucleotide can be used for preparation of a D-lactic 

acid-producing cell by gene recombination. In order for a host cell in which the 

polynucleotide of the present invention is introduced by gene recombination 



13 

(hereinafter, also referred to as "transformant") to become able to produce D-lactic 

acid, it is required that the polypeptide having a D-LDH activity which is encoded by 

the polynucleotide be expressed in the transformant. In this case, as a method of 

allowing the polypeptide having a D-LDH activity to be expressed, it is useful to 

utilize a DNA construct in which the polynucleotide and a promoter capable of 

expressing it are linked, that is, a DNA construct in which the polynucleotide is 

linked to the 3'-end of the promoter, and such DNA construct is also included in the 

present invention. The DNA construct of the present invention can be prepared by a 

method in which the polynucleotide (DNA) of the present invention and a promoter 

capable of expressing the polynucleotide are each digested with an appropriate 

restriction enzyme(s) and then inserted to a restriction enzyme site or multicloning 

site of the below-described vector DNA to be linked or by linking the polynucleotide 

(DNA) of the present invention and the promoter by performing PCR. 

[0044] 

In a preferred mode of the above-described DNA construct, the DNA 

construct is carried by a vector such as a plasmid (DNA), bacteriophage (DNA), 

retrotransposon (DNA) or artificial chromosome (for example, YAC, PAC, BAC or 

MAC). Depending on the introduction, mode of the DNA construct (inside or 

outside the host genome) and the type of the host cell, a prokaryotic vector, 

eukaryotic vector, animal cell vector or plant cell vector, which is known in the art, is 

selected as appropriate. 

[0045] 

Here, examples of the plasmid include YCp-type Escherichia coli-yeast 

shuttle vectors such as pRS413, pRS415, pRS416, YCp50, pAUR112 and pAUR!23; 

YEp-type Escherichia co/i-yeast shuttle vectors such as pYES32 and YEpl3; YIp-

type Escherichia coli-yeast shuttle vectors such as pRS403, pRS404, pRS405, 

pRS406, pAURlOl and pAUR135; plasmids originated from Escherichia coli (for 
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example, ColE-type plasmids such as pBR322, pBR325, pUC18, pUC19, pUCl 19, 

pTVU8N, pTV119N, pBIuescript, pHSG298, pHSG396 and pTtc99A; plA~type 

plasmids such as pACYC177 and pACYC184; and pSClOl-type plasmids such as 

pMW118, pMW119, pMW218 and pMW219); and plasmids originated from 

5 Bacillus subtilis (such as pUB 110 and pTP5). Examples of the bacteriophage 

include X-phages (such as Charon4A; Charon21 A. EMBL3, EMBL4, IgtlOO, gtl 1 

and zap). <pXl 74, M13mpl8 and M13mpl9. An example of the retrotransposon is 

Ty factor and that of the YAC is pYACC2. 

[0046] 

10 The "promoter" in the above-described DNA construct means a nucleotide 

sequence involved in the initiation of transcription of mRN A from a gene and 

normally refers to an upstream sequence of the 5'-end of the gene existing on the 

chromosome. The length of the promoter nucleotide sequence is preferably 1 to 

3,000 bp, more preferably 1 to 1,000 bp; however, it is not particularly restricted as 

15 long as the nucleotide sequence can initiate the transcription of mRN A of the gene 

which exists in downstream. Further, a mutation and operation for improving the 

transcription activity of a promoter are known and the "promoter" also includes those 

which are modified by a known method. The promoter in the above-described 

DNA construct is not particularly restricted as long as it has a promoter activity in the 

2 0 transformant introduced with the DNA construct; however, as described below, since 

it is preferred that the DNA construct of the present invention be introduced into a 

yeast, the promoter is preferably functional in the yeast. 

[0047] 

Preferred examples of the promoter functioning in yeast include those of acid 

2 5 phosphatase gene (PH05), glyceraldehyde-3-phosphate dehydrogenase genes (TDH1, 

2 and 3), alcohol dehydrogenase genes (ADH1,2, 3,4, 5,6 and 7), galactose 

metabolism-related genes (GAL1, 7 and 10), cytochrome c gene (CYC1), 
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triosephosphate isomerase gene (TPI1), phosphoglycerate kinase gene (PGK1), 

phosphofructose kinase gene (PFK1) and pyruvate decarboxylase genes (PDC1, 5,6), 

as well as those promoters of enolase-1 gene (ENOl), cell wall-related protein 2 gene 

(CWP2) and suppression-of-exponential-defect 1 gene (SED1) which are described 

5 and used in the international application PCT/JP 2008/072129 and exhibit a gene 

expression amount of not less than 5 times of the average relative expression amount 

of all genes after 50 hours or later from the start of yeast culture. 

[0048] 

More preferred examples of the promoter functioning in yeast include the 

10 PDC1 promoter and TDH3 promoter which are highly expressed in the ethanol 

fermentation pathway of yeast; and the SED1 promoter which is highly expressed in 

a yeast cultured for a prolonged period, and more specific examples include the 

PDC1 promoter shown in SEQ IDNO:5,the SED1 promoter shown in SEQ IDNO:6 

and the TDH3 promoter shown in SEQ ID NO:7. 

15 [0049] 

Further, the PDC1 promoter, SED1 promoter or TDH3 promoter may also 

have, as long as its promoter activity is maintained, the same nucleotide sequence as 

shown in one of SEQ ID NOs:5 to 7, respectively, except that one or several, 

preferably 1 to 40, more preferably 1 to 30, still more preferably 1 or 20, especially 

20 preferably 1 to 10, most preferably 1 to 5 nucleotides are deleted, substituted and/or 

added. 

[0050] 

Further, the PDC1 promoter, SED1 promoter or TDH3 promoter may also 

have, as long as its promoter activity is maintained, a nucleotide sequence which 

2 5 hybridizes under stringent conditions with a nucleotide sequence containing the 

nucleotide sequence shown in one of SEQ ID NOs:5 to 7 or a part thereof, 

respectively. Here, a nucleotide sequence which "hybridizes under stringent 
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conditions" refers to, for example, a polynucleotide which is hybridized by a known 

hybridization technique (Current Protocols I Molecular Biology edit. Ausubel et al., 

(1987) Publish. John Wily & Sons, Section 6.3-6.4) or the like using, as probe(s), one 

or a plurality of selected polynucleotides having at least 20, preferably 25, more 

preferably at least 30 arbitrary consecutive nucleotides of the original nucleotide 

sequence. Here, stringent conditions can be achieved, for example, by performing 

hybridization in the presence of 50% formamide at a hybridization temperature of 

37°C, 42°C for more stringent condition, 65°C for still more stringent condition, and 

washing the resultant with a 0.1 x to 2* SSC (saline-sodium citrate) solution 

(composition of 1* SSC solution: 150 mM sodium chloride and 15 mM sodium 

citrate). 

[0051] 

The present invention also includes a transformant obtained by introducing 

the above-described polynucleotide or DNA construct into a host cell. The host cell 

is not particularly restricted as long as it stably retains the polynucleotide or DNA 

construct and examples thereof include bacteria such as Escherichia coli, Bacillus 

subtilis and lactic acid bacteria; yeast; insect cells; animal cells; and plant cells, and 

yeast is preferably used since it is acid-resistant and capable of growing even when 

D-lactic acid is highly produced by expressing a polypeptide having a D-LDH 

activity. 

[0052] 

Examples of the yeast include those belonging to the genera Saccharomyces, 

Schizosaccharomyces, Kluyveromyces, Candida> Pichia, Hansenura. Yarrowia, 

Zygosaccharomyces, Forulopsis, Debaryomyces, Issachenkia and Fellomyces; 

however, preferably, the yeast is one belonging to the genus Saccharomyces, 

Candida or Kluyveromyces, more preferably Saccharomyces cerevisiae, Candida 

utilis, Candida glabrata, Candida albicans, Candida boidinii, Candida sonorensis, 
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Kluyveromyces lactis or Kluyveromyces marxianus. 

[0053] 

Further, a polyploid yeast is preferably used in the present invention since it 

can stably maintain a high productivity of D-lactic acid over a prolonged period 

5 under simple operating conditions, so that D-lactic acid can be stably produced at a 

low cost. Here, the term "polyploid yeast" refers to yeast having 2 or more sets of 

chromosomes in the cell. The number of sets of chromosomes in the polyploid 

yeast is not particularly restricted; however, diploid yeast having 2 sets of 

chromosomes is preferred. Examples of the polyploid yeast include baker's yeasts, 

10 sake yeasts, wine yeasts and beer yeasts that are frequently used in the fermentation 

industry. The polyploid yeast to be used may be one isolated from a natural 

environment or one whose properties are partially modified by mutation or gene 

recombination. 

[0054] 

15 Further, in the present invention, a prototrophic yeast is preferably used since 

it not only allows the use of a culture medium containing less nutrients than 

conventional media, that is, a iow-cost medium, but also enables stable maintenance 

of a high productivity of D-lactic acid over a prolonged period under simple 

operating conditions, so that lactic acid can be stably produced at a low cost. Here, 

2 0 the term "auxotrophic" means that a mutation occurred in a nutrient-synthesis gene of 

the wild-type yeast for some reason, resulting in a deficiency in the capacity to 

synthesize the nutrient. That is, "prototrophic yeast" is one which does not have 

genotype exhibiting auxotrophy or one in which such genotype is complemented. 

Examples of a method for preparing a prototrophic yeast by reverting the auxotrophy 

25 of an auxotrophic yeast include a method in which an auxotrophy is reverted by 

introducing a nutrient-synthesis gene by a gene recombination technique; and a 

method in which the processes of mating yeasts having different auxotrophies with 
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each other, allowing ascus formation and reverting a target auxotrophy are repeated 

until all of the auxotrophies are eventually reverted to obtain a prototrophic yeast. It 

is noted here that whether or not a yeast is prototrophic can be judged based on 

whether or not the yeast is capable of growing in SD medium, which is a minimal 

5 medium for yeasts. 

[0055] 

Further, yeast is a microorganism which vigorously performs ethanoi 

fermentation, and in the metabolic pathway thereof, pyruvic acid which is a 

glycolytic product is converted to acetaldehyde by pyruvate decarboxylase, which is 

10 then converted to ethanoi by alcohol dehydrogenase. Therefore, it ispreferred that a 

yeast strain in which the pyruvate decarboxylase gene serving as the starting point of 

the ethanoi metabolic pathway is destructed be used as host since this allows pyruvic 

acid, which should be naturally metabolized in the ethanoi metabolic pathway, to be 

used in the D-lactic acid metabolic pathway. 

15 [0056] 

Particularly in the case of Saccharomyces cerevisiae, there are three types of 

genes encoding a pyruvate decarboxylase: pyruvate decarboxylase 1 (PDC1) gene, 

pyruvate decarboxylase 5 (PDC5) gene and pyruvate decarboxylase 6 (PDC6) gene. 

Among these genes, only the PDC1 and PDC5 are considered to have pyruvate 

20 dehydrogenase activity in the yeast cell; therefore, it is preferred that a strain having 

destructed PDC1 gene or PDC5 gene be used and it is more preferred that a strain 

having destructed PDC I gene be used. In addition, as described in JP 2008-

048726A, in the strain having destructed PDC1 gene, a strain having a mutant-type 

PDC5 gene which includes a mutation resulting in a decrease in the PDC5 activity is 

2 5 preferred, and a strain having a temperature-sensitive mutant-type PDC5 gene is 

more preferred. Here, the "temperature-sensitive mutant-type PDC5 gene" refers to 

a mutant-type PDC5 which has a property to exhibit a pyruvate decarboxylase 
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activity comparable to that of the wild-type PDC5 at a certain culturing temperature, 

but exhibit a deletion of or decrease in the PDC5 activity when the culturing 

temperature is changed to not lower than the certain culturing temperature. The 

normal culturing temperature of Saccharomyces cerevisiae is 28 to 30°C and it is 

5 preferred that the temperature at which such temperature sensitivity is exhibit be 

close to the normal culturing temperature since this makes the amount of heat 

required for changing the culturing temperature smaller, so that the culturing cost can 

be reduced. In particular, it is preferred that the temperature-sensitive mutant-type 

PDC5 exhibit the temperature sensitivity at a temperature of not lower than 34°C. 

10 [0057] 

Examples of a method of allowing a polypeptide having a D-LDH activity to 

be expressed in a transformed yeast by introducing the above-described 

polynucleotide or DNA construct to the yeast include, as already described, a method 

in which a vector containing the DNA construct is extrachromosomally introduced 

15 into a yeast and a method in which the polynucleotide or DNA construct is 

introduced into a yeast chromosome, and both of these method can be employed. 

[0058] 

In the method of introducing the above-described polynucleotide into a yeast 

chromosome, a construct which contains the polynucleotide of the present invention 

2 0 and a DNA segment for homologous recombination whose sequence is homologous 

to that of the yeast chromosome (hereinafter, also referred to as "DNA construct for 

homologous recombination") can be preferably used. The DNA segment for 

homologous recombination has a DNA sequence which is homologous to the one in 

the vicinity of the target site in the yeast chromosome to which the polynucleotide of 

2 5 the present invention is to be introduced. The construct contains at least one, 

preferably two such DNA segments for homologous recombination. In cases where 

the construct contains two DNA segments for homologous recombination, it is 
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preferred that the two DNA segments for homologous recombination each have a 

DNA sequence homoiogous to the DNA of the upstream or downstream of the target 

site located on the chromosome and that the polynucleotide of the present invention 

be linked between these DNA segments. 

5 [0059] 

The method of performing homologous recombination using the DNA 

construct for homologous recombination is not particularly restricted, and a method 

in which the DNA construct for homoiogous recombination is amplified by PCR and 

the resulting PCR fragment is inserted into a plasmid which is then introduced into a 

10 yeast or a method in which the PCR fragment is introduced into a yeast can be 

employed. Further, it is preferred that the DNA construct for homologous 

recombination contain a terminator for regulating the expression of the 

polynucleotide of the present invention. Here, the "terminator" means a sequence 

which terminates mRNA transcription from a gene and normally refers to a 

15 downstream sequence of the 3'-end of the gene existing on the chromosome. 

[0060] 

In addition, it is preferred that the DNA construct for homologous 

recombination contain., in addition to the polynucleotide or DNA construct of the 

present invention, a selective marker for making the selection of transformed yeast 

2 0 easy. Examples of the selective marker used herein include auxotrophic 

complementary genes such as URA3 and TRP1 and drug-resistant genes such as 

G418-resistant gene and neomycin-resistant gene. 

[0061] 

A DNA construct for homologous recombination containing the above-

2 5 described polynucleotide, terminator and selective marker can be prepared by PCR in 

accordance with, for example, the following steps 1 to 3. 

[0062] 
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Step I: Using a plasmid in which a terminator is linked to downstream of the 

polynucleotide of the present invention as template and primers 1 and 2 as primer set, 

a fragment containing the polynucleotide of the present invention and the terminator 

is amplified by PCR. The primer 1 is designed in such a manner to add a sequence 

5 of not less than 40 bp complementary to the upstream of the introduction target site, 

and the primer 2 is designed based on a sequence originated from the plasmid which 

is located the downstream of the terminator. 

[0063] 

Step 2: Using a plasmid having a selective marker such as pRS40G, pRS424 

10 or pRS426 as template and primers 3 and 4 as primer set, a fragment containing the 

selective marker is amplified by PCR. The primer 3 is designed in such a manner to 

add a sequence of not less than 30 bp which has a homology to a sequence located 

downstream of the terminator of the PCR fragment obtained in the step 1. and the 

primer 4 is designed in such a manner to add a sequence of not less than 40 bp 

15 corresponding to the downstream of the introduction target site. 

[0064] 

Step 3: Using a mixture of the PCR fragments obtained in the steps 1 and 2 as 

template and primers 1 and 4 as primer set, PCR is performed to obtain a DNA 

construct for homologous recombination containing the polynucleotide of the present 

2 0 invention, terminator and yeast selective marker, in which sequences corresponding 

to the upstream and downstream of the introduction target site are added to both 

respective ends. 

[0065] 

In order to introduce the above-described DNA construct for homologous 

2 5 recombination into a yeast, a method such as transfection, cotransfection or 

electroporation can be employed. Specific examples thereof include a method using 

lithium acetate and protoplast method. 
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[0066] 

When introducing the above-described polynucleotide into a. yeast 

chromosome by homologous recombination, the introduction is carried out in such a 

manner that the polynucleotide can be regulated by a promoter of an endogenous 

gene located on the yeast chromosome. In this case, by the introduction of the 

above-described polynucleotide, the endogenous gene to be naturally regulated by the 

promoter may be simultaneously destructed and the exogenous polynucleotide of the 

present invention may be expressed in place of this endogenous gene. This method 

is particularly useful when the promoter is a high-expression promoter in yeast as 

described in the above and when an endogenous gene functioning to inhibit the D-

lactic acid metabolic pathway of yeast is to be destructed. 

[0067] 

Preferred examples of the endogenous gene which serves as a target when 

introducing the above-described polynucleotide into a yeast chromosome include 

acid phosphatase gene (PH05), glyceraldeh.yde-3-phosphate dehydrogenase genes 

(TDH1,2 and 3), alcohol dehydrogenase genes (ADH1,2, 3,4,5.6 and 7), galactose 

metabolism-related genes (GAL1, 7 and 10), cytochrome c gene (CYC1), 

triosephosphate isomerase gene (TPI1), phosphoglycerate kinase gene (PGK1), 

phosphofructose kinase gene (PFKl) and pyruvate decarboxylase genes (PDCl, 5,6), 

as well as promoters of enolase-1 gene (ENOl), cell wall-related protein 2 gene 

(CWP2) and suppression-of-exponential-defect 1 gene (SED1) which are described 

and used in the international application PCT/JP 2008/072129 and exhibit a gene 

expression amount of not less than 5 times of the average relative expression amount 

of all genes after 50 hours or later from the start of yeast culture. In particular, more 

preferred examples include the PDCl gene and TDH3 gene which are highly 

expressed in the ethanoi fermentation pathway of yeast; and the SED1 gene which is 

highly expressed in a yeast cultured for a prolonged period. As described in the 
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above, it is still more preferred that the above-described polynucleotide be introduced 

in such a manner to destruct at least the PDCl gene serving as the starting point of 

the ethanoi fermentation pathway or PDC5 gene, preferably the PDCl gene, since 

this allows pyruvic acid metabolized in the ethanoi metabolic pathway to be used in 

5 the D-lactic acid metabolic pathway. 

[0068] 

Further, as the method of introducing the above-described DNA construct into 

a yeast chromosome, in the same manner as in the case of introducing the above-

described polynucleotide into a yeast chromosome, a DNA construct for homologous 

10 recombination can be prepared and introduced at an intended site located on the 

chromosome by homologous recombination. It is noted here that, since the above-

described DNA construct already contains a promoter capable of expressing the 

above-described polynucleotide, it is not necessary to carry out the introduction of 

the DNA construct in such a manner that the above-described polynucleotide can be 

15 regulated by a promoter of an endogenous gene located on the yeast chromosome. 

[0069] 

Here, whether or not the above-described polynucleotide or DNA construct 

was introduced at the desired position on the yeast chromosome can be confirmed by 

PCR or Southern hybridization method. For example, the confirmation can be 

2 0 carried out by preparing a DNA from a transformed yeast and performing PCR with 

an introduction site-specific primer, followed by detection of the expected band by 

performing electrophoresis for the resulting PCR product. Alternatively, the 

confirmation can be carried out by performing PCR with a primer labeled with a 

fluorescent dye or the like. These methods are known to those skilled in the art. 

25 [0070] 

The present invention also includes a method of producing D-lactic aci d 

which comprises the step of culturing the above-described transformant. When the 
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above-described transformant is cultured, expression of a polypeptide having a D-

LDH activity is newiy provided or enhanced in the transformant and, thus, D-lactic 

acid metabolic pathway is newly provided or enhanced. As a result, D-lactic acid 

can be obtained by carrying out the step of separating D-lactic acid from the culture. 

The term "culture" used herein encompasses a culture supernatant, as well as 

transformant and homogenate thereof. 

[0071] 

The method of culturing the above-described transformant is not particularly 

restricted and a known method is employed. For example, as the method of 

culturing the above-described transformed yeast, one described in "M.D. Rose et al., 

'Methods In Yeast Genetics', Cold Spring Harbor Laboratory Press (1990)" or the like 

can be employed. Here, in cases where a plasmid containing the above-described 

DNA construct or DNA construct for homologous recombination contains a selective 

marker, by culturing the above-described transformant in a nutrient-free medium or 

drug-supplemented medium depending on the selective marker, a desired 

transformant can be selected. 

[0072] 

As the medium in which the above-described transformant is cultured, as long 

as it contains a carbon source, nitrogen source, inorganic salts and the like that can be 

utilized by the transformant and enables efficient culturing thereof, any natural 

medium or synthetic medium can be used. For example, in the case of a 

transformed yeast, as the carbon source, carbohydrates such as glucose, fructose, 

sucrose, galactose, maltose, raffmose, trehalose, sorbose, cellobiose, lactose, 

melibiose, melezitose, inulin, xylose, arabinose, ribose, rhamnose, glucosamine, 

erythritol, ribitol, mannitol, glucitol, salicin and starch; organic acids such as acetic 

acid, propionic acid and citric acid; and alcohol such as ethanoi and propanol can be 

used. As the nitrogen source, in addition to ammonium salts of an inorganic or 
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organic acid such as ammonia, ammonium chloride, ammonium sulfate, ammonium 

acetate and ammonium phosphate and other nitrogen-containing compounds, peptone, 

meat extract, corn steep liquor and the like can be used. As inorganic compound, 

monopotassium phosphate, magnesium phosphate, magnesium sulfate, sodium 

5 chloride, ferrous sulfate, manganese sulfate, copper sulfate, calcium carbonate and 

the like can be used. 

[0073] 

In the culturing of the above-described transformant, usually, the condition 

thereof is set to one in which good lactic acid productivity is attained, ranging from 

10 an aerobic condition, such as culture with shaking or culture with aeration and 

stirring, to an anaerobic condition where aeration is not performed, and the culturing 

is preferably carried out under a microaerobic condition or anaerobic condition. 

The culturing can be carried out at a culturing temperature of 25 to 37°C; however, a 

temperature of 28 to 35°C is preferred. Since the pH of the culture decreases as D-

15 lactic acid is accumulated in the medium, it can be also neutralized by an alkaline 

substance such as calcium hydroxide, calcium carbonate, sodium hydroxide, 

potassium hydroxide, aqueous ammonia or ammonia gas. Further, in order to 

facilitate the subsequent purification of lactic acid, the culturing can be also carried 

out without such neutralization. Moreover, the culturing method is not particularly 

2 0 restricted as long as it can fermentatively produce D-lactic acid of interest, and batch 

culture, fed-batch culture, chemostat culture, continuous culture or the like can be 

employed. Preferably, the culturing is carried out by batch culture or the continuous 

culture using a membrane described in W02007/097260, where fennentation culture 

is separated into a filtrate and non-filtrate using a separation membrane not liable to 

2 5 clogging and a desired fermentation product is collected from the filtrate, and at the 

same time, the non-filtrate is retained in or refluxed to the fermentation culture. 

[0074] 
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The method of measuring D-lactic acid obtained in the above-described 

culture is not particularly restricted, and examples thereof include a method using 

HPLC and a method using the F-kit (manufactured by Roche). 

[0075] 

The D-lactic acid contained in the above-described fermentation culture can 

be separated and purified by a combination of those conventionally known methods 

of concentration., distillation, crystallization and the like, and examples thereof 

include a method in which the pH of filtered and separated fermentation liquid is 

adjusted to not higher than 1„ followed by extraction with diethyl ether, ethyl acetate 

or the like; a method in which lactic acid is allowed to adsorb to an ion-exchange 

resin followed by washing and elution; a method in which lactic acid is allowed to 

react with an alcohol in the presence of an acid catalyst to obtain an ester, which is 

then distillated; a method in which lactic acid is crystallized in the form of a calcium 

salt or lithium salt; and a separation and purification method in. which the nanofilter 

disclosed in W02009/004922 and distillation are used in combination. 

EXAMPLES 

[0076] 

The modes for carrying out the present invention will now be described by 

way of examples; however, these modes are merely examples of the present 

invention and the present invention is not restricted thereto. 

[0077] 

(Example 1) Nucleotide sequencing of polynucleotides originated from Limulus 

polyphemus which encode a polypeptide having a D-LDH activity (hereinafter, 

referred to as "D-LDH genes originated from Limulus polyphemus ") 

For preparation of cDNAs of Limulus polyphemus, polyA (+) RNA was 

purified. The polyA (+) RNA was isolated from the hemocytes of Limulus 

polyphemus. Total RNA was separated from the hemocytes of Limulus polyphemus 
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(purchased from Marine Biological Laboratory (USA)) in accordance with the AGPC 

method (see Experimental Medicine Vol 9 (1991), p.1937-1940). The polyA (+) 

RNA was isolated from the thus separated total RNA using "01igotex-dT30 Super 

Kit" (manufactured by Takara Bio Inc.). Next, using "SuperScript II Reverse 

Transcriptase" (Manufactured by Invitrogen) and oligo d (T) as primer, cDNAs were 

synthesized. Then, using the thus obtained reaction solution as template and the 

oligo DNAs shown in SEQ ID NOs:8 and 9 as primers, which oligo DNAs were 

designed with attention given to the DNA sequences highly conserved in the D-LDH 

genes, PCR was performed to amplify partial sequences of the D-LDH genes 

originated from Limulus polyphemus. The PCR was performed under the following 

conditions: 95°C (3 minutes); (95°C (30 seconds) - 45°C (30 seconds) - 72°C (30 

seconds)} x 35 cycles; 72°C (5 minutes). Thereafter, the thus amplified DNA 

fragments were verified by electrophoresis using 1.0% agarose gel, and after 

purifying an amplified fragment of 600 bp using "QIA quick Gel extraction kit" 

(manufactured by Qiagen), this fragment was cloned into a plasmid vector "pGEMt-

easy" (manufactured by Promega) and the DNA was sequenced. The nucleotide 

sequencing was performed using "Taq DyeDeoxy Terminator Cycle Sequencing Kit" 

(manufactured by Applied Biosystems) in accordance with Sanger's method. As a 

result, two kinds of partial sequences (D-LDH1 and D-LDH2) which are thought to 

correspond to the D-LDH genes originated from Limulus polyphemus were obtained. 

[0078] 

Next, using 5' RACE and 3' RACE methods, the entire ORF sequences of the 

D-LDH 1 and D-LDH2 were clarified. The 5' RACE was performed by the 

following method. First, 50 ^L of the oligo DNA shown in SEQ ID NO: 10 (for D-

LDH1) or SEQ ID NO:l 1 (for D-LDH2) which was adjusted to 100 fiM, 50 units of 

T4 polynucleotide kinase (manufactured by Takara Bio Inc.), 10 |iL of 10* kinase 

buffer (500 mM Tris-HCl pH7.6,100 mM MgCl2, 50 mM DTT, 1 mM spermidine, 1 
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mM EDTA), 1 p.L of 100 mM ATP and 34 pL of distilled water were mixed and left 

to stand at 37°C for 1 hour to phosphorylate the 5'-end of the oligo DNA, and this 

oligo DNA was purified by performing a phenol-chloroform-isoamyl alcohol 

treatment and ethanoi precipitation. Next, using the poly A (+) RNA of Limulus 

5 polyphemus as template, "SuperScript II Reverse Transcriptase" (manufactured by 

Invitrogen) and the above-described phosphorylated oligo DNA as primers, cDNA 

was synthesized. Thereafter, single-stranded cDNA was concatemerized by ligation 

reaction using "5-Full RACE Core Set" (manufactured by Takara Bio Inc.) and the 

first PCR was performed using the thus produced concatemerized cDNA as template 

10 and the oligo DNAs shown in SEQ ID NOs; 12 and 13 (for D-LDHl) or those shown 

in SEQ ID NOs: 14 and 15 (for D-LDH2) as primers. Further, the second PCR was 

performed using the resulting reaction solution as template and the oligo DNAs 

shown in SEQ ID NOs: 16 and 17 (for D-LDHl) or those shown in SEQ ID NOs: 18 

and 19 (for D-LDH2) as primers. The verification and purification of the amplified 

15 fragments and the nucleotide sequencing thereof were performed as described in the 

above. 

[0079] 

The 3' RACE was performed by the following method. First, using the 

polyA (+) RNA of Limulus polyphemus as template, "SuperScript II Reverse 

2 0 Transcriptase" (manufactured by Invitrogen) and oligo d (T) as primer, cDNA was 

synthesized. Next, using this reaction solution as template and the oligo d (T) and 

the oligo DNA shown in SEQ ID NO:13 (for D-LDHl) or SEQ ID NO:15 (for D-

LDH2) as primers, the first PCR was performed. Further, the second PCR was 

performed using the resulting reaction solution as template and the oligo d (T) and 

25 the oligo DNA shown in SEQ ID NO:17 (for D-LDHl) or SEQ ID NO:19 (for D-

LDH2) as primers. The verification and purification of the amplified fragments and 

the nucleotide sequencing thereof were performed as described in the above. 
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[0080] 

The amino acid sequence (SEQ ID N0:1) of the D-LDHl gene originated 

from Limulus polyphemus and the cDNA ORF sequence (SEQ ID NO:3), or the 

amino acid sequence (SEQ ID NO:2) of the D-LDH2 and the cDNA ORF sequence 

5 (SEQ ID NO:4) were determined by ligating the sequences obtained in the above-

described method. It is noted here that the sequence identities between the amino 

acid sequences shown in SEQ ID NOs:l and 2 and between the nucleotide sequences 

shown in SEQ ID NOs:3 and 4 were determined by BLAST to be 93% and 82%, 

respectively. 

10 [0081] 

(Example 2) Construction of a plasmid expressing the D-LDH genes originated from 

Limulus polyphemus 

Using, as a primer set, the oligo DNAs shown in SEQ ID N0s:20 and 21 or 

those shown in SEQ ID NOs:22 and 23, which respectively correspond to the ORF 

15 5'-side and ORF 3-side of the D-LDHl gene and D-LDH2 gene which were 

sequenced in Example 1 and are thought to be the D-LDH genes originated from 

Limulus polyphemus (hereinafter, referred to as "Lp. D-LDHl gene" and "Lp. D-

LDH2 gene", respectively) and, as template, the cDNA synthesized from the poly A 

(4-) RNA of Limulus polyphemus, PCR was performed to clone the genes. The thus 

2 0 obtained DNA fragments were digested with restriction enzymes Xhol and NotI and 

introduced into the cleavage sites of yeast expression vector pTRSl 1 (carrying TDH3 

promoter and selective marker URA3 gene; see JP 2006-280368A: it is noted here 

that, therein, the TDH3 promoter and terminator axe indicated as GAPDH promoter 

and terminator), which was digested in the same manner with the restriction enzymes 

2 5 Xhol and NotI, to prepare plasmid vectors containing a DNA construct in which the 

TDH3 promoter and the Lp. D-LDHl gene or Lp. D-LDH2 gene are linked. 

Hereinafter, these plasmid vectors are referred to as "pTRS205" (carrying the Lp. D-
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LDHl) and "pTRS206" (carrying the Lp. D-LDH2). Here, the pTRS 11 vector was 

prepared by digesting pNVl 1 vector (see Nature, vol. 357, 25 JUNE 1992, p.70Q) 

with, the restriction enzyme Xhol and, after removing inserts, allowing it to self-ligate. 

[0082] 

5 (Example 3) Introduction of the plasmid expressing the D-LDH genes originated 

from Limulus polyphemus into yeast 

The pTRS205 and pTRS206 obtained as described in Example 2 were 

introduced into the yeast Saccharomyces cerevisiae SW029-1B strain (genotype: 

MATa ura TRP(Apdcl::TRPl) his ade lys leu) (hereinafter, referred to as "SW029-

10 IB strain"). The introduction of the plasmids was carried out by a lithium acetate 

method using "YEASTMAKER Yeast Transformation System" (manufactured by 

Clonetech) (for details, see the attached protocol). The SW029-1B strain used as 

the host is a strain which lacks uracil synthesis capacity and, by the action of the 

selective marker URA3 gene of the pTRS205 and 206, transformed yeast into which 

15 the pTRS205 and pTRS206 were introduced can be selected on a uracil-free medium. 

The introduction of the D-LDH gene-expressing vectors into the transformants 

obtained in this manner was confirmed by extracting genomic DNA containing 

plasmid DNA from the transformants cultured in a uracil-free liquid medium using a 

genomic DNA extraction kit "Dr. GenTLE" (manufactured by Takara Bio Inc.) and 

2 0 performing PCR using the thus extracted genomic DNA as template. As primers, 

those which were used for cloning the D-LDH genes originated from Limulus 

polyphemus were employed, respectively. As a result, it was confirmed that each of 

the D-LDH genes originated from Limulus polyphemus were respectively introduced 

into all of the transformed yeast cells. 

25 [0083] 

(Example 4) D-lactic acid productivity test 1 

Using the Saccharomyces cerevisiae SW029-1B strains obtained as described 
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in Example 3 into which the pTRS205 and 206 were introduced (hereinafter, referred 

to as "SW029-lB/pTRS205 strain" and "SW029~lB/pTRS206 strain", respectively), 

D-lactic acid productivity test was carried out. 

[0084] 

5 SC3 medium having the composition shown in Table 1 from which uracil was 

removed (SC3-Ura medium) was added in test tubes in an amount of 10 mL. A 

small amount of each strain was inoculated thereto and cultured overnight at 30°C 

(preculture). Next, 10 mL of SC3-Ura medium was added in test tubes and 100 uL 

of each of the thus obtained preculture media was inoculated thereinto, followed by 

10 culturing at 3 0°C with shaking (main culture). After 40 hours since the start of the 

main culture, the culture media were centrifuged and lactic acid contained in the 

resulting supernatants was measured by HPLC under the following conditions: 

Column: "Shim-Pack SPR-H" (manufactured by Shimadzu Coiporation) 

Mobile phase: 5 mM p-toluenesulfonic acid (flow rate = 0.8 mL/min) 

15 Reaction solution: 5 mM p-toluenesulfonic acid, 20 mM Bistris, 0.1 mM EDTA-2Na 

(flow rate = 0.8 mL/min) 

Detection method: electroconductivity 

Temperature: 45°C. 

[0085] 

20 In addition, based on the results of measuring the D-lactic acid and L-lactic 

acid concentrations by HPLC method under the following conditions, the optical 

purity of D-lactic acid was calculated using the following equations. 

Column: "TSK-gel Enantio LI" (registered trademark: manufactured by Tosoh 

Corporation) 

2 5 Mobile phase: 1 mM aqueous copper sulfate solution 

Flow rate: l.Oml/min 

Detection method: UV 254 nm 
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Temperature: 30°C 

Optical purity (% e.e.) = 100 * (D - L)/(D + L) 

Optical purity (%) = 100 * D/(D + L) 

In the above equations, L represents the concentration of L-lactic acid and D 

represents the concentration of D-lactic acid. 

[0086] 

[Table 1] 

Glucose 100 g/L 
Ammonium sulfate 1.5 g/L 
Yeast Nitrogen base w/o amino acid and 
ammonium sulfate (manufactured by Difco) 

1.7 g/L 

19 standard amino acids other than leucine 152 mg/L 
Leucine 760 mg/L 
Inositol 152 mg/L 
p-aminobenzoate 16 mg/L 
Adenine 40 mg/L 
Uracil 152 mg/L 

[0087] 

As a result, the concentration of the accumulated D-lactic acid was 13 g/L for 

the SW029-lB/pTRS205 strain and 12 g/L for the SW029-lB/pTRS206 strain. In 

addition, only D-lactic acid was detected in the culture media and the level of L-lactic 

acid was not higher than the detection limit. It was confirmed that the transformed 

yeast was able to produce D-lactic acid by introducing thereinto the D-LDH genes 

cloned from Limulus polyphemus. 

[0088] 

(Example 5) Introduction of the D-LDH genes originated from Limulus polyphemus 

into yeast chromosome 

By the following steps 1 to 3, a DNA construct for homologous 

recombination which contains the D-LDH genes originated from Limulus 

polyphemus was prepared. 

[0089] 
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[Step 1] 

Using the pTRS205 carrying the Lp. D-LDHl gene and the pTRS206 carrying 

the Lp. D-LDH2 gene that were obtained in Example 2 as templates and the oligo 

DNAs shown in SEQ ID NOs:24 and 25 or those shown in SEQ ID NOs:26 and 25 

5 as primer set, PCR was performed to amplify DNA fragments of about 1.1 kb 

containing each of the D-LDH genes. Here, the oligo DNAs shown in SEQ ID 

NOs:24 and 26 were designed in such a manner that a sequence having a homology 

to the 65 bp region upstream of the PDCl gene is added. 

[0090] 

10 [Step 2] 

Next, using the plasmid pRS424 (GenBank Accession Number: U03453) as 

template and the oligo DNAs shown in SEQ ID NOs:27 and 28 as primer set, PCR 

was performed to amplify a DNA fragment of about 1.4 kb containing the TRPl gene, 

which is a yeast selection marker. Here, the oligo DNA shown in SEQ ID NO:28 

15 was designed in such a manner that a sequence having a homology to the 65 bp 

region downstream of the PDCl gene is added. 

[0091] 

[Step 3] 

After separating the DNA fragments by 1% agarose gel electrophoresis, they 

2 0 were purified using "QIA quick Gel extraction kit" (manufactured by Qiagen). 

Using a mixture of the thus obtained 1.1 kb fragments containing the respective D-

LDH genes and 1.4 kb fragment containing the TRPl gene as template and the oligo 

DNAs shown in SEQ ID NOs:24 and 28 or those shown in SEQ ID NOs:26 and 28 

as primer set, PCR was performed to amplify a DNA construct of about 2.5 kb used 

2 5 for homologous recombination in which each of the D-LDH genes, TDH3 terminator 

and TRP 1 gene were linked. 

[0092] 
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The DNA construct for homologous recombination prepared in the above-

described manner was transformed into Saccharomyces cerevisiae SW092-2D strain 

(hereinafter, referred to as "SW092-2D strain"), which is a Saccharomyces cerevisiae 

NBRC10505 strain (hereinafter, referred to as "NBRC10505 strain") in which the 

5 lysine auxotrophy is reverted. 

[0093] 

The SW092-2D strain was prepared by the following method. Using the 

genomic DNA of the Saccharomyces cerevisiae BY4741 strain manufactured by 

Funakoshi Corporation as template and the oligonucleotides (SEQ ID NOs:29 and 

10 30) as primer set, PCR was performed to amplify a PCR fragment of about 2 kb 

corresponding to the former half of the LYS2 gene. After separating the PCR 

fragment by 1% agarose gel electrophoresis and purifying it in accordance with a 

conventional method, the PCR fragment was transformed into the NBRC10505 strain 

to cancel the amber mutation in the LYS2 gene. By culturing the yeast strain in a 

15 lysine-free medium, a transformant in which the lysine synthesis capacity was 

reverted (NBRC10505(LYS2) strain) was selected. In order to confirm that the thus 

obtained transformant is a yeast in which the amber mutation in the LYS2 gene was 

canceled, the following steps were carried out. First, diploid cells were obtained by 

mating the thus obtained transformant with the Saccharomyces cerevisiae LOGY7 

2 0 strain having the wild-type LYS2 gene and the diploid cells were cultured in an ascus 

formation medium to allow ascus formation. The resulting asci were anatomized 

using a micromanipulator to obtain respective haploid cells (tetrad) and the 

auxotrophy was examined for each of the haploid cells. All of the thus obtained 

haploid cells were confirmed to have lysine synthesis capacity. The thus obtained 

25 NBRC10505(LYS2) strain and the NBRC10506 strain were mated and the resulting 

asci were anatomized using a micromanipulator to obtain the SW092-2D strain 

(genotype: MATaura3 leu2 trpl his3 ade2 LYS2). 
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[0094] 

The SW092-2D strain was transformed with the above-described DNA 

construct for homologous recombination and cultured in a tryptophan-free medium to 

select transformed yeasts. The transformed yeasts obtained in this manner are 

5 hereinafter referred to as "SW092-2D (Apdcl ::Lp.D-LDHl-TRPl) strain" and 

"SW092-2D (Apdc 1::Lp.D-LDH2-TRP 1) strain". 

[0095] 

(Example 6) D-lactic acid productivity test 2 

Using the SW092-2D (Apdcl ::Lp.D-LDHl-TRPl) strain, SW092-2D 

10 (Apdcl::Lp.D-LDH2-TRPl) strain and a mini-jar fermentor (manufactured by B.E. 

Marubishi Co., Ltd., 5 L), their fermentation was evaluated. 

[0096] 

The SC3 medium shown in Table 1 was added to a test tube in an amount of 

10 mL and a small amount of each strain was inoculated thereto and cultured 

15 overnight at 30°C (pre-preculture). Then, to 45 mL of SC3 medium placed in an 

Erlenmeyer flask, 5 mL of the thus obtained pre-preculture medium was added and 

cultured at 30°C for another 8 hours (preculture). The entire amount of the thus 

obtained preculture medium was inoculated to 1 L of SC3 medium placed in the 

mini-jar fermentor and cultured for 30 hours. The culturing conditions are shown 

2 0 below: 

pH: pH5 

Aeration: 100 mL/min 

Stirring: 120 rpm 

Neutralizer: IN sodium hydroxide. 

25 [0097] 

The amount of the culture medium at the end of the culture period and the D-

lactic acid and glucose concentrations in the culture medium were measured by 
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"Glucose Test Wako C" (registered trademark) (manufactured by Wako Pure 

Chemical Industries, Ltd.) to determine the lactic acid yield with respect to 

saccharide based on the added glucose calculated from the thus measured lactic acid 

and glucose concentrations. As a result, it was confirmed that the SW092-2D 

(Apdcl ::Lp.D-LDHl-TRPl) and SW092-2D (Apdcl::Lp.D-LDH2-TRPl) produced 

D-lactic acid with a lactic acid yield with respect to saccharide of 45% and 42%, 

respectively. 

[0098] 

(Comparative Example 1) Cloning of the D-LDH gene originated from lactic acid 

bacterium and evaluation of fermentation 

As a D-LDH gene capable of efficiently performing fermentative production 

of D-lactic acid in transformed yeast, the D-LDH gene originated from the 

Leuconostoc mesenteroides ATCC 9135 strain is known (see W02004/104202). 

By cloning this D-LDH gene (hereinafter, referred to as "Lm. D-LDH gene") and 

introducing it into yeast to allow fermentation, the D-LDH activity of the Lm. D-

LDH gene was examined by comparing it to that of the Lp. D-LDHl gene or Lp. D-

LDH2 gene originated from Limulus polyphemus. 

[0099] 

Using a primer set (SEQ ID NOs:31 and 32) which was designed by referring 

to the nucleotide sequences described in W02004/104202 and the ATCC 9135 strain 

as template, the Lm. D-LDH gene was cloned by colony PCR (using "KOD-Plus-

polymerase" manufactured by Toyobo Co., Ltd.). After purifying the thus obtained 

PCR-ampiified fragment and. phosphorylating the end thereof with "T4 

Polynucleotide Kinase" (manufactured by Takara Bio Inc.), the fragment was ligated 

to the pUCl 18 vector (which had been digested with a restriction enzyme HincII and 

the cut surface had been dephosphorylated). The ligation was carried out using 

"DNA Ligation Kit Ver.2" (manufactured by Takara Bio Inc.). Escherichia coli 
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DH5a was transformed with the ligation plasmid product and the plasmid DNA was 

collected to obtain a plasmid into which the Lm. D-LDH gene was subcloned. The 

thus obtained pUC 118 plasmid into which the Lm. D-LDH gene was inserted was 

digested with restriction enzymes Xhol and NotI., and the resulting DNA fragments 

5 were each inserted to the XhoI/NotI cleavage site of the vector pTRSl 1 for yeast 

expression. In this manner, Lm. D-LDH gene-expressing plasmid pTRS207 was 

obtained. 

[0100] 

Next, the Lm. D-LDH gene was introduced into the PDCl gene locus on the 

10 chromosome of the Saccharomyces cerevisiae S W092-2D strain in the same manner 

as in Example 5, except that the pTRS207 was used as template and the primer set 

shown in SEQ ID NO:33 was used in place of the primer shown in SEQ ID NO:24 or 

26. The thus prepared transformed yeast is hereinafter referred to as "SW092-2D 

(Apdcl ::Lm. D-LDH-TRP1)". Then, in the same manner as in Example 6. the D-

15 lactate productivity was evaluated by batch culture. As a result, the yield with 

respect to saccharide by the SW092-2D (Apdcl ::Lm. D-LDH-TRP1) was 38%. The 

result is shown in Table 2 along with the results of Example 6. 

[0101] 

[Table 2] 

Strain name SW092-2D 
(Apdcl ::Lp. D-
LDHl-TRPI) 

SW092-2D 
(Apdcl ::Lp. D-
LDH2-TRP1) 

SW092-2D 
(Apdcl::Lm. D~ 

LDH-TRP1) 
Lactic acid yield with 
respect to saccharide (%) 

45 42 38 

20 [0102] 

(Reference Example 1) Preparation of a yeast introduced with the L-LDH gene 

originated from Xenopus laevis 

In accordance with the method described in JP 2008-029329A, yeast in which 

the L-LDH gene originated from Xenopus laevis (X. L-LDH gene) was introduced 
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into the PDCl gene locus was prepared. Here, as the yeast used for the introduction 

of the gene into the chromosome, a NBRC10506 strain in which the adenine 

auxotrophy is reverted (SU013-1D strain) was used. The SU013-1D strain was 

prepared by the following method. Using the plasmid pRS422 as template and the 

5 oligonucleotides (SEQ ID NOs:34 and 35) as primer set, PCR was performed to 

amplify a PCR fragment of about 2 kb corresponding to the ADE2 gene. After 

separating the PCR fragment by 1% agarose gel electrophoresis and purifying it in 

accordance with a conventional method, the PCR fragment was transformed to cancel 

the mutation in the ADE2 gene. By culturing the yeast strain in an adenine-free 

10 medium, a transformant in which the adenine synthesis capacity was reverted was 

selected. 

[0103] 

In order to confirm that the thus obtained transformant is a yeast in which the 

mutation in the ADE2 gene was canceled, the following steps were carried out. 

15 First, diploid cells were obtained by mating the thus obtained transformant with the 

Saccharomyces cerevisiae LOGY77 strain having the wild-type ADE2 gene and the 

diploid cells were cultured in an ascus formation medium to allow ascus formation. 

The resulting asci were anatomized using a micromanipulator to obtain respective 

haploid cells (tetrad) and the auxotrophy was examined for each of the haploid cells. 

2 0 All of the thus obtained haploid cells were confirmed to have adenine synthesis 

capacity. The thus obtained NBRC 10506(ADE2) strain and the NBRC10505 strain 

were mated and the resulting asci were anatomized using a micromanipulator to 

obtain the SU013-1D strain (genotype: MATa ura3 leu2 trpl his3 ADE2 lys2). The 

thus obtained transformed yeast is hereinafter referred to as "SU013-1D (Apdcl ::X. 

2 5 L-LDH-TRP1) strain". 

[0104] 

(Example 7, Comparative Example 2) D-lactic acid productivity test 3 
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The SU013-1D (Apdcl::X. L-LDH-TRP1) strain prepared in Reference 

Example 1 was mated with each of the SW092-2D (Apdcl ::Lp. D-LDHl-TRPl) 

strain, SW092-2D (Apdcl ::Lp. D-LDH2-TRP1) strain and SW092-2D (Apdcl ::Lm. 

D-LDH-TRP1) strain, which were prepared in Example 5 and Comparative Example 

1, thereby preparing diploid yeasts having the L-LDH gene and D-LDH gene 

heterozygously at the PDC 1 gene locus. The thus prepared diploid yeasts are 

hereinafter referred to as "Lpl-X strain, Lp2-X strain and Lm-X strain, respectively". 

[0105] 

Then, the Lpl-X strain, Lp2-X strain and Lm-X strain were batch-cultured 

under the same conditions as in Example 5, and the optical purity of the produced 

lactic acid was evaluated (Table 3). 

[0106] 

[Table 3] 

Strain name Lpl-X Lp2-X Lm-X 
Yield of D-lactic acid (%) 48.3 47.5 43.8 
Optical purity of D-lactic acid (%) 52.3 51.7 44.4 

[0107] 

As a result, the yeast having the D-LDH gene originated from Limulus 

polyphemus produced D-lactic acid with an optical purity of not less than 50%, while 

the optical purity of the D-lactic acid produced by the yeast having the D-LDH gene 

originated from Leuconostoc mesenteroides was 44.4%. Since the yield with 

respect to saccharide at which each yeast produces D-lactic acid, and the optical 

purity of thereof are thought to be proportional to the D-LDH activity in the yeasts 

transformed with the D-LDH gene, from the results shown in Tables 2 and 3, it was 

confirmed that, when introduced into yeast, the D-LDH gene originated from Limulus 

polyphemus encodes a polypeptide having an activity higher than that of a 

polypeptide encoded by the D-LDH gene originated from Leuconostoc mesenteroides. 

[0108] 
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(Example 8) Introduction of multiple copies of the D-LDH gene into the yeast 

chromosome and preparation of temperature-sensitive mutant-type PDC5 yeast 

Next, preparation of a yeast introduced with the D-LDH gene originated from 

Limulus polyphemus also at gene loci other than the PDCl gene locus was examined 

for the purpose of further improving the yield of D-lactic acid, and the D-LDH gene 

was introduced into the TDH3 gene whose introduction effect is described in JP 

2008-029329A and the SED1 gene locus whose introduction effect is described in 

the international application PCT/JP 2008/072129. Further, the temperature-

sensitive mutant-type PDC5 gene described in JP 2008-048726A was also introduced. 

[0109] 

[Introduction of the D-LDH gene into the TDH3 gene locus] 

For introduction into the TDH3 gene locus, in the same manner as the 

preparation method of the pTRSI50 described in JP 2008-029329A, a plasmid 

pTRS208 in which the TDH3 terminator of the pTRS205 carrying the Lp. D-LDHl 

gene was substituted with the ADH1 terminator was prepared. Then, using the SEQ 

ID NO;36 in place of the SEQ ID NO:8 of JP 2008-029329A as primer and the 

pTRS208 as template, a DNA construct for homologous recombination to be used for 

introduction into the TDH3 gene locus was obtained. 

[0110] 

As the yeast into which the above-described DNA construct for homologous 

recombination is introduced, a leucine prototrophic strain of the SU013-1D strain 

(SWQ87-2C strain) was employed. The method of preparing the SW087-2C strain 

is described in the followings. Using the plasmid pRS425 as template and the 

oligonucleotides (SEQ ID NOs:37 and 38) as primer set, PCR was performed to 

amplify a PCR fragment of about 2 kb corresponding to the LEU2 gene. After 

separating the PCR fragment by 1% agarose gel electrophoresis and purifying it in 

accordance with a conventional method, the thus purified PCR fragment was 
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transformed into the SU013-1D strain to cancel the mutation in the LEU2 gene. By 

culturing the yeast strain in a leucine-free medium, a transformant in which the 

leucine synthesis capacity was reverted was selected. In order to confirm that the 

thus obtained transformant is a yeast in which the mutation in the LEU2 gene was 

5 canceled, the following steps were carried out. First, diploid cells were obtained by 

mating the thus obtained transformant with the Saccharomyces cerevisiae LOGY77 

strain having the wild-type LEU2 gene and the diploid cells were cultured in an ascus 

formation medium to allow ascus formation. The resulting asci were anatomized 

using a micromanipulator to obtain respective haploid cells (tetrad) and the 

10 auxotrophy was examined for each of the haploid cells. All of the thus obtained 

haploid cells were confirmed to have leucine synthesis capacity. The thus obtained 

SU013-1D(LEU2) strain and the NBRC 10505 strain were mated and the resulting 

asci were anatomized using a micromanipulator to obtain the SW087-2C strain 

(genotype: MATa ura3 LEU2 trpl his3 ADE2 lys2). 

15 [0111] 

The SW087-2C strain was transformed with the above-described DNA 

construct for homologous recombination and cultured in a uracil-free medium for 

selection to obtain a transformed yeast introduced with the Lp. D-LDHl gene at the 

TDH3 gene locus. The thus obtained transformed yeast is hereinafter referred to as 

20 "SW087-2C (ATDH3::Lp. D-LDH-URA3) strain". 

[0112] 

[Introduction of the D-LDH gene into SED1 gene locus] 

The introduction into the SED1 gene locus was. carried out by modifying the 

method described in Example 2 of the international application PCT/JP 2008/072129. 

2 5 That is, using the pTRS205 in place of the pTRS 102 as PCR template and the SEQ 

ID NO:39 in place of the SEQ ID NO:14 of the above-described international 

application publication as primer, a DNA construct for homologous recombination to 
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be used for introduction into the SED1 gene locus was obtained. 

[0113] 

As the yeast into which the above-described DNA construct for homologous 

recombination is introduced, SW092-7D strain (genotype: MATa ura3 leu2 trpl his3 

5 ADE2 LYS2), which was obtained by mating the NBRC10505(LYS2) strain 

prepared in Example 5 with the NBRC10506(ADE2) strain prepared in Reference 

Example 1 and separating by anatomization of the resulting asci with a 

micromanipulator, was employed. 

[0114] 

10 The SW092-7D strain wras transformed with the above-described DNA 

construct for homologous recombination and cultured in a histidine-free medium for 

selection to obtain a transformed yeast introduced with the Lp, D-LDHl gene at the 

SED1 gene locus. The thus obtained transformed yeast is hereinafter referred to as 

"SW092-7D (ASEDl::Lp. D-LDH-HIS3) strain". 

15 [0115] 

[Introduction of the temperature-sensitive mutant-type PDC5 gene (pdc5ts-9)] 

As the yeast introduced with the temperature-sensitive mutant-type PDC5 

gene, the yeast SW015 strain having the temperature-sensitive mutant-type PDC5 

gene (pdc5ts-9), which is described in JP 2008-048726A, was employed. By 

2 0 mating the SWO15 strain with the SW087-2C strain and separating by anatomization 

of the resulting asci with a micromanipulator, SW095-4B strain (genotype: MATa 

ura3 LEU2 trpl his3 ADE2 lys2 pdc5ts-9 Apdcl::TRPl) was obtained. Further, by 

mating the SW095-4B strain with the SW092-2D strain and separating by 

anatomization of the resulting asci with a micromanipulator, S W09B-21B strain 

25 (genotype: MATa ura3 LEU2 trpl his3 ADE2 LYS2 pdc5ts-9) was obtained. 

[0116] 

[Introduction of the D-LDH gene into the PDCl, TDH3 and SED1 gene loci and 
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introduction of the temperature-sensitive mutant-type PDC5 gene (pdc5ts-9)] 

By using the thus prepared SW092-2D (APDCl::Lp. D-LDHl-TRPl) strain, 

SW087-2C (ATDH3::Lp. D-LDHl-URA3) strain, SW092-7D (ATDH3::Lp. D-

LDH1-HIS3) and SW098-21B, diploid mating and tetrad production were repeated to 

5 obtain SU042 strain which contains the Lp. D-LDHl gene at the PDCl, TDH3 and 

SED1 gene loci and the temperature-sensitive mutant-type PDC5 (pdc5ts-9), the 

SU042 strain being diploid and not auxotrophic for adenine, leucine and lysine. 

The procedures for preparing the SU042 strain are shown in Fig. 1. 

[0118] 

10 (Example 9) D-lactic acid production test 4 

Using the SU042 strain prepared as described in Example 8, the D-lactic acid 

productivity was tested by batch culture. As the medium, the SC3 medium shown 

in Table 1 or a raw sugar medium (100 g/L "Yutosei" (manufactured by Muso Co., 

Ltd.), 1.5 g/L ammonium sulfate) was employed. First, the SU042 strain was 

15 cultured overnight with shaking in 5 ml of SC3 medium, or raw sugar medium in a 

test tube (pre-preculture). In a 500 ml Sakaguchi flask, the resulting pre-preculture 

medium was inoculated to 50 ml of fresh SC3 medium or raw sugar medium and 

cultured for 24 hours with shaking (preculture). To a mini-jar fermentor 

(manufactured by Able Co,, Ltd., 2 L). 1 L of SC3 medium or raw sugar medium was 

2 0 added, and the temperature was adjusted (32°C) and pH was controlled (pH 5,5N 

calcium hydroxide). Culturing was carried out with aeration and stirring (at 200 

mL/min and 400 rpm, respectively). As a result, the culture in the SC3 medium was 

finished in 30 hours and the yield with respect to saccharide was 63%. Further, the 

culture in the raw sugar medium was finished in 50 hours and the yield with respect 

25 to saccharide was 70%. From these results, it was confirmed that the performance 

of D-lactic acid fermentation was improved by the introduction of the Lp. D-LDHl 

gene into the PDCl, TDH3 and SED1 gene loci and the introduction of the 
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temperature-sensitive mutation into the PDC5 gene. 

[0118] 

(Example 10) D-lactic acid productivity test by continuous culture 

A continuous culture of the SU042 strain using the separation membrane 

5 described in W02007/097260 was examined. As the medium, a raw sugar medium 

(75 g/L "Yutosei" (manufactured by Muso Co., Ltd.), 1.5 g/L ammonium sulfate) was 

employed. 

The culturing conditions are shown below: 

Fermentation vessel capacity: 2 (L) 

10 Culture medium volume: 1.5 (L) 

Separation membrane used: PVDF membrane filter (described in Reference Example 

2 of W02007/097260) 
* 

Effective filtration area of the membrane separation element: 120 cm 

Temperature adjustment: 32 (°C) 

15 Aeration volume in the fermentation reaction vessel: air 0.02 (L/min). nitrogen gas 

0.18 (L/min) 

Stirring rate in the fermentation reaction vessel: 800 (rpm) 

pH adjustment: adjusted to pH 5 with 5N calcium hydroxide 

Sterilization: the culture vessel including the separation membrane element and 

20 medium used were all autoclaved at 121°C for 20 minutes. 

[0119] 

First, the SU042 strain was cultured at 30°C overnight with shaking in 10 ml 

of the raw sugar medium in a test tube (pre-pre-preculture). The entire amount of 

the thus obtained culture medium was inoculated to 100 ml of fresh raw sugar 

2 5 medium and cultured in a 500 ml Sakaguchi flask for 24 hours at 30°C with shaking 

(pre-preculture). The resulting pre-preculture medium was inoculated to 1.5 L of 

the raw sugar medium loaded in a membrane integrated-type continuous culture 
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vessel (the apparatus shown in Fig. 2 of W02007/097260). Removal of the culture 

medium by a peristaltic pump (200 mL/h) was started 50 hours after the initiation of 

the culture, and the culture was continued until 400 hours to measure the 

concentration of lactic acid, which is the substance produced, and the lactic acid 

5 production rate. The results are shown in Fig. 2. It is noted here that the lactic 

acid production rate during the continuous culture was calculated using the Equation 

1 below. 

[0120] 

Lactic acid production rate (g/L-h) = product concentration in removed liquid 

10 (g/L) x removal rate of fermentation culture medium (L/hr) operational liquid 

volume of apparatus (L) ••• (Equation 1) 

[0121] 

As a result of the continuous culture using the separation membrane, it was 

confirmed that the D-lactic acid yield with respect to saccharide was further 

15 improved to about 85% and that the D-lactic acid production rate was improved to 

7.5 g/L-h. 

[0122] 

(Example 11) Introduction of the Limulus polyphemus D-LDH into Candida utilis 

Next, using Candida utilis, which is a Crabtree-negative yeast, D-lactic acid 

2 0 was examined. 

[0123] 

(a) Preparation of a vector for introduction of the Limulus polyphemus D-LDH gene 

First, a vector was constructed for introducing the D-LDH gene originated 

from Limulus polyphemus into the PDCl gene locus on the Candida utilis 

2 5 chromosome. The Candida utilis NBRC0988 strain (hereinafter, referred to as 

"NBRC0988") was inoculated to YPD medium (I % Bacto Yeast Extract, 2% Bacto-

peptone, 2% glucose) and cultured overnight at 30°C. From the thus obtained yeast 
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cells, genomic DNA was extracted in accordance with a conventional method and 

used as template in the subsequent PCR. First, using the oligo DNAs shown in 

SEQ ID N0s:40 and 41 as primer set, a fragment containing the terminator region of 

the PDCl gene was amplified. It is noted here that, unless otherwise specified, 

5 KOD-plus- (manufactured by Toyobo Co., Ltd.) was used as DNA polymerase in 

accordance with the attached protocol. After digesting the thus obtained fragment 

of about Ikb with a restriction enzyme BssHI and purifying it, the resultant was 

ligated to pBluescriptIISK(+) which had been previously digested with restriction 

enzyme BssHI in the same manner. The thus obtained plasmid is hereinafter 

10 referred to as "pKSOI". 

[0124] 

Next, in the same manner, using the genomic DNA of NBRC0988 as template 

and the oligo DNAs shown in SEQ ID NOs:42 and 43 as primer set, PCR was 

performed to amplify a fragment containing the PGK promoter. The thus obtained 

15 fragment of about I kb was purified and used in the subsequent experiments. Then, 

using the plasmid pLCl-hph having the hph gene capable of imparting resistance 

against hygromycin B which is a type of antibiotic substance as template and the 

oligo DNAs shown in SEQ ID NOs:44 and 45 as primer set, PCR was performed to 

amplify a fragment containing the hph gene, which was then purified to obtain a 

2 0 fragment of about 1.1 kb. Further, using the genomic DNA of NBRC0988 as 

template and the oligo DNAs shown in SEQ ID NOs:46 and 47 as primer set, PCR 

was performed to amplify a fragment containing the GAP terminator, which was then 

purified to obtain a fragment of about 500 bp. 

[0125] 

2 5 The fragment containing the PGK promoter, the fragment containing the hph 

gene and the fragment containing the GAP terminator that were obtained in the 

above-described manner were mixed, and using the oligo DNAs shown in SEQ ID 
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NOs:48 and 49 as primer set, PCR was performed to amplify a fragment in which the 

PGK promoter, hph gene and GAP terminator were linked. After phosphorylating 

the end of the thus obtained fragment of about 2.6 kb, the fragment was ligated to the 

pUC 118 which had been digested with HincII and dephosphorylated. The thus 

5 obtained plasmid is hereinafter referred to as "pKS02". 

[0126] 

Next, in the same manner, using the genomic DNA of NBRC0988 as template 

and the oligo DNAs shown in SEQ ID N0s:50 and 51 as primer set, PCR was 

performed to amplify a fragment containing the PGK terminator, which was then 

10 purified to obtain a fragment of about 500 bp. Further, using the pKS02 obtained in 

the above-described manner as template and the oligo DNAs shown in SEQ ID 

NOs:52 and 53 as primer set, PCR was performed to amplify a fragment in which the 

PGK promoter, hph gene and GAP terminator were linked, which was then purified 

to obtain a fragment of about 2.6 kb. 

15 [0127] 

The fragment containing the PGK terminator and the fragment in which the 

PGK promoter, hph gene and GAP terminator were linked, which fragments were 

obtained in the above-described manner, were mixed, and using the oligo DNAs 

shown in SEQ ID N0s:50 and 53 as primer set, PCR was performed to amplify a 

2 0 fragment in which the PGK terminator, PGK promoter, hph gene and GAP 

terminator were linked. After digesting the thus obtained fragment of about 3 kb 

with restriction enzymes BamHI and Clal and purifying it, the resultant was ligated to 

the pKS02 which had been previously digested with restriction enzymes BamHI and 

Clal in the same manner. The thus obtained plasmid is hereinafter referred to as 

25 "pKS03". 

[0128] 

Next, in the same manner, using the genomic DNA of NBRC0988 as template 
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and the oligo DNAs shown in SEQ ID NOs:54 and 55 as primer set, PCR was 

performed to amplify a fragment containing the PDCl promoter region, which was 

then purified to obtain a fragment of about 2.1 kb. Further, using the pTRS205 

prepared in Example 2 as template and the oligo DNAs shown in SEQ ID NOs:56 

5 and 57 as primer set, PCR was performed to amplify a fragment containing the D-

LDH gene originated from Limulus polyphemus, which was then purified to obtain a 

fragment of about 1 kb. 

[0129] 

The fragment containing the PDCl promoter region and the fragment 

10 containing the D-LDH gene originated from Limulus polyphemus that were obtained 

in the above-described manner were mixed, and using the oligo DNAs shown in SEQ 

ID NOs:54 and 57 as primer set, PCR was performed to amplify a fragment in which 

the fragment containing the PDCl promoter region and the fragment containing the 

D-LDH gene originated from Limulus polyphemus were linked. After digesting the 

15 thus obtained fragment of about 3.1 kb with restri ction enzymes NotI and Bglll and 

purifying it, the resultant was ligated to the pKS03 which had been previously 

digested with restriction enzymes NotI and BamHI in the same manner. The thus 

obtained plasmid is hereinafter referred to as "pKS04". 

[0130] 

20 (b) Introduction of the Limulus polyphemus D-LDH gene into the PDCl gene locus 

The pKS04 obtained in the above-described manner was digested with 

restriction enzyme Bglll and introduced into NBRC0988 by the electroporation 

method. A small amount of the cells was inoculated to YPD medium and cultured 

overnight at 30°C. After centrifuging the culture to discard the supernatant, the 

2 5 cells were washed with sterilized water and 1M sorbitol and eventually suspended in 

1M sorbitol. Then, after mixing the cells and the pKS04 digested with restriction 

enzyme Bglll and leaving the resulting mixture on ice for 5 minutes, the mixture was 
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transferred to an electroporation cuvette and subjected to eiectroporation at a 

capacitance of 25 pF, voltage of 0.75 kV and resistance of 800 Q. Thereafter, the 

mixture was transferred to YPD medium containing 1M sorbitol and cultured at 30°C 

for about 4 hours, and then applied to YPD medium supplemented with 600 fig/L of 

5 hygromycin B. From the resulting hygromycin B-resistant strain, the genome 

thereof was extracted, and by verifying that fragments of about 3 kb and 2 kb were 

each amplified by PCR using the oligo DNAs shown in SEQ ED NOs:54 and 57 and 

SEQ ID NOs:56 and 51 as respective primer sets, it was confirmed that a transformed 

yeast in which the D-LDPI gene originated from Limulus polyphemus was introduced 

10 into the PDCl gene locus was obtained. The thus obtained transformed yeast is 

hereinafter referred to as "CuLpLDH strain". 

[0131] 

(Comparative Example 2) Introduction of D-LDH originated from lactic acid 

bacterium into Candida ulilis 

15 In the same manner as in Example 11, the D-LDH gene originated from a 

lactic acid bacterium, Leuconostoc mesenteroides, was introduced. It is noted here, 

however, that the oligo DNA shown in SEQ ID NO:58 was employed in place of the 

one shown in SEQ ID NO:55 used in Example 31. In addition, the pTRS207 

obtained in Comparative Example 1 was used as template in place of the p"TRS205 

20 obtained in Example 2 and the oligo DNAs shown in SEQ ID NOs:59 and 60 were 

used in place of those shown in SEQ ID NOs:56 and 57. The thus obtained plasmid 

is hereinafter referred to as "pKS05". 

[0132] 

The plasmid obtained in the above-described manner was introduced into the 

2 5 NBRC0988 strain in the same manner as in Example 11. The thus obtained strain 

in which the D-LDH gene originated from a lactic acid bacterium, Leuconostoc 

mesenteroides, was introduced into the PDCl gene locus is hereinafter referred to as 
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"CuLmLDH strain". 

[0133] 

(Example 12, Comparative Example 3) D-lactic productivity test in Candida utilis 

Using the CuLpLDH strain and the CuLmLDH strain prepared in Example 11 

and Comparative Example 2, respectively, their D-lactic acid productivity was 

evaluated. YPD medium was added in an amount of 50 ml to a 500 ml Sakaguchi 

flask, and the CuLpLDH and CuLmLDH strains were inoculated thereto in small 

amounts and cultured at 30°C overnight with shaking (preculture). After collecting 

the culture medium and washing it with fresh YPD medium, the culture medium was 

placed and cultured in a mini-jar fermentor in which 1 L of YPD10 medium 

(containing 10% glucose) was added. The culturing conditions are shown below: 

Amount of initial inoculation: inoculated at OD600 — 10 

pH: pH6 

Aeration: 100 mL/min 

Stirring: 120 rpm 

Neutralizer: IN calcium hydroxide 

Culturing temperature: 35°C. 

[0134] 

The culture was carried out for 40 hours and the lactic acid concentration and 

glucose concentration of the culture medium at 40 hours were analyzed. Glucose 

had been completely consumed. In addition, as shown in Table 4, from the analysis 

results of the productivity per glucose consumption (yield with respect to saccharide) 

and the optical purity of D-lactic acid, the yeast {Candida utilis) introduced with the 

D-LDH gene was found to be capable of fermentatively producing D-lactic acid and 

the CuLpLDH strain introduced with the D-LDH gene originated from Limulus 

polyphemus had a higher yield. 

[0135] 
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(Example 13, Comparative Example 4) D-lactic productivity test 2 in Candida utilis 

Next, using the CuLpLDH and CuLmLDH strains, their D-lactic acid 

productivity using xylose, which is a pentose, as sugar source was evaluated. YPD 

medium was added in an amount of 50 ml to a 500 ml Sakaguchi flask, and the 

5 CuLpLDH and CuLmLDH strains were inoculated thereto in small amounts and 

cultured at 30°C overnight with shaking (preculture). After collecting the culture 

medium and washing it with fresh YPD medium, the culture medium was placed and 

cultured in a mini-j ar fermentor in which 1 L of YPX10 medium (1 % yeast extract, 

2% Bacto-peptone, 4% xylose) was added.. The culturing conditions are shown 

10 below: 

Amount of initial inoculation: inoculated at ODeoo ~ 10 

pH: pH6 

Aeration: 100 mL/min 

Stirring: 120 rpm 

15 Neutralizer: IN calcium hydroxide 

Culturing temperature: 30°C. 

[0136] 

The culture was carried out for 60 hours and the lactic acid concentration and 

xylose concentration of the culture medium at 60 hours were analyzed. Xylose had 

2 0 been completely consumed. In addition, as shown in Table 4, from the analysis 

results of the productivity per xylose consumption (yield with respect to saccharide) 

and the optical purity of D-lactic acid, the yeast (<Candida utilis) introduced with the 

D-LDH gene was found to be capable of fermentatively producing D-lactic acid 

using xylose as starting material and the CuLpLDH strain introduced with the D-

2 5 LDH gene originated from Limulus polyphemus had a higher yield. 

[0137] 

[Table 4] 
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Example 12 Example 13 Comparative 
Example 3 

Comparative 
Example 4 

Strain name CuLpLDH CuLpLDH CuLmLDH CuLmLDH 
Sugar source 1 glucose xylose glucose xylose 
D-lactic acid yield with 
respect to saccharide 
(%) 

29 23 22 17 

Optical purity of D-
lactic acid (% e.e.) 

99.9 99.9 99.9 99.9 

INDUSTRIAL APPLICABILITY 

[0138] 

By the present invention, it becomes able to stably produce D-lactic acid at a 

low cost, and since the produced D-lactic acid has a high optical purity, it is 

5 preferably used as a raw material for polymers. 
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CLAIMS 

1. A polypeptide which is any one of the following (A) to (C): 

(A) apolypeptide having the amino acid sequence shown in SEQ ID NO: I or 2; 

(B) a polypeptide having the same amino acid sequence as shown in SEQ ID NO: 1 or 

5 2 except that one or several amino acids are substituted, deleted, inserted and/or 

added, which polypeptide has a D-lactate dehydrogenase activity; and 

(C) a polypeptide having an amino acid sequence which has a sequence identity of 

not less than 80% to the amino acid sequence shown in SEQ ID NO: 1 or 2, which 

polypeptide has a D-lactate dehydrogenase activity. 

10 2. A polynucleotide which is any one of the following (a) to (e): 

(a) a polynucleotide having the nucleotide sequence shown in SEQ ID NO:3 or 4; 

(b) a polynucleotide having the same nucleotide sequence as shown in SEQ ID NO:3 

or 4 except that one or several nucleotides are substituted, deleted, inserted and/or 

added, which polynucleotide encodes a polypeptide having a D-lactate 

15 dehydrogenase activity; 

(c) a polynucleotide which hybridizes under stringent conditions with the entirety or a 

part of the polynucleotide having the nucleotide sequence shown in SEQ ID NO:3 or 

4 or a complementary strand thereof, which polynucleotide encodes a polypeptide 

having a D-LDH activity; 

20 (d) a polynucleotide having a nucleotide sequence which has a sequence identity of 

not less than 80% to the nucleotide sequence shown in. SEQ ID NO:3 or 4, which 

polynucleotide encodes a polypeptide having a D-lactate dehydrogenase activity; and 

(e) a polynucleotide encoding the polypeptide according to claim 1. 

3. A DNA construct in which the polynucleotide according to claim 2 and a 

2 5 promoter capable of expressing said polynucleotide are linked. 

4. The DNA construct according to claim 3, characterized in that said promoter 

is a promoter of pyruvate decarboxylase 1 gene (PDCl gene), suppression-of-
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exponential-defect 1 gene (SED1 gene) or glyceraldehyde-3-phosphate 

dehydrogenase 3 gene (TDH3 gene). 

5. The DNA construct according to claim 3 or 4, wherein said promoter is 

selected from any one of the following (I) to (III): 

(I) a promoter having the nucleotide sequence shown in any one of SEQ ID NOs:5 to 

7; 

(II) a promoter having a nucleotide sequence which hybridizes under stringent 

conditions with the nucleotide sequence shown in any one of SEQ ID NOs:5 to 7 or a 

nucleotide sequence comprising a part thereof; and 

(HI) a promoter having the same nucleotide sequence as shown in any one of SEQ ID 

NOs:5 to 7 except that one or several nucleotides are deleted, substituted and/or 

added. 

6. A transformant in which the polynucleotide according to claim 2 or the DNA 

construct according to any one of claims 3 to 5 is introduced. 

7. A transformed yeast in which the polynucleotide according to claim 2 or the 

DNA construct according to any one of claims 3 to 5 is introduced. 

8. The transformed yeast according to claim 7, wherein at least one of pyruvate 

decarboxylase 1 gene (PDCl gene), suppression-of-exponential-defect 1 gene (SED1 

gene) and glyceraldehyde-3-phosphate dehydrogenase 3 gene (TDH3 gene) of said 

transformed yeast is substituted with the polynucleotide according to claim 2 or the 

DNA construct according to any one of claims 3 to 5. 

9. The transformed yeast according to claim 8, wherein at least one of said genes 

is PDCl gene. 

10. A method of producing D-lactic acid, which comprises the step of culturing 

the transformant according to claim 6 or the transformed yeast according to any one 

of claims 7 to 9. 

11. A transformant in which a polynucleotide encoding D-lactate dehydrogenase 
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originated from the family Limulidae or a DNA construct in which said 

polynucleotide and a promoter capable of expressing said polynucleotide are linked is 

introduced. 

12. A transformed yeast in which a polynucleotide encoding D-lactate 

dehydrogenase originated from the family Limulidae or a DNA construct in which 

said polynucleotide and a promoter capable of expressing said polynucleotide are 

linked is introduced. 

13. The transformed yeast according to claim 12, wherein at least one of pyruvate 

decarboxylase 1 gene (PDCl gene), suppression-of-exponential-defect 1 gene (SED1 

gene) and glyceraldehyde-3-phosphate dehydrogenase 3 gene (TDH3 gene) of said 

transformed yeast is substituted with said polynucleotide encoding said D-lactate 

dehydrogenase originated from the family Limulidae or said DNA construct in which 

said polynucleotide and a promoter capable of expressing said polynucleotide are 

linked is introduced. 

14. A method of producing D-lactic acid, which comprises the step of culturing 

the transformant according to claim 11 or the transformed yeast according to claim 

12 or 13. 


