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ABSTRACT 

 Isoflavones  are  diphenolic  compounds  that  are  present  in  soybean  and  other 

Fabaceae. Isoflavones are able to bind to estrogen receptors and exert hormonal effects 

because  of  their  structural  similarity  to  endogenous  estrogens.  Major  isoflavones, 

including daidzein. genistein, and formononetin, can be altered by intestinal bacterial 

metabolism.  

 S-equol is a metabolite of daidzein, a type of soy isoflavone, and three reductases 

are  involved  in  the  conversion  of  daidzein  by  certain  intestinal  bacteria,  a  bacterial 

metabolite  of  daidzein, which exhibits  higher  estrogenic  activity  than  daidzein. 

Therefore, S-equol  is  expected  to  reduce  symptoms  of  menopausal  disorder,  and 

prevent hormone-dependent diseases such as osteoporosis and prostate cancer. There 

is  much  interest  in  equol  and  its  production  in  human  gut  and  many  researchers  are 

investigating S-equol-producing bacteria. It has been shown that S-equol has 11 times 

higher affinity than R-equol for estrogen receptorβ, and that biosynthetic equol is only 

presented as S-equol.  However,  only  30–40%  of  healthy  adult  persons  are  able  to 

produce equol following the ingestion of soy-based food products. 

 To  date,  several  equol-producing  bacteria  have  been  isolated.  We  reported  the 

isolation of Eggerthella sp. YY7918 from the feces of healthy humans, which convert 

up to 50 μM daidzein to S-equol with almost 100% efficiency. We also analyzed the 

whole genome sequence of this bacterium. 

 It is thought that the microbiological conversion from daidzein to S-equol consists of three 

steps of enzymatic reactions via dihydrodaidzein and tetrahydrodaidzein. The genes involved in 

the conversion of dzidzein to equol have been identified in three bacterial strains found in the 

human  intestine: Lactococcus sp.  20-92; Slackia sp.  strain  NATTS;  and Slackia 

isoflavoniconvertens.  In  these  strains,  three  genes  encoding  the  enzymes  daidzein  reductase 
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(DZNR),  dihydrodaidzein  reductase  (DHDR),  and  tetrahydrodaidzein  reductase  (THDR)  were 

identified and analyzed their enzymatic functions.  

  

The production of S-equol in Eggerthella sp. YY7918 

 We found three coding sequences in this bacterium that showed 99% similarities to the 

equol-producing enzymes of Lactococcus sp. 20-92. These identified CDSs were designated 

eqlA, eqlB, and eqlC and thought to encode daidzein reductase (DZNR), dihydrodaidzein 

reductase (DHDR), and tetrahydrodaidzein reductase (THDR), respectively. These genes were 

cloned into pColdII. Recombinant plasmids were then introduced into Escherichia coli and 

DZNR, DHDR, and THDR were expressed and purified by 6×His-Tag chromatography. We 

confirmed that these three enzymes were involved in the conversion of daidzein to equol. 

Purified DZNR converted daidzein to dihydrodaizein in the presence of NADPH. DHDR 

converted dihydrodaidzein to tetrahydrodaizein in the presence of NADPH. Both enzymes did 

not show activities with NADH. THDR converted in the absence of cofactors, NAD(P)H, and 

also produced dihydrodaidzein as a by-product. Thus, we propose THDR is not a reductase but 

a new type of dismutase. The GC content of these clusters was 64%, similar to the overall 

genomic GC content for Eggerthella and Coriobacteriaceae (56–60%), and higher than that for 

Lactococcus garvieae (39%), eventhough the gene cluster showed 99% similarity to that in 

Lactococcus sp. 20-92. Taken together, our results indicate that the gene cluster associated with 

equol production evolved in high-GC bacteria including Coriobacteriaceae and was then 

laterally transferred to Lactococcus sp. 20-92. 

 

The property of DZNR in Eggerthella sp. YY7918 

 DZNR encoded  by eqlA,  which  catalyzes  the  reduction  of  daidzein  to 

dihydrodaidzein (the first step of equol synthesis), was confirmed using a recombinant 



 8 

enzyme  produced  in E.  coli. Until  recently,  all  reports  of  DZNR  had  used  partially 

purified  enzymes,  which  neverthe- less  demonstrated  clear  stereo-selectivities. 

Analysis of the elementary reaction event using highly purified enzyme preparations is 

necessary to fully understand the complete pathway from daidzein to equol in bacteria. 

Here,  we  performed  purification  of  the  recombinant  DZNR  to  homogeneity  and 

analyzed its enzymological properties in detail. DZNR contained FMN, FAD, and one 

4Fe-4S  cluster  per  70  kDa  subunit  as  enzymatic cofactors.  DZNR  reduced  the  C=C 

bond  between  C-2  and  C-3  positions  of  daidzein  and  genistein,  glycitein  and 

formononetin in the presence of NADPH. R-dihydrodaidzein and R-dihydrogenistein 

were highly stereo-selectively produced from daidzein and genistein. The Km and  

kcat for daidzein are 11.9 μM and 6.7 s-1 and these for genistein are 49.2 μM and 42.7 

s-1,  respectively.  This  enzyme  shows  closely  similar  kinetic  parameters  and  wide 

substrate  specificity  for  isoflavone  molecules.  Thus,  we  propose  to  redefine  this 

enzyme  as  'isoflavone  reductase.' Gel  filtration  chromatography  and  chemical 

cross-linking analysis of the active form of DZNR suggested that the enzyme consists 

of an octameric subunit structure. We confirmed this proposal using small-angle X-ray 

scattering  and  transmission  electron  microscopy  with  a  magnification  of  ×  200,000. 

DZNR formed a globular four-petal cloverleaf structure with central vertical hole. The 

maximum particle size was 173 Å. 

 In this study, the properties of DZNR were characterised, which was the octemetric 

structure  and R-selectivity. Thus,  in  the  conversion  from  daidzein  to  equol,  first, 

daidzein  is  converted  to R-dihydrodaidzein,  which  needs  the  conversion  to 

S-dihydrodaidzein by dihydrodaidzein racemase. Next, S-dihydrodaidzein is convertet 

to 3R, 4S-tetrahydrodaidzein that is the predominant of S-equol by DHDR. Daidzein is 

converted  to S-equol  in  three  reductions  and  a  racemization  in  bacteria. Besides,  we 
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identified  three  enzymes  that  are  related  to  convertsion  daidzein  to  equol  in 

Eggerthella sp.  YY7918,  and  it  was  suggested  the  gene  cluster  was  evolved from 

actinobacteria to other spiecies. 
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CHAPTER 1  1 

THE BACKGROUND OF ISOFLAVONE FOR HEALTH 2 

 3 

The intake of soyfoods 4 

 Soy is a long established cultivated plants in China, and in other East Asian 5 

countries.  Soybean  plants  were  cultivated  between  17th and  11th century  BC  in  the 6 

easten  half  of  China.  From about  15-16th century,  soybeans  were  introduced  into 7 

several  countries,  such  as  Japan,  Indonesia,  the  Philippines,  Vietnam,  Thailand, 8 

Malaysia,  Burma,  Nepal  and  India.  Due  to  the  establishment  of sea  and  land  trade 9 

routes spread the soybeans, and have been grown primaly for their protein content and 10 

for their oil. The main constitute with biological activity in soybeans are isoflavones, 11 

phospholipids  (phosphatidylcholine,  lecithine,  linolec  acid,  oleic  acid),  protein, 12 

carbohydrate,  protease  inhibitors,  lignans,  phytoesters,  coumestans,  saponins, 13 

phytates.  14 

 Isoflavones are diphenolic compounds that are present in soybean and other 15 

Fabaceae. Isoflavones are able to bind to estrogen receptors and exert hormonal effects 16 

because  of  their  structural  similarity  to  endogenous  estrogens.  The  three  major 17 

isoflavones  are  daidzein,  genistein  and  glycytein,  in  the  soybean  and  non-fermented 18 

soyfoods  primarily  in  their  β-glycoside  forms:  genistin,  daidzin,  and  glycitin. The 19 

most abundant soy isoflavones in soybeans is genistin (about 50%), followed by daizin 20 

(about 40%), and the least abundant is glycitin/ glycitein (about 5 to 10%). Generally, 21 

the  fermenention  causes  the  removal  of  glucosidic  group  releasing  the  isoflavone 22 

aglucone. When the fermentntion proceeds, hydroxyl-group can be introduced into 6 23 

and  8  positon.  Contents  of  isoflavone  compounds  in  soybeans  and  commercial 24 

soybean foods are revealed in Table 1-1. 25 
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Table 1-1. Contents of isoflavone compounds in soybeans and commercial soybean foods 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 There are marked differences in the isoflavone consumption between Asia (China, Japan, 11 

Korea). In contrast to Asian diets, the typical Western diet does not include isoflavone-rich 12 

foods. Because Asians consume fermented soy-foods (ex. miso, natto, soy paste and tempeh), 13 

they ingest a high proportion of isoflavone aglycons, which is absorbed farster than glycoside 14 

form (Toda et al. 2001; Albulescu and Popovici 2007; Messina and Wood 2008). 15 

 Cohort study shows that Breast cancer incidence rates are generally higher 16 

than in Asian populations. Many factors known to increase the risk of breast cancerare 17 

not modifiable, such as age, family history, early menarche, and late menopause. 18 

Cohort study comparing Asian people, Western, and American, bresast cancer rate is 19 

lower in Asian people. It has been suggested that soy consumption may reduce breast 20 

cancer risk, in part because of historically low breast cancer rates among Asian 21 

women (Matsuno et al. 2007; Steiner et al. 2008). 22 

 23 

 24 

 25 
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Chemistry of isoflavones 1 

 Isoflavone, a type of polyphenol, and its derivatives are produced by Fabaceae, such as 2 

soybean and clovers. They are able to bind to the estrogen receptor β because of structural 3 

similarities to estradiol. The term ‘flavonoids’ is generally used to describe a class of natural 4 

products that is comprised of C6- C3- C6 carbon framework, phenylbenzopyran or chroman 5 

functionality. In this C6- C3- C6 carbon framework, the two rings of chroman moiety are 6 

labeled as A and C rings, and the attached phenyl group as B ring. Depending the posiotion of 7 

the lincage of aromatic ring (B ring), they can be classified into three groups; flavonoids, 8 

isoflavonoids and neoflavonoids (Figure 1-1). Isoflavones are further classified into three 9 

groups, isoflavanone, isoflavanol and isoflavan according to their functionality on C1 through 10 

C3 (Figure 1-2). Isoflavanone and isoflavanol have two and three chiral centers, respectively. 11 

The isoflavones are the largest group of isoflavonoides, and synthesized by a branch of 12 

phenylpropanoide pathway in plants. First, phenylalanine reacts wth maronyl-CoA to form 4 13 

hydroxycinnamoyl-CoA (Coumaroyl-CoA). Three more molecules of molonyl CoA via the 14 

polychetide pathway form isonaringenin or naringenin chalcone. Ring B and heterocyclic ring 15 

C are formed from 4-coumaric acid coenzyme A (CoA) ester via shikimate pathway starting 16 

from carbohydrate. Chalcone isomerase catalyzes the stereospecific cyclyzation of charcone 17 

to form flavanone. Isoflavone synthase introduces a 2-hydroxyl group, which in turn is 18 

removed by an isoflavone dehydratase to yield daidzein (7, 4'-dihydroxyisoflavone) and 19 

genistein (5, 7, 4'-trihydroxyisoflavone), a major isoflavones is shown Figure 1- 1. 20 

Figure 1-1. The basic structures of flavonoids, isoflavonoids and neoflavonoids. 21 



 18 

 The flavonoides, lignin, anthocyanin, pigments also share phenylpropanoid pathway. 1 

Isoflavones in soybean are converted to 7-O-β-glucoside by glucosiltlansferrase and then to 2 

their 6''-O-malonates by malonyl transferase. This chemical form is stored in vacuole until 3 

used by plant and is the major form in harvested soybeans. The primary isoflavones in 4 

soybeans are the glucosides, named genistin, daidzin, glycitin, 6"-O-malonylgenistin and 5 

6"-O-acetyldaidzin and their respective aglycones, genistein, daidzein and glycitein. The 6 

numbering scheme for isoflavones is shown in Figure 1-2. 7 

 Until now it was found twelve different soybean isoflavone isomers. The structure of 8 

major isoflavones, aglycones and glycosides are represented in the Figure 1-2.  9 

 Glucosides 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

R1 R2 R3 Chemical name 
H H H daidzin 
OH H H genistin 
H OCH3 H glycitin 
H H COCH3 acetyldaidzin 
OH H COCH3 acetylgenistin 
H OCH3 COCH3 acetylglycitin 
H H COCH2COOH malonildaidzin 
OH H COCH2COOH malonilgenistin 
H OCH3 COCH2COOH malonilglycitin 
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 1 

 2 

 3 

 4 

Aglycons 5 

 6 

 7 

 8 

Figure 1-2. Structures of major isoflavones: aglycones and glycosides. 9 

  10 

R1 R2 R3 Chemical name 
H H OH daidzein 
OH H OH genistein 
H OCH3 OH glycitein 
H H OCH3 formononetin 
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Hormonal effects of isoflavones 1 

 Isoflavones are able to bind to estrogen receptors and exert hormonal effects because of their 2 

structural similarity to endogenous estrogens. Attention has focused on their potential beneficial 3 

effects against certain health problems, such as menopausal disorders and osteoporosis related 4 

to diminished estrogen production  5 

 In 1984, the nonsteroidal estrogens were first proposed to play a role in the prevention and 6 

treatment of hormone-dependent disease after high levels of the metabolite (Setchell et al. 1984). 7 

Equol was found in the urine of adults consuming soy foods. Several clinical studies now 8 

indicate that this isoflavone metabolite may hold the clue to the mechanism of action and 9 

effectiveness of soy in studies of hormonal diseases. 10 

 11 

The changes of isoflavones after the ingestions 12 

 Isoflavone  glycoside  binds  weakly  to  hER  α  and  β,  and  estrogen-dependent 13 

transcriptional expression is poor, whears the aglycoes can bind more strongly to them.   14 

The isoflavone  aglycone  can  be  easily  absorbed,  however,  isoflavone  glycosides 15 

contained  in  high  amount  in  unfermented  soyfoods  cannot  because  of  their  large 16 

hydrophilic  structures.  β-glucosidase  produced  by  intestinal  bacteria,  which  can 17 

hydrolisis and release the unconjugated isoflavones, daidzein, genistein and glycitein. 18 

Lactase  phlorizin  hydrolase  is  also  capable  of  hydrolysing  various  flavonol  and 19 

isolavone glucosides. After the deglycosilating, their aglycons are absorbed or subject 20 

to  more  metabolism.  It  has  been  demonstrated  that  a  human  intestinal  flora  is 21 

necessory  to  metabolize  the  aglycones. Soybean and soy sprouts contain several 22 

isoflavones including daidzein, genistein, and glycitein as their glycosides, daidzin, 23 

genistin, and glycitin, respectively (Morito et al. 2001). After ingestion of soy foods, 24 

the isoflavone-glycosides are digested to form aglycones by the glycosylases of 25 
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intestinal bacteria and are absorbed into the consumer’s bloodstream (Bowey et al. 1 

2003). Major  isoflavones,  including  daidzein,  genistein,  and  formononetin,  can  be 2 

altered  by intestinal  bacterial  metabolism. Enzymes  from  the intestinal  bacteria 3 

metabolizing isoflavones, digest and alter isoflavones, and metabolize them further to 4 

compounds that are either more or less estrogenic than the parent compounds. In case 5 

of  daidzein is  converted to O-desmethylangolensin  (O-DMA),  compared  with  equol, 6 

estrogenic activity is a less. O-DMA was first identified in human urine in the 1980s. 7 

Little  is  known  about O-DMA-producing  bacteria.  Only three  bacteria, Eubacterium 8 

ramulus (Schneider and Blaut 2000), Clostridium sp. HGH 136 (Hur et al. 2002), and 9 

Clostridium SY8519 (Yokoyama  et  al.  2010;  Yokoyama  et  al.  2011b),  have  been 10 

described as producing O-DMA from daidzein, and little known about O-DMA. 11 

 12 

Equol 13 

 Over the last decade, certain S-equol-producing bacteria have been isolated from human 14 

and animal feces, and food. Equol, a bacterial metabolite of daidzein, exhibits higher 15 

estrogenic activity than daidzein (Willard and Frawley 1998). Therefore, equol is expected to 16 

reduce symptoms of menopausal disorder, and prevent hormone-dependent diseases such as 17 

osteoporosis and prostate cancer. There is much interest in equol and its production in 18 

human gut and many researchers are investigating equol-producing bacteria. It has been 19 

shown that S-equol has 11 times higher affinity than R-equol for estrogen receptorβ 20 

(Muthyala et al. 2004), and that biosynthetic equol is only present as S-equol. However, only 21 

30–40% of healthy adult persons are able to produce equol following the ingestion of 22 

soy-based food products (Arai et al. 2000). In 30–50% of the human population, daidzein is 23 

converted to S-equol by specific intestinal bacteria. S-equol has 100-fold higher potency in 24 

stimulating an estrogenic response than its precursor daidzein. Thus, S-equol-producing 25 
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bacteria play key roles in the metabolism and human health effects of isoflavones. Recently, 1 

clinical studies using equol for osteoporosis or menopausal symptoms have been reported. 2 

 Both S-equol and R-equol bind dihydrotestosterone and inhibit the in vivo stimulatory 3 

effect of this potent androgen on prostate growth. Neither S-equol nor R-equol equol are able 4 

to bind to the androgen receptor. Whereas, its selective androgen modulating activity 5 

combined with S-equol having selective affinity for ERβ, suggests that S-equol may have 6 

potential in a number of androgen-mediated conditions, in particular prostate cancer treatment 7 

or prevention. Recently, the pharmaceutical industry has the attention toward ERβ agonists of 8 

drugs to treat prostate cancer, and S-equol has more potential attention (Setchell and Clerici 9 

2010; Jackson et al. 2011; Aso et al. 2012; Mizuno and Nishitani 2013; Utian et al. 2015). 10 

 11 

Equol-producing bacteria 12 

 To date, several equol-producing bacteria have been isolated, and some of them 13 

are with sequence similarity to Eggerthella species; Asaccharobacter celatus do 03 14 

(Minamida et al. 2006), Adlercreutzia equolifaciens (Maruo et al. 2008), Eggerthella 15 

sp. YY7918 (Yokoyama and Suzuki 2008). Some strains of the genus Slackia also are 16 

reported; Slackia isoflavoniconvertence (Matthies et al. 2008), Slackia NATTS (Tsuji 17 

et al. 2010). Raimondi et al. screened 22 strains of Bifidobacterium representative of 18 

human strains and found that 12 of them efficiently converted daidzin to daidzein. 19 

However, none of the strains could convert daidzein to equol. Strain SNU-Julong 732, 20 

which was isolated from human feces, required dihydrodaidzein as the single substrate 21 

for equol production, and no conversion was observed with daidzein (Wang et al. 22 

2005a). 23 

 In 2007, Uchiyama et al. looked for the lactic acid bacteria, which metabolize 24 

daidzein to equol for use in foods. From feces of healthy humans, Lactococcus sp. 25 
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20-92, the equol-producing lactic acid bacterium was isolated and identified as 1 

Lactococcus garvieae by the 16S rDNA homology. They also reported the isolation of 2 

6 strains capable of transforming daidzein to S-equol from the fermented brines of 3 

stinky tofu purchased in Taiwan. The strains distributed into three groups in the family 4 

Coriobacteriaceae. SNR40-432 (Group I) suggested the possibility that SNR40-432 5 

represents a new species in the genus Paraeggerthella. SNR48-44 (Group II) and 6 

SNR44-10, SNR45-571, SNR46-41, SNR48-350 (Group III) showed a maximum of 7 

92.2 and 92.1% 16S rRNA gene similarities with Eggerthella sinensis HKU14(T) and 8 

Eggerthella lenta JCM9979(T). 9 

 10 

Eggerthella strain YY7918 11 

 In 2008, Yokoyama et al. isolated Eggerthella sp. YY7918 from healthy human 12 

feces (Yokoyama  and  Suzuki  2008a),  and  the  complete  genomic  sequense  was 13 

reported  in  2011 (Yokoyama  et  al.  2011a). The  strain  is  gram-poditve,  non-motile 14 

obligate  anaerobes  because  of  oxidase-negatitve,  though  it  is  positive  for  catalase. 15 

After 7 days incubation, the diameter grow less than 1 mm, and cream-colored coonies. 16 

Strain YY7918 is completely able to convert 50 mM of daidzein and dihydrodaidzein 17 

to S-equol in 72h of culture. Whears, daidzin, glysitein (a minor isoflavonoid of soy 18 

bean),  genistein,  and  formononetin,  which  is  abundant  in  red  clover,  were  not 19 

metabolized It also degraded gelatin, but not esculin. 20 

 Strain  YY7918  does  not  possess  complete  carbohydrate  metabolic  pathway  in 21 

KEGG,  thus  this  strain  does  not  utilize  sugars.  It  poseeses  the  genes  for  arginine 22 

deiminase (arcA), ornithine carbamoyltransferase (argF or agI), and carbamate kinase 23 

(arcC). It was suggested that the strain utilizes arginine as an important energy source, 24 

similarly to Eggerthella lenta. 25 



 24 

 By the whole genome sequense analysis, 975 CDSs (36%) are assigned to known 1 

functions,  108  (4%)  as  conserved  hypothetical  genes,  and  1,597  (60%)  as  novel 2 

hypothetical  genes.  The  sequence  was  showed  high  homology  to Eggerthella 3 

honkogenesis HKU10 (type strain). 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

Figure 1-3. Microscopic Image of the Eggerthella sp. YY7918.  12 

After gram-staining, the isolated bacterium was observed under a light microscope. The scale 13 

bar indicates 50 µm. 14 

 15 

 16 

  17 
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 Many kinds of isoflavones are in plant other than daidzein, and isoflavone-metabolizing 1 

bacteria in intestinal bacteria. In the research history, S-equol had been focused on their health 2 

effect of phytoestrogen, and many researchers have mainly concerned the activity for daidzein, 3 

which is the starting material of S-equol. It has been proposed that three or four enzymes were 4 

needed for conversion of daidzein to S-equol. However, it is not clear about the conversion 5 

steps and the enzymatic properties. In order to obtain better understanding of the isoflavone 6 

metabolism, their functions were examined using Eggerthella sp. YY7918 by recombinant 7 

enzymes. It might provide some relation between intestinal bacteria and/or its host animals. 8 

  9 
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CHAPTER 2 1 

The production of S-equol from daidzein is associated 2 

 with a cluster of three genes in Eggerthella sp. YY7918 3 

 4 

Introduction  5 

 It is thought that the microbiological conversion from daidzein to S-equol consists of three 6 

steps of enzymatic reactions via dihydrodaidzein and tetrahydrodaidzein (Joannou et al. 1995; 7 

Wang et al. 2005a). Recently, genes involved in the conversion of daizein to equol have been 8 

identified in three bacterial strains found in the human intestine: Lactococcus sp. strain 20-92 9 

(Shimada et al. 2010; Shimada et al. 2011), Slackia sp. strain NATTS (Tsuji et al. 2012a), and 10 

Slackia isoflavoniconvertens (Schroder et al. 2013). In these strains, three genes encoding the 11 

enzymes daidzein reductase (DZNR), dihydrodaidzein reductase (DHDR), and 12 

tetrahydrodaidzein reductase (THDR) were identified and analyzed for their enzymatic 13 

functions. 14 

 15 

Lactococcus sp. 20-92 16 

  Lactococcus sp. 20-92 is an equol-producing lactic acid bacterium isolated from the feces 17 

of healthy humans (Uchiyama et al. 2007). In 2010, Shimada et al. firstly reported the 18 

isolation of an enzyme related to daidzein metabolism. NADP(H)-dependent daidzein 19 

reductase (L-DZNR) from Lactococcus sp. 20-92 was purified, and the partial amino acid 20 

sequences were determined, then the gene encoding L-DZNR was cloned. The nucleotide 21 

sequence of this gene consists of an open reading frame of 1,935 nucleotides, and the 22 

deduced amino acid sequence consists of 644 amino acids. Recombinant his-tagged L-DZNR 23 

was expressed in E. coli. 24 
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 In 2011, they reported the other enzymes. The sequence surrounding the L-DZNR gene and 1 

found six novel genes were analyzed, termed orf-US4, orf-US3, orf-US2, orf-US1, orf-DS1 2 

and orf-DS2, and expressed in E.coli. Orf-US2 and orf-US3 encoded DHDR (L-DHDR) and 3 

THDR (L-THDR) in Lactococcus sp. 20–92 respectively. L-DHDR required NAD(P)H for 4 

its activity, whereas L-THDR neither NADPH nor NADH (Shimada et al. 2010; Shimada et 5 

al. 2011). 6 

 7 

Slackia sp. NATTS 8 

 Slackia sp. NATTS is equol producing bacterium, which was isolated from healthy human 9 

feces (Tsuji et al. 2012a). Tsuji et al. showed the conversion of daidzein to equol by 10 

construction of an E. coli library comprising 8,424 strains incorporating gene fragments of 11 

Slackia sp. NATTS. Three clones were obtained that functioned to convert daidzein to 12 

dihydrodaidzein, and 2 clones that converted dihydrodaidzein to equol, then the gene 13 

fragments of 5 clones were sequenced sequenced. All of the gene fragments were contiguous, 14 

encoding ORF-1, -2, and -3. The protein encoded by orf-1 was involved in the conversion of 15 

cis/trans-tetrahydrodaidzein to equol, the protein encoded by orf-2 was involved in the 16 

conversion of dihydrodaidzein to cis/trans-tetrahydrodaidzein, and the protein encoded by 17 

orf-3 was involved in the conversion of daidzein to dihydrodaidzein (Tsuji et al. 2012a). 18 

 19 

Slackia isoflavoniconvertens 20 

 Slackia isoflavoniconvertens was isolated from the mouse intestine (Matthies et al. 2008). S. 21 

isoflavoniconvertens converts daidzein and genistein to equol and 5-hydroxy-equol, 22 

respectively. Cell extracts of S. isoflavoniconvertens catalyzed the conversion of daidzein via 23 

dihydrodaidzein to equol and that of genistein to dihydrogenistein. Growth of S. 24 

isoflavoniconvertens in the presence of daidzein led to the induction of several proteins, then 25 
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a cluster of eight genes encoding the daidzein-induced proteins was identified. Heterologous 1 

expression of three of these genes in E.coli and enzyme activity tests with the resulting cell 2 

extracts identified the corresponding gene products as DZNR, DHDR, and THDR. They 3 

were expressed as Strep-tag fusion proteins and purified by affinity chromatography. The 4 

recombinant DZNR converted genistein to dihydrogenistein at higher rates than were 5 

observed for the conversion of daidzein to dihydrodaidzein, as the cell extracts of S. 6 

isoflavoniconvertens. The recombinant DHDR and THDRcatalyzed the reduction of 7 

dihydrodaidzein to equol, while the conversion of dihydrogenistein to 5-hydroxy-equol was 8 

not observed (Schröder et al. 2013a). 9 

 10 

 In these strains, three genes encoding the enzymes DZNR, DHDR), and THDR were 11 

identified and analyzed their enzymatic functions respectiely. In this chapter, we identified three 12 

putative genes of Eggerthella sp. YY7918 that shows similarities to those in other 13 

equol-producing bacteria. These three genes were expressed as recombinant enzymes in E. coli 14 

and examined for their functions.  15 

  16 
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RESULTS 1 

Putative genes related to isoflavone metabolism 2 

 The cording sequences (CDSs) in the Eggerthella sp. YY7918 genome were BLASTP 3 

searched with the reported DZNR, DHDR, and THDR of Lactococcus sp. 20-92 (BAJ72750, 4 

BAJ72748, BAJ72747), Slackia sp. NATTS (BAL46930, BAL46929, BAL46928), and S. 5 

isoflavoniconvertens (AFV15453, AFV15451, AFV15450) as the queries. We identified three 6 

CDSs (EGYY15730, EGYY15750, and EGYY15760) with around 99% similarity to DZNR, 7 

DHDR, and THDR of Lactococcus sp. 20-92. These genes formed a cluster at nucleotides 8 

1,686,364–1,691,456 in the Eggerthella sp. YY7918 genome (Figure 2-1).  9 

 10 

Synthesis of isoflavones 11 

  Twenty-five mg (1 mmol) of daidzein was dissolved in MetOH, and 10% PdC and 12 

Ammonium formate were added. After the purifocation using separative TLC, appropreate 80% 13 

of dihydrodaidzein was obtained. Further reduction was subjected to the dihydrodaidzein, and 14 

the conversion to cis - and trans –isoflavanols were confirmed by 1H NMR spectra with 15 

Methanol-d3. 16 

 17 

Characteristics of genes 18 

The amino acid sequence of Eggerthella sp. YY7918 DZNR showed 43% identity to that of 19 

Slackia sp. NATTS and S. isoflavoniconvertens, while the both DHDR and THDR of 20 

Eggerthella sp. YY7918 showed 85–89% identity to the set of Slackia sp. NATTS and S. 21 

isoflavoniconvertens (Figure 6). DZNR belongs to the old yellow enzyme (OYE) family. 22 

DHDR belongs to the short-chain dehydrogenase/ reductase (SDR) superfamily, and THDR 23 

also belongs to the SDR superfamily and exhibits similarities to fumarate reductase and 24 

succinate dehydrogenase of Sulfurospirillum multivorans .  25 
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 1 

Figure 2-1. The conversion of daidzein to quol by Eggerthella sp. strain YY7918 and 2 

related genes.  3 

A: GC content and the position of coding sequences (CDSs) for genes related to equol 4 

metabolism in Eggerthella sp. YY7918. The horizontal lines indicate a GC content of 71.2%, 5 

56.2% (the GC content of whole genome sequence), and 41.2%. The coding regions for 6 

daidzein reductase (DZNR), dihydrodaidzein reductase (DHDR), and tetrahydrodaidzein 7 

reductase (THDR) commenced at nucleotides 15730, 15750, and 15760, respectively. The 8 

eqlA, eqlB, and eqlC genes (all in black) were amplified by polymerase chain reaction using 9 

the oligonucleotide primers described in Table 4-1. B: The metabolic pathway for the 10 

conversion of daidzein to S-equol by Eggerthella sp. YY7918.  11 

 12 

 13 
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Fig. 1. A: GC content and the position of coding sequences (CDSs) for genes 
related to equol (EQL) metabolism in Eggerthella sp. YY7918. The horizontal 
lines indicate a GC content of 71.2%, 56.2% (the GC content of whole 
genome sequence), and 41.2%. The coding regions for daidzein reductase 
(DZNR), dihydrodaidzein reductase (DHDR), and tetrahydrodaidzein 
reductase (THDR) commenced at nucleotides 15730, 15750, and 15760, 
respectively. The eqlA, eqlB, and eqlC genes (all in black) were amplified by 
polymerase chain reaction using the oligonucleotide primers described in 
Table 1.  B: The metabolic pathway for the conversion of daidzein (DZN) to 
S-EQL by Eggerthella sp. YY7918.	
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Expression and purification of recombinant proteins 1 

  The enzymes encoded by pColdII-15730, pColdII-15750, and pColdII-15760 were expressed 2 

in E. coli. These recombinant enzymes were purified by 6×His-Tag affinity column 3 

chromatography (Figure 2-2). The apparent molecular masses of these three enzymes on 4 

SDS-PAGE were 69.7, 30.5, and 52.6 kDa, respectively (Figure 2-2), which agree with the 5 

theoretical values of EGYY15730 (644 amino acids, 69 kDa), EGYY15750 (286 amino acids, 6 

29.8 kDa), and EGYY15760 (486 amino acids, 525 kDa), and there was an additional 6×His-tag 7 

(+703.8 Da) at the N-termini, respectively. 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

Figure 2-2. Expression and purification of recombinant enzymes. 21 

 Lane M, Protein Molecular Weight Marker (Low) (Takara Bio Inc.); W, pColdII/E. coli BL21 22 

(DE3); 1, crude preparation of daidzein reductase (DZNR); 2, purified DZNR; 3, crude 23 

preparation of dihydrodaidzein reductase (DHDR); 4, purified DHDR; 5, crude preparation of 24 

tetrahydrodaidzein reductase (THDR); and 6, purified THDR. 25 
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Enzymatic activity of the recombinant proteins 1 

 The activities of DZNR and DHDR were detected in purified enzymes of Eggerthella sp. 2 

YY7918 as shown in Figure 2-3. During incubation for 15 min, 80% of daidzein was converted 3 

to dihydrodaidzein by 5 µg DZNR in the presence of NADPH under anaerobic condition, while 4 

no detectable conversion was observed with NADH. These results suggested that DZNR 5 

specifically uses NADPH as a cofactor. The reaction of DHDR was relatively weaker, and only 6 

5% of the dihydrodaidzein was converted to tetrahydrodaidzein in the presence of NADPH in 7 

15 min. No reaction was observed with NADH. The recombinant THDR was unstable. Almost 8 

all activity was lost during the purification step. Therefore, we tried to confirm equol production 9 

by using crude enzymes in this study. The conversion of tetrahydrodaidzein to equol was 10 

observed in the presence or absence of either NADPH or NADH using 100 µg crude THDR.  11 

To determine the enantiomeric selectivity of the THDR, the product was analyzed by HPLC 12 

with chiral column (Figure 2-4), with the equol R, S-chiralities being assigned by circular 13 

dichroism spectrometry . The data shows that THDR conversed only S- equol from 14 

tetrahydrodaidzein. This result corresponds to biosynthesized equol in Eggerthella sp. YY7918. 15 

We also tried to produce of equol or tetrahydrodaidzein using a combination of these 3 enzymes. 16 

To produce equol from daidzein, we added 5 µg each of DZNR, DHDR, and THDR. The 17 

conversion of daidzein to tetrahydrodaidzein was confirmed, but equol was not detected (data 18 

not shown). As shown above, we confirmed the activities of DZNR, DHDR, and THDR of 19 

Eggerthella sp. YY7918.  20 

 21 

 22 
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Fig.5
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Fig. 5. Neighbor-joining phylogenetic tree based on the 16S rRNA 
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Figure 2-5. Neighbor-joining phylogenetic tree based on the 16S rRNA gene sequences.  14 

Equol-producing bacteria (Bold) and related equol-non-producing type strains of the 15 

Coriobacteriaceae and Lactococceae are shown. A GenBank accession numbers are presented in 16 

parentheses. E.coli JCM1649 was used as an out-group. The type strains were represented with 17 

superscript T. Numbers at branch points are values based on 1,000 times bootstraps.  18 

  19 
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DISCUSSION 1 

 To identify the genes that coding DZNR, DHDR and THDR in Eggerthella sp. YY7918, we 2 

performed homology serch for the identified genes of Lactococcus sp. 20-92. Three CDSs 3 

(EGYY15730, EGYY15750, and EGYY15760) that formed a cluster at nucleotides in 4 

1,686,364–1,691,456 with around 99% similarity to DZNR, DHDR, and THDR of Lactococcus 5 

sp. 20-92 enzymes were identified. The cluster was suggested to daidzein-equol pathway, thus 6 

these ORFs were cloned into pColdII and recombinant plasmids were then introduced into E. 7 

coli BL21(DE3), to express DZNR, DHDR, and THDR. 8 

 Using His-tag purified enzymes, conversions of daidzein to dihydrodaidzein by DZNR and 9 

dihydrodaidzein to tetrahydrodaidzein by DHDR were confirmed in the presence of NADPH 10 

respectively. Equol production was confirmed by using crude enzymes abecause almost all 11 

activity was lost during the purification step. Interestingly, the conversion of tetrahydrodaidzein 12 

to equol was observed in the presence or absence of either NADPH or NADH. The same 13 

phenomenon was reported in THDR of Lactococcus sp. 20-92 and S. isoflavoniconvertens . In 14 

this reaction, dihydrodaidzein was also detected as a by-product (Figure 2-3). These results 15 

suggested that THDR converts tetrahydrodaidzein to both dihydrodaidzein and equol by a kind 16 

of disproportionation. We propose that THDR is a new type of dismutase, that takes 2H+ from a 17 

tetrahydrodaidzein molecule and produces dihydrodaidzein, and that the 2H+ is then added to 18 

another tetrahydrodaidzein to produce equol (Figure 2-1B). These results suggested that THDR 19 

converts tetrahydrodaidzein to both dihydrodaidzein and equol by a kind of disproportionation. 20 

 The amino acid sequence of Eggerthella sp. YY7918 DZNR showed 43% identity to that of 21 

Slackia sp. NATTS and S. isoflavoniconvertens, while the both DHDR and THDR of 22 

Eggerthella sp. YY7918 showed 85-89% identity to the set of Slackia sp. NATTS and 23 

S. isoflavoniconvertens (Figure 2-6). Eggerthella sp. YY7918 converted daidzein and 24 

dihydrodaidzein into S- equol but failed to metabolize glysitein or genistein. In contrast, S. 25 
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isoflavoniconvertens was able to reduce daidzein and genistein . DZNRs in bacterial species are 1 

diverse, exhibiting different enzymatic characteristics, such as substrate specificity and kinetics. 2 

The GC content of this gene cluster was 64%, consistent with that for the flanking region 3 

(Figure 2-1), and somewhat higher than that for the entire genome (56.2%) of Eggerthella sp. 4 

YY7918. 5 

 DZNR belongs to the old yellow enzyme (OYE) family. OYE has been studied for many 6 

years. It contains a flavin mononucleotide (FMN) as a prosthetic group, but the biological 7 

function of OYE is still unclear. However, some of the family enzymes have been reported to 8 

catalyze NAD(P)H-dependent stereoselective redox reactions of the C=C bond (Hall et al. 9 

2008). The presence of FMN results in an OYE solution appearing yellow, corresponding to the 10 

appearance of our His-Tag- purified recombinant DZNR in solution. It is predicted that 11 

dihydrodaidzein, which was converted by DZNR, has chirality, but our partially purified 12 

enzyme showed R, S-racemate (data not shown). We believed that further purification is 13 

needed. 14 

 DHDR belongs to the SDR superfamily. The alignment of the amino acid sequences of the 15 

NAD(P)H binding site is conserved (Tanaka et al. 1996). DHDR encoded by eqlB (EGYY 16 

15750) contains an arginine residue (R64) following to GxxKGxG motif (position 49-55), which 17 

is observed at the cofactor binding site of the NADPH-specific SDR. It was assumed that 18 

DHDR requires NADPH as a cofactor but not NADH because of the presence of the arginine 19 

(R64) residue. 20 

THDR also belongs to the SDR superfamily and exhibits similarities to fumarate reductase and 21 

succinate dehydrogenase of Sulfurospirillum multivorans (Goris et al. 2014). Succinate 22 

dehydrogenase catalyzes the oxidation of succinate to fumarate during anaerobic respiration, 23 

with fumarate acting as the terminal electron acceptor (Lancaster and Simon 2002). The 24 

catalytic domain contains a FAD group and other iron-sulfur clusters. 25 
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 Succinate dehydrogenase catalyzes the oxidation of succinate to fumarate during anaerobic 1 

respiration, with fumarate acting as the terminal electron acceptor (Lancaster and Simon 2002). 2 

 BLASTP analyses revealed that the homologous genes exist in the franking region with a 3 

conserved orientation (Figure 2-6). This conserved gene-cluster of equol-producing bacteria 4 

consists of DDRC (EGYY15790) (Shimada et al. 2012), putative electron transfer 5 

flavoprotein (EGYY15770) and glutamate synthase (EGYY15700). Schröder et al. showed 6 

that these proteins were concurrently expressed in S. isoflavonicovertens using a proteome 7 

analysis (Schröder et al. 2013a). It is possible that these conserved clusters play an unknown 8 

physiological role in these equol-producing bacteria, in addition to the daidzein- equol 9 

pathway. The BLASTP search against CDSs (EGYY15550- 15820) revealed that only the 10 

genes of high-GC contents bacteria, such as Slackia, Adlercreutzia, Bifidobacterium, or 11 

Gordonibacter had high score. The high amino acid sequence identity (99%) between the 12 

gene clusters of Eggerthella sp. YY7918 and Lactococcus sp. 20-92 suggested that these 13 

clusters are likely closely related in termes of evolution. In comparison with the GC content 14 

of the Lactococcus genome (< 40%), Eggerthella sp. YY7918 could be considered to have an 15 

extraordinarily high GC content (56%). No other Lactobacilli or Firmicutes have been 16 

reported to contain equol-producing genes. In contrast, the GC content of the three 17 

equol-producing genes of Lactococcus sp. 20-92 was 68%, while the genomic GC content 18 

was around 39% in other Lactococcus strains, such as L. garvieae (Morita et al. 2011; 19 

Reimundo et al. 2011). These results suggest that this region was horizontally transferred 20 

from high-GC bacteria, including Coriobacteriaceae, to Lactococcus species via horizontal 21 

transmission, as noted by Schröder et al. According to our findings, the gene cluster 22 

associated with equol-production likely evolved in the Coriobacteriaceae, which are often 23 

found in the guts of animals.  24 
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 In our hypothesis, three independent oxidoreductase genes that encode the prototypes of 1 

DZNR, DHDR, and THDR and the flanking genes have gathered and evolved into the 2 

metabolic system of isoflavone and its derivatives daidzein, dihydrodaidzein, 3 

tetrahydrodaidzein, and equol. The physiological function of these enzymes and their 4 

metabolites in these bacteria remain unclear. However, under some specific conditions, the 5 

identified gene cluster might provide some survival advantage to the bacteria and/or its host 6 

animals. 7 

 8 

 9 

 10 

 11 

 12 

Figure 2-6. The comparison of the equol producing gene cluaters against Eggerthella sp. 13 

YY7918.  14 

The schematic gene clusters related to equol producing (black boxes) and other flanking 15 

proteins against Eggerthella sp. YY7918 with the other equol producing bacteria. The gene 16 

names were shown under the cluster, the numbers in the CDSs shows the amino acid 17 

homologies (%). (A) Eggerthella sp. YY7918, (B) Lactococcus sp. 20-92, (C) Slackia 18 

isoflavoniconvertens strain, (D) Slackia sp. NATTS. 19 

  20 
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were shown under the cluster, the numbers in the CDSs shows the 
amino acid homologies (%). (A) Eggerthella sp. YY7918, (B) 
Lactococcus sp. 20-92, (C) Slackia isoflavoniconvertens strain, (D) 
Slackia sp. NATTS.
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CHAPTER 3  1 

Daidzein reductase of Eggerthella sp. YY7918, its octameric subunit structure 2 

containing FMN/FAD/4Fe-4S, and its enantioselective production of 3 

R-dihydroisoflavones. 4 

 5 

INTRODUCTON 6 

 The biochemical conversion pathway from daidzein to equol by the bacteria is composed of 7 

at least three steps and proceeds via dihydrodaidzein and tetrahydrodaidzein as intermediates. 8 

These steps are catalyzed by three reductases, daidzein reductase (DZNR), dhydrodaidzein 9 

reductase (DHDR) and ttrahydrodaidzein reductase (THDR). The corresponding genes and 10 

enzymes have been identified in four bacterial strains from the human intestine, Lactococcus sp. 11 

20-92, Slackia sp. NATTS, and Eggerthella sp. YY7918 (Shimada et al. 2010; Shimada et al. 12 

2011; Tsuji et al. 2012b; Kawada et al. 2016), and in Slackia ioflavoniconvertens (Schroder et al. 13 

2013). In our previous study, we reported a gene cluster in the Eggerthella sp. YY7918 genome, 14 

which is responsible for the conversion of daidzein to equol. This cluster includes three genes 15 

eqlA, eqlB and eqlC, encoding DZNR, DHDR, and THDR, respectively. The enzymatic 16 

conversion at each step was demonstrated using recombinant proteins expressed in E. coli. In 17 

addition, the enzyme catalyzing the third step (THDR) used tetrahydrodaidzein as a substrate 18 

and produced both equol and dihydrodaidzein in the absence of the reducing coenzyme 19 

NAD(P)H. We proposed that this enzyme is a novel dismutase. 20 

 21 

Old yellow enzyme 22 

According to motif analyses of amino acid sequences (Marchler-Bauer et al. 2017), DZNR is 23 

classified as a member of the ‘old yellow enzyme’ (OYE) family (Figure 3-1). Over 11,000 24 

OYE homologs have been identified in yeasts, fungi, plants, and bacteria as the result of 25 
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genome analyses. The common characteristic features of all OYEs include 1 

NAD(P)H-dependent oxido-reductase activity, and catalysis of the reduction of the C=C bond 2 

in a stereo-selective manner (Toogood et al. 2010). Some OYEs have been crystallized and 3 

resolved their structures and were shown to fold into a (β/α)8 barrel, so called TIM barrel 4 

(Wierenga 2001), with the FMN-binding site within the barrel near the carboxy-terminus of the 5 

β-sheet (Nizam et al. 2014). 6 

Figure 3-1. The conserved domain architectures of DZNR of Eggerthella sp. YY7918. 7 

 Amino acid sequence similarity of DZNR was determined with. 8 

 9 

The bioconversion daidzein to equol 10 

 In the history of DZNR research, there was some confusion regarding stereo-specific 11 

characterization. The stereospecific bioconversion mechanism of dhydrodaidzein to equol via 12 

tetrahydrodaidzein has been studied (Wang et al. 2005b; Won et al. 2008; Kim et al. 2010a; 13 

Kim et al. 2010b; Park et al. 2011). However, the assignment of a stereo-chemical configuration 14 

for dihydrodaidzein, based on circular dichroism spectra (Wang et al. 2005b), was incorrect and 15 

led to further misunderstanding regarding the stereo-selectivity of DZNR in a number of reports 16 

(Won et al. 2008; Park et al. 2011). At present, reports suggest that only (3S, 4R)-tetrahydro- 17 

daidzein can be converted to 3S-equol, via the pathway proceeding from only S-dihydrodaidzein 18 

(Kim et al. 2010a). (Figure 3-2) 19 
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 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

Figure 3-2. Proposed way of S-dihydrodaidzein production.  9 

S-dihydrodaidzein is the substrate of the S-equol. Three ways are expected from daidein to 10 

S-dihydrodaidzein. Daidzein is converted to S-dihydrodaidzein by DZNR. Daidzein is 11 

converted to (R, S)-dihydrodaidzein by DDRC, followed by the conversion by DZNR. DZNR 12 

convert daidzein to R-dihydrodaidzein, next DDRC convert to S-dihydrodaidzein. 13 

 14 

The stereoselectivity of DZNR 15 

 The mechanisms of enantio-selectivity of DZNR-catalyzed reactions also remained obscure. 16 

In general, OYEs catalyze redox reactions in a stereospecific manner (Shimada et al. 2010) and 17 

(Schröder et al. 2013b) claimed that DZNR converted daidzein to R-dihydrodaidzein (Shimada 18 

et al. 2010; Schröder et al. 2013b), whereas dihydrodaidzein produced by Lactococcus-DZNR, 19 

as described by Shimada et al. (Shimada et al. 2010), also contained non-negligible quantities of 20 

the S-form (Figure 3-3) . In our previous report, DZNR of Eggerthella sp. YY7918, which had 21 

been partially purified by 6 × His-Tag chromatography, yielded racemized dihydrodaidzein 22 

(Kawada et al. 2016). Until recently, all reports of DZNR had used partially purified enzymes, 23 

which nevertheless demonstrated clear stereo-selectivities (Figure 3-4). Analysis of the 24 
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elementary reaction event using highly purified enzyme preparations is necessary to fully 1 

understand the complete pathway from daidzein to equol in bacteria. 2 

 Shimada et al. reported didrodaidzein racemase (DDRC) (Shimada et al. 2012), which 3 

interconverted R- and S- dihydrodaidzein, thus increasing equol production. However, Schröder 4 

et al. reported that no other enzymes or proteins were needed for daidzein conversion by 5 

recombinant DZNR, DHDR or THDR in S. isoflavoniconvertens (Schroder et al. 2013).  6 

  Certain OYEs use NADPH while others employ NADH; some of these enzymes contain 7 

FMN, while others have FAD, and still more possess Fe-S clusters. These cofactors should play 8 

essential roles in electron transfer during the redox reactions involving OYEs as described 9 

previously. In the motif analyses, DNZR was predicted to contain possible FMN, FAD, and 10 

4Fe-4S-cluster binding sites in the amino acid sequence (Figure 3-1). We considered the 11 

biochemical confirmations were necessary to clarify the composition of these cofactors. In some 12 

OYE family enzymes, certain enzymes have undergone analysis of their subunit configurations; 13 

various types have been observed as monomers, dimers and larger multimers (Toogood et al. 14 

2010). 15 

  16 
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 1 

 2 

 3 

 4 

 5 

 6 

  7 

 8 

Figure 3-3. The chiral analysis of dihydrodaidzein produced by DZNR of Lactococcus sp. 9 

20-92.  10 

(a) Reaction mixture with Lactococcus 20-92 cell extract. (b) Reaction mixture with 11 

recombinant L-DZNR- His expressed in E. coli. The elution profile of the reference standard 12 

(dihydrodaidzein racemate) is shown in the panel labeled standard (STD). (Shimada et al. 2010)  13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

Figure 3-4. The enantio selectivity of DZNR. 22 

Daidzein was converted to both R- and S-dihydrodaidzein using partially purified DZNR by 23 

His-Tag chromatography. 24 

  25 
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OYE family enzymes, certain enzymes have undergone analysis of their subunit configurations; 1 

various types have been observed as monomers, dimers and larger multimers (Toogood et al. 2 

2010).  3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

Figure 3-2. The chiral analysis of dihydrodaidzein produced by DZNR of Lactococcus sp. 17 

20-92.  18 

(a) Reaction mixture with Lactococcus 20-92 cell extract. (b) Reaction mixture with 19 

recombinant L-DZNR- His expressed in E. coli. The elution profile of the reference standard 20 

(dihydro- daidzein racemate) is shown in the panel labeled standard (STD).  (Shimada et al. 21 

2010)  22 

 23 

 24 

  25 



 45 

 In this chapter, we analyzed enzymatic properties, including enzyme kinetics, cofactor 1 

composition, substrate specificity and enantio-specificity of the product using highly purified 2 

enzyme preparations. Moreover, the subunit configuration and coarse three-dimensional (3D) 3 

structure of DZNR was also determined by small angle X-ray scattering (SAXS) analysis and 4 

further confirmed by electron microscopy. This is the first report related to the detailed 5 

enzymatic characterization and structural analysis of DZNR.  6 

  7 
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RESULTS 1 

Purification of DZNR 2 

  We reported the cloning of the gene encoding DZNR from Eggerthella sp. YY7918 into an 3 

expression vector, pColdII-15730, and its expression in E. coli BL21 (DE3) cells. The gene was 4 

fused with a 6× Histidine-tag at the N-terminus, and heterologous expression was driven by the 5 

cold-shock promoter of cspA and lacO operator in E. coli. In a pilot experiment, DNZR activity 6 

was successfully generated upon induction by cold conditions (15°C) in the production culture. 7 

We also attempted IPTG induction under cold conditions, and observed approximately 10-fold 8 

higher yields of the recombinant protein, although it was not assembled with flavin molecules 9 

and did not exhibit enzyme activity. Thus, we used 15°C cold-induction without IPTG during 10 

culture production.  11 

 The expressed protein was purified by five chromatographic steps, including Ni-NTA 12 

affinity chromatography, HiTrap Desalting, HiTrap Q HP anion-exchange, Superdex 200 gel 13 

filtration, and Mono Q 5/50 GL anion-exchange (Figure 3-5). The purified protein showed a 14 

single band with an apparent molecular mass of 69 kDa by SDS-PAGE. Finally, 6 mg of 15 

purified protein was obtained from 9 l of culture, corresponding to 10.3 U/mg DZNR activity. 16 

  17 
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 4 

 5 

 6 

 7 

 8 

 9 

Figure 3-5. Purification of recombinant enzymes. 10 

 The enzyme sample in each purification step of DZNR from E. coli 11 

BL21(DE3)/pColdII-15730, carrying eqlA, extracts were analyzed by SDS-PAGE followed by 12 

Coomassie brilliant blue staining (Bio-Rad). Lane 1, cell extract (40 μg); Lane 2, 6× His-Tag 13 

column (20 μg); Lane 3. Hitrap Desalting (10 μg); Lane 4, Hitrap Q (7.5 μg); Lane 5, Superdex 14 

200 pg (1.2 μg); Lane 6, Mono Q (2 μg). M: molecular weight standard (MW: 17,000–89,800).  15 

 16 

 17 

Enzymatic properties under different pH and temperature conditions 18 

 In our previous study (Kawada et al. 2016), we demonstrated that DZNR requires NADPH to 19 

reduce daidzein. Maximum enzyme activity was observed in the pH range of 5.8–6.2 (Figure 20 

3-6) and temperature range of 27–37°C in the presence of NADPH and citric acid buffer (20 21 

mM, pH 6.2). Furthermore, the enzyme retained >70% of its maximum activity after 2 h 22 

incubation at pH 3.5–8.0 (data not shown), or after 1 h incubation at 20–30°C. 23 

 24 

  25 

Fig. S3. Purification of recombinant enzymes. The enzyme sample in each 
purification step of DZNR from E. coli BL21(DE3)/pColdII-15730, carrying 
eqlA, extracts were analyzed by SDS-PAGE followed by Coomassie brilliant 
blue staining (Bio-Rad). Lane 1, cell extract (40 µg); Lane 2, 6× His-Tag 
column (20 µg); Lane 3. Hitrap Desalting (10 µg); Lane 4, Hitrap Q (7.5 µg); 
Lane 5, Superdex 200 pg (1.2 µg); Lane 6, Mono Q (2 µg). M: molecular weight 

standard (MW: 17,000–89,800).

89.8

45.1

71.1

31.0

25.7

17.0

1 2 3 4 5 6M
m/kDa



 48 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

Figure 3-6. Effect of pH on the activity of DZNR.  10 

pH 5.0–6.2; citric acid buffer (open circle), pH 5.8–7.8; sodium phosphate buffer (closed 11 

circle), pH 7.4–8.2; Tris-HCl buffer (triangle). 1 mM NADPH, 50 μM daidzein and the 2 μg of 12 

enzyme were added to 20 mM reaction buffer and incubated at 37 °C under aerobic conditions 13 

(500 μL). After 40 s of incubation, 500 μL ethyl acetate was added to stop the reaction, and then 14 

the supernatant was analyzed by HPLC.  15 

 16 

 17 

Cofactors in DZNR 18 

 The purified enzyme displayed a yellowish color, suggesting the presence of flavin 19 

molecules. DZNR belongs to the OYE family, which contains FMN or FAD as cofactors. 20 

Figure 3-6A shows the UV-visible absorbance spectra. Purified DZNR showed flavin 21 

absorption maxima at 378 and 451 nm. Flavin composition was analyzed after removal of the 22 

protein. The types of flavin cofactors were identified as both FMN and FAD by reversed-phase 23 

HPLC (Figure 3-6B) for DZNR. A protein: flavin ratio of 1:2 was observed by UV absorbance, 24 

indicating that 1 mol of FMN and 1 mol of FAD bind non-covalently in equimolar quantities of 25 
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Effects of metal ions in DZNR 1 

 The effects of various metal ions on enzyme activity were examined by adding various 2 

chemical agents (1 mM) to the enzyme assay mixture. The enzyme activity was reduced by 1 3 

mM Cu2+ by 20%. Zn2+ decreased the enzyme activity by 50% (Figure 3-7). EDTA did not 4 

affect enzyme activity. These results suggest that DZNR does not require additional cations for 5 

its catalytic activity. 6 

 7 

 8 

 9 

 10 

 11 

 12 

Figure 3-8. Effect of metal ions on DZNR activity.  13 

The activity is expressed as a percentage of the activity level in the absence of metal ion. 14 

 15 

 16 

Different isoflavones as substrates for DZNR 17 

 Daidzein, genistein, glycitein, and formononetin were tested as substrates for DZNR (Figure. 18 

3-9). After the reactions, the reaction products of isoflavone reduction catalyzed by DZNR were 19 

analyzed by TLC (Fig. 3-9) and identified by LC/ESI-MS. The reaction products of genistein, 20 

glycitein, and formononetin by DZNR were observed at m/z 271, 285, and 269, respectively in 21 

nominal mass (Fig. 3-10). Thus, the precursor ion [M-H]- with 2 m/z units greater than each 22 

substrate was observed. These findings indicate that genistein, glycitein, and formononetin were 23 

reduced by DZNR and produced dihydrogenistein, dihydroglycitein, and dihydroformononetin, 24 

respectively.   25 
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 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

Figure 3-9. Chemical structure and reactivity of various isoflavones.  9 

The isoflavones tested as substrates for DZNR, and the reactivities. Daidzein and 10 

dihydrodaidzein indicated by asterisk were analyzed previously. 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

Figure 3-10. The conversion of isoflavonoides by DZNR. 22 

Glycitein (A), formononetin (B), and genistein (C) were used as substrates. The products were 23 

analyzed by LC/ESI-MS after purification using TLC. 24 

 25 



m/z 285 [M-H]-

B The product from glycitein MW286

R
el
ati
v
e i
nt
e
ns
it
y 
(
%)
 

m/z 

100

m/z285 [M-H]-

The product from glycitein MW286

R
el
ati
v
e i
nt
e
ns
it
y 
(
%)
 

0100

The product from genitstein

271 [M-H]-

A

C

R
el
ati
v
e i
nt
e
ns
it
y 
(
%)
 

R
el
ati
v
e i
nt
e
ns
it
y 
(
%)
 

m/z 

100 200 300 400 5000

m/z 

100 200 300 400 500

m/z 
100 200 300 400 500

R
el
ati
v
e i
nt
e
ns
it
y 
(
%)
 

0

100

R
el
ati
v
e i
nt
e
ns
it
y 
(
%)
 

0

100

285 [M-H]-
The product from glycitein

267 [M-H]-

Formononetin

100 200 300 400 500

m/z 

R
el
ati
v
e i
nt
e
ns
it
y 
(
%)
 

100

0

200 300 400 500

m/z 

Glycitein

283 [M-H]-

100

0

R
el
ati
v
e i
nt
e
ns
it
y 
(
%)
 

The product from formononetin

269 [M-H]- 

R
el
ati
v
e i
nt
e
ns
it
y 
(
%)
 

m/z 

100 200 300 400 500

269 [M-H]-

Genitstein



 53 

Kinetic parameters 1 

 The kinetic parameters of DZNR are listed in Table 3-1. The purified DZNR catalyzed the 2 

formation of dihydrodaidzein from daidzein and dihydrogenistein from genistein, with Km 3 

values of 11.9 ± 0.7 and 74.1 ± 15.6 µM, respectively. Daidzein and genistein were also tested 4 

as substrates for DZNR. Here, a higher enzyme affinity was observed with daidzein as the 5 

substrate. The kinetic parameters for DZNR activity using daidzein and genistein as substrates 6 

presented as Lineweaver-Burk plots (Figure 3-12) are shown in Table 3-1. The catalytic 7 

efficiency (kcat/Km) of DZNR with daidzein (5.6 × 105) ± (2.0 × 104) was 1.5-fold higher than 8 

that with genistein (3.8 × 105) ± (1.3 × 105). 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

Figure 3-12. Kinetic analysis of DZNR.  18 

DZNR activity in the presence of daidzein (A) and genistein (B) was analyzed by steady-state 19 

enzyme kinetics. Various concentrations of isoflavones were incubated at 37°C in citric acid 20 

buffer (pH 6.2). The levels of metabolites were measured by HPLC. The error bars represent the 21 

standard deviation of the velocities (N = 3).  22 

 23 

 24 

 25 

Fig. S8. Kinetic analysis of DZNR.  DZNR activity in the presence of daidzein (A) and genistein (B) 

was analyzed by steady-state enzyme kinetics. Various concentrations of isoflavones were incubated at 

37°C in citric acid buffer (pH 6.2). The levels of metabolites were measured by HPLC. The error bars 

represent the standard deviation of the velocities (N = 3). 
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37°C in citric acid buffer (pH 6.2). The levels of metabolites were measured by HPLC. The error bars 

represent the standard deviation of the velocities (N = 3). 
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Table 		.    Enzymatic properties of DZNR. 

 Daidzein Genistein 

Product R-dihydrodaidzein R-dihydrogenistein 

Km (µM) 11.9 ± 0.7 74.1 ± 15.6 

kcat* (s-1) 6.7 ± 1.2 28.3 ± 3.2 

kcat /Km* (M-1 s-1) (5.6 × 105) ± (2.0 × 104) (3.8 × 105) ± (1.3 × 105) 

* 1mM of NADPH was used. 1 

 2 

 3 

Stereo-specificity of the reaction products 4 

 A previous study showed that the OYE family of proteins carry out stereo-selective reduction 5 

of activated C=C bonds (Winkler et al. 2012). To understand the stereo-specificity, daidzein or 6 

genistein was catalyzed by DNZR in the presence of NADPH, and the products were analyzed 7 

by HPLC using chiral column chromatography. In Fig. 3-13, panels A and B show the reduction 8 

of daidzein and genistein, respectively. The R/S configuration for dihydrodaidzein and 9 

dihydrogenistein was assigned according to Hye-Yeon et al. (Park et al. 2011). These data 10 

revealed that highly purified DZNR produces only the R-form of isoflavones. 11 
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Table 3-2. The properties of DZNR of Eggerthella sp. YY7918 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

Enzyme property Value 

pI 5.1 

Molecular weight (peptide) 68987.9 

Molecular weight (including coenzyme) 71367.4 

Thermal stability 0-30ºC 

Optimal temperature 27-37ºC 

pH stability pH 3.5-8.0 

Optimal pH pH 6.2 

Requirement of coenzyme NADPH dependent 

Cofactor FMN/ FAD 

Fe-S 4Fe-4S 

Native mass (gel filtration) 576 kDa 

Native mass (SAXS) 597 kDa 



 58 

3D structure of DZNR 1 

 SAXS analysis was performed to investigate the MW and 3D structure of DZNR in solution. 2 

Guinier plots and P(r) distributions were produced using PRIMUS (Konarev et al. 2003) and 3 

the ATSAS suite of programs (Petoukhov et al. 2012). The scattering curve and Guinier plots 4 

for DZNR are depicted in Figure. 3-15 A and B, respectively, and the relevant data collection 5 

and structural parameters are listed in Table 3-3. DZNR was substantially free from 6 

aggregation, as confirmed by linear Guinier plots. The forward scattering intensity, I(0), 7 

revealed that the MW of DZNR was 597 × 103. The calculated MW from the amino acid 8 

sequence and cofactors was 71,367.4. The calculated MW of a monomer subunit, consisting of 9 

the apoprotein, 4Fe-4S, FMN, and FAD, was 70.6 × 103. These results confirm that DZNR 10 

existed as a homo-octameric multimer in solution. A 3D bead model of DZNR was constructed 11 

using a GASBOR (Svergun et al. 2001) (Figure. 3-16 A–D). The maximal particle size (Dmax) 12 

was 173 Å. The shape was that of four petals surrounding a central hole. The DZNR structure 13 

was analyzed by electron microscopy (EM), which showed a homogeneous population of 14 

clearly-visible individual particles with a diameter of 170–180 Å (Figure. 3-16E), where the 15 

central hole was also observed.  16 

 17 

Table 3-3. The Structural parameters of DZNR of Eggerthella sp. YY7918 18 

Structural parameters  

 I(0) from P(r) 13.92 ± 0.02 

 Rg from P(r) (Å) 62.71 ± 0.04 

 I(0) from Guinier 13.90 ± 0.13 

 Rg from Guinier (Å) 62.06 ± 0.68 

 Dmax (Å) 173 

 MW (kDa) 597 
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 1 

 2 

Figure. 3-15. 3D structure of DZNR. Experimental scattering curve and Guinier plot for 3 

DZNR.  4 

A, Experimental X-ray scattering curve from DZNR. B, C, Estimation of the distance 5 

distribution. D, Guinier plots for the low angle region of the experimental scattering curve at 6 

(B). Its linearity indicates the absence of protein aggregation. The final scattering curve was 7 

radially averaged from ninth frames with the program BioSAXS. The blue solid line shows the 8 

averaged value and the black dots shows error bars in A and B.  9 

 10 

Fig. S9. 3D structure of DZNR.  Experimental scattering curve and Guinier plot for DZNR. A, 

Experimental X-ray scattering curve from DZNR. B, C, Estimation of the distance distribution. 
D,  Guinier  plots  for  the  low  angle  region  of  the  experimental  scattering  curve  at  (B).  Its 

linearity  indicates  the  absence  of  protein  aggregation.  The  final  scattering  curve  was  radially 
averaged from ninth frames with the program BioSAXS. The blue solid line shows the averaged 
value and the black dots shows error bars in A and B.
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 3 

 4 

Figure 3-16. Bead models and TEM image of DZNR.  5 

Ab initio beads model shape of DZNR by SAXS shown as green dots diagonally from the top 6 

(A), bottom (B), side (C), and upper diagonal (D). The maximal particle size (Dmax) is 173 Å 7 

(Table 3-2). (E) TEM image of DZNR. Purified DZNR was stained with uranyl acetate, and 8 

then analyzed by TEM at a nominal magnification of _200,000 with 200 kV accelerating 9 

voltage using defocus phase contrast TEM. The white scale bar represents 10 nm, and the width 10 

of each box is 20 nm. (For interpretation of the references to color/colour in this figure legend, 11 

the reader is referred to the Web version of this article.)  12 
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DISCUSSION 1 

 We purified DZNR of Eggerthella sp. YY7918 expressed in recombinant E. coli. The 2 

enzyme was successfully purified to homogeneity by five sequential column procedures, 3 

including 6× His-Tag affinity binding, gel filtration, and ion exchange. Protein motif analysis 4 

suggested the presence of conserved domains for OYE-like protein and binding motifs for 5 

FMN, NAD(P)H, FAD, and 4Fe-4S cluster (Figure 3-1). E. coli 2,4-dienoyl-CoA reductase (EC 6 

1.3.1.34, DCR1) (He et al. 1997; Hubbard et al. 2003) contains both FMN and FAD. 7 

Anthranoyl-CoA monooxygenase/reductase from Azoarcus evansii (Bergner et al. 2015) and 8 

2-naphthoyl-CoA reductase (Estelmann et al. 2015) were also shown to carry both FMN and 9 

FAD. The reaction initiated by hydride transfer from NADPH to FAD to FMN via the 4Fe-4S 10 

cluster has been reported for DCR-1 (Hubbard et al. 2003). 11 

 We confirmed these predictions by the following biochemical analyses (Table 3-2). 12 

ICP-AES analysis revealed that 4 Fe atoms were present per DZNR monomer molecule, which 13 

was consistent with the prediction of homology analysis showing that the 4Fe-4S cluster is 14 

present in DZNR. In UV-visible absorbance measurements, DZNR showed absorbance maxima 15 

at 379 and 452 nm, revealing that DZNR contains flavin molecule(s) as observed in other 16 

OYEs. Moreover, HPLC analysis revealed that DZNR contained both FAD and FMN as E. coli 17 

2,4-dienoyl CoA reductase (Hubbard et al. 2003), anthranoyl-CoA monooxygenase/reductase 18 

(Bergner et al. 2015), and 2-naphthoyl-CoA reductase (Eberlein et al. 2013). 19 

 The kinetic parameters of DZNR for daidzein and genistein are shown in Table 3-1. Purified 20 

DZNR exhibited a 6-fold lower Km for daidzein than that of genistein, and exhibiting 1.5 times 21 

higher the kcat/Km value for daidzein compared to that of genistein. Although DZNR was 22 

reported as a reductase for daidzein, the catalytic efficiency we observed for genistein was 23 

higher than that of daidzein. The values of Vmax and Km for DZNR from S. isoflavoniconvertens 24 

have been reported. The Vmax values of S. isoflavoniconvertens for daidzein and genistein of 25 
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0.62 ± 0.04 and 2.14 ± 0.33 µmol min-1mg protein-1, respectively. The Km values were 1.4 ± 0.4 1 

µM for daidzein and 26.7 ± 8.3 µM for genistein. (Schröder et al. 2013b). We obtained similar 2 

results. The smaller Km values for daidzein indicate that it is slightly suitable as a substrate for 3 

DZNR. However, these kinetic parameters are similar, and both daidzein and genistein were 4 

comparably reacted by DZNR. It was previously reported that the typical daily intake amount of 5 

isoflavone is 24.4–31.7 mg/day (Kimira et al. 1998; Toda et al. 2001). Mahmoud et al. reported 6 

that 50–100 mg/day intake of isoflavone reduced the risk of prostate cancer (Mahmoud et al. 7 

2014). These amounts should give a 100–400 µM isoflavone concentration in the intestine; the 8 

Km value (12 µM for daidzein and 74 µM for genistein) matches the levels in the human gut. 9 

 In a previous study, we reported that eqlABC of Eggerthella sp. YY7918 showed 99% overall 10 

amino acid similarity to the corresponding genes of Lactococcus sp. 20-92. This suggested that 11 

the cluster was transferred from Eggerthella (or a closely related strain) to a lactococcal host, 12 

which generated strain 20-92. Eggerthella sp. YY7918 also shares identical gene sets and 13 

orientations with S. isoflavoniconvertens and Slackia sp. NATTS. The overall amino acid 14 

similarities are greater than 80%. However, eqlA showed (Kawada, Biosci Microbiota Food 15 

Health., Fig. 6) (Kawada et al. 2016) relatively lower similarity (43%) to those observed in the 16 

above strains. It was reported that S-equol is solely found in normal human urine after 17 

soy-containing food uptake, while 5-hydroxyl-equol, which is a possible metabolite of 18 

genistein, has also been reported in some murine cases. In our previous study (Yokoyama and 19 

Suzuki 2008b), we reported that although Eggerthella sp. YY7918 cells produced equol from 20 

daidzein and dihydrodaidzein, they could not convert genistein, glycitein, and formononetin. 21 

Based on these data, we hypothesized that there are two (or more) types of DZNR with different 22 

substrate specificities for the recognition of daidzein and genistein, and the YY7918 enzyme 23 

should not catalyze the genistein reaction. 24 

 However, this inference was not supported by our present data. DZNR of Eggerthella sp. 25 
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YY7918 was also reactive to genistein. In addition, genistein, glycitein, and formononetin were 1 

each reduced by DZNR, and the products analyzed by LC/ESI-MS showed a +2 Da increase in 2 

product masses (Fiure 3-11). It has been suggested that the gene cluster related to equol 3 

production is regulated by daidzein. When daidzein was present in the medium, the level of 4 

mRNAs coding for DZNR in Lactococcus sp. 20-92 (Shimada et al. 2011) and six related 5 

proteins were up-regulated in S. isoflavoniconvertens and the gene cluster containing ifcA, 6 

encoding DZNR, was also up-regulated by daidzein (Schroder et al. 2013). 7 

 This enzyme and its orthologs were first detected in S-equol-producing bacteria, with studies 8 

focusing on the health effects of phytoestrogen. Thus, researchers have mainly evaluated the 9 

affinity for daidzein, which is the starting material of S-equol. Thus, these enzymes appear to as 10 

daidzein reductase. In this study, we demonstrated that DZNR of Eggerthella sp. YY7918 has 11 

comparable activities for daidzein, genistein, glycitein, and formononetin. Thus, this enzyme 12 

appears to be isoflavone reductase. 13 

 It remains unknown why these bacteria carry this gene cluster and whether equol has an 14 

important role in symbiosis. Further detailed investigations are required to clarify this 15 

discrepancy, not only regarding specific enzyme properties, but also in overall metabolic influx 16 

mechanisms including gene expression in S-equol production and competition by other bacteria 17 

catalyzing isoflavones through alternative pathways such as O-DMA-producing Clostridium 18 

XIVa Strain SY8519 (Yokoyama et al. 2010; Yokoyama et al. 2011b; Niwa et al. 2015). It is 19 

also important to conduct pharmacokinetic analysis and consider the physiological role of 20 

biological compounds in revealing a biological mechanism. These points remain unclear for 21 

isoflavonoids and these enzymes. Our findings provide a foundation for future studies of these 22 

issues. 23 

 DZNR of Eggerthella sp. YY7918 is classified as a member of the OYE family. Generally, 24 

OYE catalyzes the enantiospecific reduction of C=C bonds at two adjacent stereocenters in a 25 
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single reaction. DZNR also reduced 2-cyclohexen-1-one, a typical substrate of the OYE family 1 

(Toogood et al. 2010) (Data not shown). Our previous study revealed that daidzein was 2 

converted to both R- and S-dihydrodaidzein using partially purified DZNR (Kawada et al. 3 

2016), which is inconsistent with the general properties of OYEs in stereo-specific reactions. In 4 

Eggerthella sp. YY7918, the gene EGYY_15790 (WP_013979963.1) has a highly similar 5 

amino acid sequence to that of Lactococcus sp. 20-92 racemase, which has been reported to 6 

catalyze the interconversion between R- and S-dihydrodaidzein. We expressed this gene in 7 

recombinant E. coli as described previously. In addition, E. coli also harbors some putative 8 

racemases (data not shown). However, whether DNZR has a looser stereospecificity than other 9 

typical OYEs or if minor impurities result in racemization has remained unclear, and more 10 

highly purified enzyme preparations have been needed for these analyses. 11 

 In this study, we confirmed that the 6× His-Tag-purified enzyme produced both R- and 12 

S-dihydrodaidzein (Figure 3-3). However, similar interconversion was observed using E. coli 13 

cell lysate (data not shown). It was proposed that R- and S-dihydrodaidzein are interconverted 14 

spontaneously through an unknown racemase or some other factor(s) in E. coli. Therefore, we 15 

attempted to obtain the enzyme with greater purity. The highly-purified DZNR from 16 

Eggerthella sp. YY7918 produced only R-dihydrodaidzein from daidzein. This result is 17 

consistent with the properties of OYE-like enzymes and in accordance with the hypothesis 18 

proposed for S. isoflavoniconvertens and Lactococcus sp. 20-92.  19 

 Shimada et al. confirmed the conversion from daidzein to equol using a combination of three 20 

partially purified recombinant enzymes, DZNR, DHDR, and THDR, of Lactococcus sp. 20-92, 21 

but the rate of equol formation without the addition of DDRC was lower than that previously 22 

reported (Shimada et al. 2012). A combination of the DHDR mutant with DDRC enabled 23 

enantio-selective production of (3S, 4R)-tetrahydrodaidzein, the precursor of S-equol. 24 

 Based on our results and those of Kim et al., R-dihydrodaidzein may be converted to the 25 
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S-form. Recently, Lee et al. reported a DHDR mutant from S. isoflavoniconvertens which 1 

showed increased enantio-selective synthesis of S-dihydrodaidzein by decreasing the overall 2 

activity of DHDR, resulting in undetectable activity for R-dihydrodaidzein (Lee et al. 2016). 3 

Thus, daidzein is converted to R-dihydrodaidzein by DZNR and then converted to the S-form by 4 

DDRC; following these steps, DHDR and THDR continue S-equol production.  5 

 OYEs have been classified into two subgroups, OYE1 and OYE2, which are also referred to 6 

as classical OYEs and thermophilic-like OYEs, respectively (Toogood et al. 2010). OYE2s are 7 

mostly tetrameric, with a small proportion of dimeric proteins, as an arginine or tryptophan 8 

‘finger’ protrudes from one monomer into the active site of the adjacent monomer (Nizam et al. 9 

2014). Thus, we investigated the subunit configuration. By gel filtration and cross-linking 10 

experiments using DMS, DZNR was found to be a multimer. Using SAXS, the MW of DZNR 11 

was estimated as 597 × 103. The calculated MW of the DZNR monomer was 71,367.4. These 12 

data revealed that DZNR consists of an octameric multi-subunit structure. 13 

 According to the SAXS data, DZNR forms a quasi-globular structure. We used an ab initio 14 

bead modeling method (Svergun 1999; Svergun and Michel HJ Koch 2002) to construct a 15 

low-resolution 3D structure. The results suggested that DZNR has a four-petaled cloverleaf 16 

structure with a central hole with a maximum diameter of 176 Å (Figure 3-16A–D). To confirm 17 

the result of the 3D bead model, we observed DZNR by electron microscopy. The size of the 18 

enzyme (Figure 3-16E) agreed with the model obtained using SAXS. A central hole and 19 

four-petaled structure were also observed.  20 

 DZNR shows 32% homology to DCR1 of E. coli and the X-ray crystallographic 3D structure 21 

of the latter has been resolved (Hubbard et al. 2003). This enzyme catalyzes the reduction of 22 

double bonds in fatty acids, which is initiated by hydride transfer from NADPH to FAD and 23 

followed by electron transfer via the 4Fe-4S cluster and FMN, and finally to the C=C bond 24 

which accepts electrons and protons. 25 
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CONCLUSIONS 1 

  To date, equol is interested for the hormonal effect, and the applied studies have been 2 

investigated. Since thestudy of equol started, the equol producing bacteria have been reported, 3 

and the conversion of daidzein to equol has been focused on. Equol, a bacterial metabolite of 4 

daidzein, exhibits higher estrogenic activity than daidzein. Therefore, equol is expected to 5 

reduce symptoms of menopausal disorder, and prevent hormone-dependent diseases such as 6 

osteoporosis and prostate cancer. Over the last decade, certain S-equol-producing bacteria have 7 

been isolated from human and animal feces, and food because of the estrogen like effect. 8 

Though equol and the intermediates have been identified in 1990s, the pathway and enzymes 9 

which conversion daidzein to equol had been not found. In 2010, daidzein reductase (DZNR) 10 

was found in Lactococcus sp. 20-92, which was the first report about the enzyme and gene of 11 

daidzein metabolism. In next year, the other enzymes, dihydrodaidzein reductase (DHDR) and 12 

tetrahydrodaidzein reductase (THDR) were identified. Subsequently, the enzymes of Slackia sp. 13 

NATTS and S. isoflavoniconvertens were reported. Today, equol is well studied about the 14 

hormonal effect and clinical use. After the identification of the enzymes which convert daidzein 15 

to equol from some bacteria, few studies have examined. We identified the genes that coding 16 

DZNR, DHDR and THDR in Eggerthella sp. YY7918. Interestingly, THDR is proposed a new 17 

type of dismutase. 18 

 The BLASTP search against CDSs (EGYY15550- 15820) revealed that only the genes of 19 

high-GC contents bacteria, such as Slackia, Adlercreutzia, Bifidobacterium, or Gordonibacter 20 

had high score. The high amino acid sequence identity (99%) between the gene clusters of 21 

Eggerthella sp. YY7918 and Lactococcus sp. 20-92 suggested that these clusters are likely 22 

closely related in termes of evolution. In our hypothesis, three independent oxidoreductase 23 

genes that encode the prototypes of DZNR, DHDR, and THDR and the flanking genes have 24 

gathered and evolved into the metabolic system of isoflavone and its derivatives daidzein, 25 
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dihydrodaidzein, tetrahydrodaidzein, and equol. The physiological function of these enzymes 1 

and their metabolites in these bacteria remain unclear. However, under some specific conditions, 2 

the identified gene cluster might provide some survival advantage to the bacteria and/or its host 3 

animals. 4 

 In the history of DZNR research, there was some confusion regarding stereo-specific 5 

characterization. DZNR of Eggerthella sp. YY7918 is classified as a member of the OYE 6 

family. Our previous study revealed that daidzein was converted to both R- and 7 

S-dihydrodaidzein using partially purified DZNR, which was inconsistent with the general 8 

properties of OYEs. This problem was solved by using the highly purified DZNR from 9 

Eggerthella sp. YY7918, and it produced only R-dihydrodaidzein from daidzein. We conclude 10 

that daidzein is converted to R-dihydrodaidzein, then the S-form by DDRC; following these 11 

steps, DHDR and THDR continue S-equol production. Furthermore, we redefine DZNR as 12 

'isoflavone reductase,’ and showed the homo-octameric structure. 13 

 In our study, it was reported enzymatic properties in the way from daidzein to S-equol, and 14 

among them, for DZNR, substrate specificity, enantio-selective reduction, and the multimeric 15 

subunit structure were identified. We believe these findings provide important progress in the 16 

understanding of equol production mechanisms and also the health benefits of isoflavone 17 

uptake. 18 
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CHAPTER 4  1 

EXPERIMENTAL SECTION 2 

 3 

 Chemicals 4 

 Daidzein, formononetin, FMN sodium salt hydrate and FAD disodium salt hydrate were 5 

purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). (R,S)-equol was purchased 6 

from LC Laboratories (Woburn, MA, USA). β-NADPH was purchased from Oriental Yeast Co., 7 

Ltd. (Tokyo, Japan). R-dihydrodaidzein, S-dihydrodaidzein, and racemic-dihydrogenistein were 8 

kindly gifted by Daicel Co. (Tokyo, Japan). Genistein and glycitein were provided by Nagara 9 

Science Co., Ltd. (Gifu, Japan). Isoflavones and their derivatives were dissolved in DMSO 10 

(Wako Pure Chemical Industries, Ltd., Osaka, Japan) and stored at -28°C. The iron standard 11 

stock solution (JCSS grade, 1,000 mg/l) was purchased from Wako Pure Chemical Industries, 12 

Ltd. (Osaka, Japan). Tetrahydrodaidzein and  dihydrodaidzein  were  chemically  synthesized 13 

according to methods described by Wähälä et al. (Wähälä, K., Koskimies, J. K., Mesilaakso, M., 14 

Salakka,  A.,  Leino,  T.  K.,  Adlercreutz  1997).  Resulting  products  were  confirmed  by  proton 15 

nuclear magnetic resonance (1H-NMR). 16 

 17 

Bacterial strains and culture media 18 

 Eggerthella sp. YY7918 was cultured under anaerobic conditions at 37°C in Gifu anaerobic 19 

medium (GAM) (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) for 3 days using the 20 

AnaeroPack Kenki culture system (disposable O2 absorbing and CO2 generating agent; 21 

Mitsubishi Gas Chemical Co., Inc., Tokyo) or an  anaerobic  chamber  (Bagbox,  Ruskinn 22 

Technology,  Ltd.).  The  gas  phase  was  maintained  at  80:10:10  (vol.  %)  for  N2:CO2:H2.. The 23 

culture broth was supplemented with 50 µM daidzein or other isoflavonoids. E. coli BL21(DE3) 24 

cells harboring pColdII-15730 plasmid, carrying the eqlA gene with tagged with 6 × His, were 25 
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used for the expression of recombinant daidzein reductase, as described previously (Kawada et 1 

al. 2016). Recombinant bacteria were grown in Miller’s LB broth (10 g Bacto tryptone, 5 g 2 

Bacto yeast extract, and 10 g NaCl / 1,000 ml) supplemented with 100 µg/ml ampicillin 3 

(LB-Amp). 4 

 5 

Construction of recombinant E. coli expressing DZNR, DHDR, and THDR 6 

  Genomic DNA was extracted using an UltraClean® Microbial DNA Isolation Kit (MO BIO 7 

Laboratories  Inc.,  Carlsbad,  CA,  USA).  Polymerase  chain  reactions  (PCRs)  were  used  to 8 

amplify  the  open  reading  frames  (ORFs)  EGYY15730,  15750,  and  15760,  which  possibly 9 

encode DZNR, DHDR and THDR in Eggerthella sp. YY7918, respectively (Figure. 4-1). The 10 

oligonucleotide  primers  and  the  PCR  conditions  are  listed  in  Table 4-1. Amplified  DNA 11 

fragments were introduced into a plasmid, pColdII (Takara Bio Inc., Ohtsu, Japan), between the 12 

NdeI and BamHI sites after N-terminal 6×His-Tag sequence, using an In-Fusion® HD Cloning 13 

Kit  (Clontech  Laboratories  Inc.,  Mountain  View,  CA,  USA). The  resulted  recombinant 14 

plasmids  were  transformed  into E. coli TOP10.  The  nucleotide  sequences  were  confirmed  by 15 

sequencing analyses with an ABI PRISM 3130xl DNA sequencing system (Applied Biosystems, 16 

Foster  City,  CA,  USA).  The  recombinant  plasmids  were  designated  pColdII-15730, 17 

pColdII-15750, and pColdII-15760, and introduced into E. coli BL21 (DE3). 18 

  19 



Nde1

BamH1

orf
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with LB-Amp until the OD660 was approximately 0.3, then the temperature was shifted to 15̊C 1 

to induce the cold-shock promoter and continued incubation for 24 h. The cells were harvested 2 

by centrifugation (6,000 × g, 10 min, 4̊C) and suspended in 3 ml of Buffer A. To each sample, 3 

1 μL of 1,000 U/ml recombinant DNase I (Takara Bio Inc. Otsu, Shiga, Japan) was added and 4 

allowed to incubate for 15 min at room temperature. Samples were then centrifuged (6,000 × g, 5 

10 min, 4̊C) and pellets were resuspended in 1 ml of Buffer A. Cell suspensions were 6 

transferred to polypropylene tubes containing 800 mg of glass beads (0.1 mm diameter) and 7 

shaken (2,500 rpm, 30 sec, 5 cycles) in a Multi-beads Shocker (Yasui Kikai Co., Osaka, Japan). 8 

Between each cycle, samples were cooled on ice for 40 s. Then samples were centrifuged 9 

(13,000 × g, 10 min, 4̊C). Proteins in the supernatant were purified by Ni-NTA agarose column 10 

chromatography (1 ml bed volume, QIAGEN Inc., Tokyo, Japan) The. Proteins were eluted 11 

using a Buffer A containing 100 mM imidazole and 500 mM NaCl. The concentration of 12 

proteins in samples were determined according to the method described by Bradford et 13 

al.(Bradford 1976). Fractions from each stage of the purification process were subjected to  14 

12.5 % sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by 15 

coomassie brilliant blue G250 staining.  16 
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  1 
 2 
Table 4-1. Sequence of primers used in this study. 

  
Exp. Aim  Primer set Thermal cycling program 

1 
Const. pColdII-15730  eqlA Fw CATCATCATCATCATATGAAGAACAAGTTCTATCC [98ºC 10 sec - 58ºC 5 sec – 

amplify EGYY15730 gene eqlA Rv GCTTGAATTCGGATCCCTACAGGTTGCAGCCAGCG    72ºC 10 sec] × 30 cycle 

2 
Const. pColdII-15750  eqlB Fw CATCATCATCATCATATGGCACAGGAAGTC [98ºC 10 sec - 60ºC 5 sec - 

amplify EGYY 15750 gene eqlB Rv GCTTGAATTCGGATCCTTAGACCTCGATCTCGCCCTG       72ºC 15 sec ] × 30 cycle 

3 
Const. pColdII-15760  eqlC Fw CATCATCATCATCATATGGCACAATTCGATGTTGAG   [98ºC 10 sec - 62ºC 5 sec - 

amplify EGYY15760 gene eqlC Rv GCTTGAATTCGGATCCCTACATAGTGGAGATCGCGTGG      72ºC 10 sec ] × 30 cycle 

4 
Confirm eqlA of strain seq_eqlA_Nde GTCCATGAACACGATGC 98ºC 5 min [98ºC 0 sec -50ºC       

5 sec - 60ºC 4 min ] × 25 cycle  YY7918 in pColdII seq_eqlA_Bam TCGACCAGACAATCATC 

5 
Confirm eqlB of strain seq_eqlB_Nde ATCATCACCTCCTCCACC  [98ºC 10 sec - 62ºC 5 sec - 

 YY7918 in pColdII seq_eqlB_Bam TAGTCAGACAGGTCGAC     72ºC 10 sec ] × 30 cycle 

6 
Confirm eqlC of strain seq_eqlC_Nde AGCTCGTTCTGAATAGAG 98ºC 5 min [98ºC 0 sec -50ºC       

5 sec - 60ºC 4 min ] × 25 cycle  YY7918 in pColdII seq_eqlC_Bam ACGACGACGCCTTTATGA  

     
Underlining indicates the homologous 15 bp, and italics indicates the restriction enzyme site.    
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Enzyme activity assays 1 

  Crude enzyme extracts (100 μg) or Purified enzymes (5 μg) were subjected to enzyme activity assays. 2 

The substrate and buffer had been equilibrated in an anaerobic chamber (80:10:10 [vol. %] for 3 

N2:CO2:H2) at 37̊C about for 30min. These were conducted at 37̊C, in 0.5 m of 20 mM sodium 4 

phosphate buffer containing 50 μM substrate and 1 mM NADPH or NADH. After 15 min incubation, 5 

500 µl of ethyl acetate was added to stop the reaction. Samples were extracted three times using an equal 6 

volume of ethyl acetate, dried under a vacuum, and then dissolved in 0.5 ml of methanol. 7 

  Extracted samples (10 μL) were analyzed by high-performance liquid chromatography (HPLC, 8 

Hitachi High-Tech Science Co., Tokyo, Japan) to quantify levels of daidzein and its metabolites 9 

(daidzein, dihydrodaidzein, tetrahydrodaidzein, and equol). HPLC analysis was performed using a 10 

TSKgel ODS100V reversed-phase column (5 μm, 250 × 4.6 mm i.d.; Tosoh Co., Tokyo, Japan) with 11 

isocratic mobile phase comprised 45 % water: acetic acid (98:2, v/v) in methanol (1 ml/min, 40̊C) with 12 

detection at 280 nm (Matthies et al. 2008). The conversion ratio was calculated from the average peak 13 

area of the three times repetition. 14 

  In order to analyze enantiomeric character of equol, a SumiChiral OA-7000 (5 μm, 250 mm × 4.6 mm 15 

i.d. ; Sumika Chemicals Analysis Service, Osaka, Japan) was used with a mobile phase composed of 16 

30 % 20 mM potassium phosphate, pH 3.0 in acetonitrile. 17 

 18 

Phylogenetic analysis 19 

  A phylogenetic tree of equol-producing bacteria and related taxa based on 16S rRNA sequence was 20 

generated using the Neighbor-joining method (Saitou N 1987). Sequences were obtained from the 21 

National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/nuccore/). 22 

CLUSTAL W 2.1 (http://clustalw.ddbj.nig.ac.jp) was used for sequence alignment (Thompson et al. 23 

1994), and FigTree 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/) was used for visualization. Amino 24 

acid sequence similarities were determined with BLASTP (http://blast.ncbi.nlm .nih.gov/Blast.cgi) 25 

(Altschul et al. 1997). 26 

 27 
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Chemicals 1 

 Chemicals daidzein, formononetin, FMN sodium salt hydrate, and FAD disodium salt 2 

hydrate were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). β-NADPH 3 

was purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). R-dihydrodaidzein, 4 

S-dihydrodaidzein, and racemic-dihydrogenistein were a kind gift from Daicel Co. (Tokyo, 5 

Japan). Genistein and glycitein were provided by Nagara Science Co., Ltd. (Gifu, Japan). 6 

Isoflavones and their derivatives were dissolved in DMSO (Wako Pure Chemical Industries, 7 

Ltd., Osaka, Japan) and stored at -28°C. The iron standard stock solution (JCSS grade, 1,000 8 

mg/l) was purchased from Wako Pure Chemical Industries, Ltd.  9 

 10 

Bacterial strains and culture media 11 

 Eggerthella sp. YY7918 (Gifu Type Culture Collection, GTC16517) was cultured under 12 

anaerobic conditions at 37°C in Gifu anaerobic medium (Nissui Pharmaceutical Co., Ltd., 13 

Tokyo, Japan) for three days using the AnaeroPack Kenki culture system (disposable O2 14 

absorbing and CO2 generating agent; Mitsubishi Gas Chemical Co., Inc., Tokyo, Japan). The 15 

culture broth was supplemented with 50 µM daidzein or other isoflavonoids. E. coli BL21(DE3) 16 

cells harboring pColdII-15730 plasmid, carrying eqlA tagged with 6× His, were used to express 17 

recombinant daidzein reductase, as described previously (Kawada et al. 2016). Recombinant 18 

bacteria were grown in Miller’s LB broth (10 g Bacto tryptone, 5 g Bacto yeast extract, and 10 19 

g NaCl/1,000 ml) supplemented with 100 µg/ml ampicillin (LB-Amp). 20 

 21 

Cultivation of recombinant E. coli cells 22 

 Transformed cells were cultivated at 37°C in 6 l LB-Amp broth until reaching an optical 23 

density at 660 nm (OD660) reached 0.3. Next, the temperature was lowered to 15°C, and 24 

cultivation was continued for 24 h. The cells were harvested by centrifugation (6,000 ×g, 25 
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10 min, 4°C). The cells (approximately 20 g wet cell mass) were resuspended in 120 ml of 1 

sample buffer [20 mM sodium phosphate (pH 7.0), 150 mM NaCl, 0.1 mM PMSF], disrupted 2 

using a Microson XL-2000 ultrasonic homogenizer (Misonix, Inc. Newtown, CT, USA) at level 3 

10, 10 s for 3 times on an ice bath, and centrifuged (8,000 ×g, 30 min, 4°C). The supernatant 4 

was used as a crude enzyme preparation and subjected to the following purification steps. 5 

 6 

Enzyme purification 7 

 The supernatant (approximately 160 ml) from centrifugation was loaded onto a Ni-NTA 8 

agarose column (5 ml bed volume; QIAGEN, Hilden, Germany) and pre-equilibrated with 9 

buffer A [20 mM sodium phosphate buffer (pH 7.4), 500 mM NaCl]. The column was washed 10 

with 25 ml of buffer A containing 20 mM of imidazole. The DZNR active fraction was eluted 11 

with 10 ml of buffer A containing 100 mM of imidazole. The eluate was loaded onto a HiTrap 12 

desalting column (5 ml, GE Healthcare, Little Chalfont, UK), and the buffer was exchanged 13 

with buffer B [20 mM Tris-HCl (pH 8.0), 150 mM NaCl]. The desalted fraction was then 14 

loaded onto a HiTrap Q HP column (5 ml, GE Healthcare) that had been equilibrated with 20 15 

mM Tris-HCl (pH 8.0). The column was washed with the same buffer containing NaCl, and 16 

then washed with 100 mM NaCl for 2 min and 240 mM for 3 min at a flow rate of 5 ml/min. 17 

The active fraction was then eluted for 3 min with the same buffer containing 1.0 M NaCl. Two 18 

milliliters of the eluate were then loaded onto a gel filtration column (HiLoad 16/600 Superdex 19 

200 pg, GE Healthcare) in buffer B at a flow rate of 1 ml/min. The active fractions were applied 20 

to a Mono Q 5/50 GL column (GE Healthcare). Elution was performed using a 20-min linear 21 

gradient of 0–1.0 M of NaCl in 20 mM Tris-HCl (pH 8.0) at a flow rate of 1 ml/min. All 22 

purification steps using column chromatography were performed on an HPLC instrument 23 

(ÄKTA purifier, GE Healthcare), and UV absorbance was monitored at 215, 280, and 368 nm. 24 

After purification, the enzyme was concentrated, and the buffer was exchanged with 20 mM 25 
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HEPES (pH 7.0) using an ultrafiltration spin column (Amicon Ultra-0.5 30K; Merck Millipore 1 

Co., Darmstadt, Germany). 2 

 3 

Enzyme activity assays 4 

 DZNR activity was assayed by monitoring the conversion of daidzein to dihydrodaidzein 5 

using HPLC. The enzyme assay mixture (500 µl) contained 0.1 mM daidzein, 1 mM NADPH, 6 

and 1 µg of the enzyme in 20 mM citrate-phosphate buffer (pH 6.2). After incubation at 37°C 7 

for 60 s, 500 µl ethyl acetate was added to stop the reaction and extract the product, followed by 8 

drying under a vacuum. The extracted sample was dissolved in 100 µl methanol and analyzed 9 

on a C18 reversed phase HPLC column (ODS100V, 5 μm, 4.6 mm ID × 250 mm L, Tosoh, 10 

Tokyo, Japan) to quantify daidzein and its metabolites as described previously (Kawada et al. 11 

2016). 12 

 To determine the optimal pH, the reaction buffer was exchanged with 20 mM 13 

citrate-phosphate buffer (pH 5.0–6.2), sodium phosphate buffer (pH 5.8–7.8), and Tris-HCl 14 

buffer (pH 7.4–8.2). 15 

 16 

HPLC conditions for analysis of other isoflavonoids 17 

 To quantify the conversion of genistein, an isocratic mobile phase comprising 2% acetic acid 18 

with 52.5% acetonitrile at a flow rate of 1 ml/min at 40°C was used. To detect the conversion of 19 

daidzein, genistein, glycitein, and glycitein extracted from the culture media, the mobile phase 20 

consisted of a linear gradient of acetonitrile from 20–60% in 2% acetic acid in 15 min at a flow 21 

rate of 1 ml/min followed by isocratic elution using 60% acetonitrile for 5 min.  22 

 To analyze the enantiomeric characteristics of isoflavones, a SumiChiral OA-7000 column 23 

(5 μm, 250 mm L × 4.6 mm ID; Sumika Chemicals Analysis Service, Osaka, Japan) was used 24 

with a mobile phase composed of 40% potassium phosphate buffer (20 mM, pH 3.0) in 25 
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acetonitrile. 1 

 2 

Kinetic parameters analyses 3 

 To determine the kinetic parameters (Km, Vmax, and kcat) for daidzein and genistein, the assay 4 

mixture contained daidzein (30–100 µM) or genistein (6–75 µM), NADPH (1 mM), and 5 

enzyme (1 µg) in a total volume of 500 µl. The reaction conditions were the same as those 6 

described above with incubation for 30 s. To stop the reactions, 500 µl of methanol was added 7 

and the samples were centrifuged (17,000 ×g, 1 min), and a 10 µl aliquot of the supernatant was 8 

analyzed by HPLC. Results represent the means of three independent experiments, with error 9 

bars representing the standard errors of the means. Km and Vmax were determined by generating 10 

Lineweaver-Burk plots using Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). 11 

 12 

Mass spectrometric analysis of isoflavonoids 13 

 In addition to daidzein and genistein, other isoflavones including formononetin and glycitein 14 

were also investigated as substrates of DZNR. These reaction products were analyzed by liquid 15 

chromatography (LC)/electrospray ionization (ESI)-mass spectrometry (MS). After the enzyme 16 

reactions, the products were subjected to preparative thin-layer chromatography (TLC). The 17 

samples were dissolved in methanol and analyzed by TLC (Silica gel 60 F254, Merk Millipore, 18 

Darmstadt, Germany) with a solvent system of toluene: acetone (2:1). The isoflavonoids 19 

developed on TLC were visualized with an UV transilluminator (312 nm). The silica gel spots 20 

were scraped and the products were eluted with acetone. LC/ESI-MS analysis was performed 21 

using a Xevo G2-XS QTOF mass spectrometer (Waters Co., Milford, MA, USA) in negative 22 

ion mode, equipped with an analytical column (ACQUITY UPLC BEH C18 column; 2.1 mm 23 

ID × 100 mm L; Waters Co.). The mobile phase consisted of 70% methanol and 0.5% formic 24 

acid in H2O. All analyses were carried out at 35°C at a flow rate of 0.2 mL/min.  25 
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Cofactor characterization 1 

 Protein concentration was determined using the bicinchoninic acid method (Smith et al. 2 

1985). A BCA protein assay kit (Pierce, Thermo Fisher Scientific, Waltham, MA, USA) was 3 

used according to the manufacturer’s instructions, with γ-globulin from human serum (Wako) 4 

used as a standard. The UV-visible absorption spectrum of flavins present in the purified DZNR 5 

was analyzed with a spectrometer (OPTIMA 2000, PerkinElmer, Inc., Waltham, MA, USA) 6 

over a spectral range of 350–750 nm and a 1-mm path length.  7 

 To identify flavin molecules, the protein sample was diluted to approximately 1.1 mg/ml in 8 

HEPES, incubated at 98°C for 10 min to release the cofactor(s), and centrifuged (14,000 ×g, 9 

10 min) to remove precipitated apoprotein. The supernatant was analyzed by HPLC using a 10 

reversed-phase column (TSKgel ODS100V, 5 μm, 4.6 mm ID × 250 mm L, Tosoh Bioscience, 11 

Tokyo, Japan) with 50 mM of potassium phosphate buffer (pH 5.0), a linear gradient of 15– 12 

60% methanol applied over 15 min, and a flow rate of 1 ml/min at 40°C. The UV absorption of 13 

the eluate was monitored at 265 nm.  14 

 To evaluate elemental iron, 83 µg of purified DZNR was dissolved in 5 ml concentrated 15 

HNO3 and heated at 230°C until white fumes appeared. The sample was then diluted with pure 16 

water to contain 1% HNO3. The metal content of DZNR was determined using ICP-AES 17 

(P-4010, Hitachi, Tokyo, Japan). 18 

 19 

Multimeric subunit structure analysis 20 

 The molecular weight (MW) of native DZNR was estimated by gel filtration 21 

chromatography using a HiLoad 16/600 Superdex 200 pg column as described above. Gel 22 

Filtration Standard (Bio-Rad Laboratories, Inc., Hercules, CA, USA) containing bovine 23 

thyroglobulin (670,000), bovine γ-globulin (158,000), chicken ovalbumin (44,000), and horse 24 

myoglobin (17,000) were used as MW standards. 25 
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 The multimeric subunit structure was investigated by chemical cross-linking of the protein 1 

using dimethyl suberimidate (DMS) (Sigma-Aldrich, St. Louis, MO, USA) as described 2 

previously (Ichihara et al. 1986). Purified protein was added to the cross-linking buffer [1.0 M 3 

triethanolamine-HCl (pH 8.5), NaCl (0.25 M), and 5 mM dithiothreitol] to a final concentration 4 

of 10 µM DZNR, followed by incubation with DMS (0, 0.2, 1, 2 mg/ml) for 1 h at 22°C. 5 

Aliquots were sampled at several time points, mixed with the sample buffer employed for 6 

SDS-PAGE, and incubated at 98°C for 5 min. Subsequently, the samples were analyzed by 5% 7 

SDS-PAGE, followed by staining with OrioleTM Fluorescent Gel Stain (Bio-Rad Laboratories, 8 

Inc.). 9 

 10 

SAXS analysis 11 

 The purified enzyme was dissolved in HEPES buffer (20 mM, pH 7.0), and concentrated to 12 

4.3 mg/ml (approximately 0.2 mM) for SAXS analysis. All experiments were performed at 13 

room temperature using a Rigaku BioSAXS-1000 system using Cu-Kα radiation and Rigaku 14 

FR-X SuperBright rotating anode X-ray generator (Rigaku Co., Ltd., Tokyo, Japan). Data 15 

collection parameters and structural values are summarized in Table 1. The enzyme sample was 16 

placed in a quartz capillary (1 mm ID) and exposure was conducted for 15 min four times. The 17 

molecular weight of DZNR was calculated using 5 mg/ml human serum albumin as a standard. 18 

The data were analyzed using PRIMUS (Konarev et al. 2003) in the ATSAS 2.7.2 program 19 

package (Petoukhov et al. 2012), followed by 9 runs of GASBOR 2.3 (Svergun et al. 2001) for 20 

ab initio bead modeling. The final model was aligned to ab initio models and an averaged 21 

model was built with the DAMAVER program (Volkov and Svergun 2003). 22 

 23 

Transmission electron microscopy (TEM) using uranyl acetate 24 

 TEM observations were performed as follows. The grid was positively stained with Ion 25 
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Coater IB-3 at 5 mA for 10 s (EIKO Engineering Co., Ltd., Tokyo, Japan). Five microliters of 1 

the sample solution were placed on a 200-mesh copper grid covered with a carbon film (EM 2 

Japan Co., Ltd., Tokyo, Japan) for 2 min, and excess solution was removed by blotting with a 3 

filter paper. The grid was negatively stained with 5 µl of 2% uranyl acetate for 1 min. The 4 

liquid on the grid was removed by blotting and dried. Electron micrographs were taken using a 5 

JEM-2100F platform (JEOL, Tokyo, Japan) operated at a 200-kV acceleration at a 6 

magnification of ×200,000. 7 

  8 
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Table 4-2. Data collection parameters and structural for SAXS analysis. 1 

 2 
Data collection parameters  

 Instrument Rigaku BioSAXS-1000 

 X-ray source Rigaku FR-X 

 Detector PILATUS 100K/R 

 Wavelength Cu-Kα 

 q range (Å-1) 0.008 - 0.67 (4πsinθ/λ) 

 Exposure time 15min, 4 times 

 Diameter of quartz capillary (mm) 1 

 Temperature Room temparature 

 3 

  4 
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