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INTRODUCTION 

1lus thesis describes studies on a new process for the production of D-an1ino acids 

involving enzynwic reactions. 

Enzynwic transforn1ation is a superior method because of its rugh selectivity and high 

efficiency w1der mild conditions. TI1erefore, starting with the transfomlation and synthesis of 

steroids, it has been used for the production of various useful chenucaJs. Among them, D­

an1ino acids are intermediates useful in the preparation of physiologically active peptides, and 

$ -lactam antibiotics such as semisynthetic penicillins and cephalosporins. For example, D-p­

hydroxyphenylglycine is the side chain of amoxicillin (Fig. 1 ), which is one of the most 

popular antibiotics in the world. Several procedures for the chenucal1
) and enzymatic2

-
19

) 

production of optically active an1ino acids have been devised, some of which have been used 

commercially. Among them, as shown in Fig. 1, a method involving D-specific hydantoinase 

(EC 3.5.2.2.), which catalyzes the first step, i. e. reversible ring opening through the 

hydrolysis ofDL-5-substituted hydantoin to N-carbamyl-D-an1ino acids, is of special interest. 

With the spontaneous racemization of 5-substituted hydantoin during the reaction, the 

racemic substrate is converted quantitatively to N-carbamyl-D-anlino acids. The N-carbarnyl­

D-anlino acids produced are transfom1ed chemically or enzymatically to the corresponding 

D-amino acids with retention of their original configurations. 
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Fig. 1. Scheme ofD-Amino Acid Synthesis. 
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N-Carbamyl-D-amino acid amidohydrolase (DCase) catalyzes the second step in Fig. 1, 

involving the hydrolysis of N-<:arbamyl-D-amino acids to D-a.J.nino acids, anunonia a.1.1d 

carbon dioxide. If this enzyme is immobilized as a hydantoinase, which has been used as a.1.1 

immobilized enzyme practically,:r>> that is to say, the process comprises a bioreactor, D-a.~.nino 

acid production will be improved. Immobilized enzymes have been used conm1ercially for 

production processes in various fields, such as the food a.1.1d pharn1aceutical industries.21
-
23> 

There are great advantages in not only that the enzymes Ca.J.l be reused for the reaction, but 

also that the products Ca.J.1 be refined easily, the yields Ca.J.1 be improved, a.1.1d the process can be 

sin1plified. Because of the industrial importance of DCase, there have been several reports on 

tlus enzyme of Pseudomonas. 6) Agrobacterium, 10'
11

' 
13

' 
1
6-

19
> Arthrobacter, 12> Blastobacter, 14> a.1.1d 

Comamonas. 15
> Some have reported the properties of the enzyme. But only Ogawa et al. have 

investigated purified enzymes in detail, i. e. those of Blastobacter14
> and Comamonas. 15

> 

Studies on the cloning and expression of the enzyme have been only reported for an 

Agrobacterium species. 18
' 

19> Regarding immobilization, only Olivieri et al. 11
> have reported 

that they in1mobilized whole cells of Agrobacterium, but the details have not been given. As 

mentioned above, inu11obilization is advantageous, so I tried to inunobilize DCase and to 

apply it to the production ofD-a.~.ni.no acids practically. To aclueve tllis, highly active DCase 

was obtained from a natural source, its them1ostability was improved by gene mutation, 36.J/) it 

was overexpressed in Es·cherichia coli using recombinant gene teclmology, and it was 

inm1obilized by a method with wluch it is stable during a long term reaction. Furtl1ermore, I 

studied tl1e properties of tl1e enzyme for practical reasons and also to facilitate understanding 

of its physiologic functions. 

Chapter I describes tl1e screening for microorga.~.lisms producing DCase, cloning of 

the DCase gene, and overexpression and some properties of the enzyme. Chapter li 

describes the inunobilization of DCase obtained in Chapter I , its stabilization, and its use 

for repeated batch reactions. 1l1e stability of tl1e immobilized DCases of tl1ennotolerant 

bacteria is also described. Chapter III describes the effect of the thermostability of the 

improved DCase 36
•
37>on the stability of the immobilized enzyme in repeated batch reactions, 
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and the characteristics ofthe immobilized enzyme. Chapter N describes the construction of 

an expression plasmid, and economical hyperprcxluction of the DCase in E. coli. 
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CHAPTER I 

Isolation of Agrobacterium sp. Strain KNK712 That Produces N­

Carbamyl-D-Amino Acid Amidohydrolase, Cloning of the Gene 

for this Enzyme, and Properties of the Enzyme 

As mentioned in the introduction to this thesis, D-amino acids are important 

intermediates for (:3 -lactam antibiotics and physiologically active peptides. These optically 

active amino acids can be produced efficiently witl1 a 2-step reaction involving hydantoinase 

and DCase, which catalyzes the hydrolysis of N-carbamyl-D-amino acids to D-amino acids, 

amn1onia and carbon dioxide. 

Several microorganisms producing both D-stereospecific DCase and D-hydantoinase 

ha 6 ) A b . 10, I I, L\ 1().19) A h b 12 ) 
ve been isolated: Pseudomonas, gro actenum, rt. ro acter, 

Blastohacter, 
14

> and Comamona:/
5

> (which only produces DCase). Louwrier and Knowles 

have reported an Agrobacterium sp. 16
' 

17
> that produces DCase, but they did not mention 

whether or not D-hydantoinase is also produced. Botil enzymes are suitable for use in tile 

production ofD-a.mino acids. 

DCase has been studied by several groups,o. 1
o.

19
) but few studies on the cloning and 

expression of tile DCase gene, which would be useful in the production of D-amino acids, 

h 18. 19) . f l ci, 10.19) 
ave been reported. Some properties o t 1e enzyme have been reported. More 

infom1ation about DCase is needed for both practical reasons and also for Lmderstanding its 

physiologic functions. To make the production of D-amino acids more efficient, and to 

understand DCase fi.1rther, I set out to overexpress DCase in E. coli, and to characterize the 

enzyme. In tllis chapter, I describe the screening for microorganisms producing DCase, 

cloning of tile DCase gene, and overexpression and some properties of the enzyme. 
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MATERIALS AND METHODS 

Media and culture conditions. Medium A: A mi'..ture of 10 g of glycerol, 5 g of 

glucose, 3.5 g ofKHzP0 4, 3.5 g ofNazHP0 4, 0.5 g ofMgS0 4 · H zO, 20 mg ofMnCl z ·4H 

zO, 10 mg ofFeS0 4 ·7Hz0 , 0.1 g of yeast e:-..tract, and 3 g of a nitrogen source, N-carbamyl­

D-p-hydroxyphenylglycine or N~bamyl-D-phenylglycine, in 1 liter of tap water, pH 7.0, 

was used for screening for bacteria with DCase activity. Medium B: A mixture of 10 g of 

meat extract, 10 g of peptone, 5 g of yeast e:-..tract, and 20 g of agar in 1liter oftap water, pH 

7. 0, was used for the isolation of microorganisms. Medium C: A mi'<ture of 25 g of glycerol, 

5 g of glucose, 7 g ofKHzP0 4, 7 g ofNazHP0 4, 1 g ofMgS0 4 ·HzO, 10 mg ofMnCl z · 

4Hz0, 2 g of urea, 4 g of yeast extract, and 1 g ofN-carbamyl-D-p-hydroxyphenylglycine in 1 

liter of tap water, pH 6.5, was used at 33°C for the growth of cells of Agrobacterium sp. 

strain KNK712, used for the hydantoinase and DCase reactions. 

E I JM109
24 > . b. I .ds . L . B -2.5> . co i carrymg recom mant p asnu was grown m una- ertam 

medium containing 100 mg of ampicillin and 1 mmol of isopropyl- B -D­

thiogalactopyranoside per liter at 37°C. M9 medium
2

5) containing 1 g of5-methylhydantoin as 

the sole nitrogen source (instead ofNH <1 Cl), 50 mg of ampicillin and 1 mg ofthianline, in 1 

liter (medium D) was used for cloning of the DCase gene. 

Chemicals. 5-Substituted hydantoi.ns were prepared from the corresponding 

aldehydes20 
> or amino acids.2

7 
> N-Carbamylamino acids were prepared from the 

corresponding anlino acids.2
8

> 

The other chemicals used in tlus work were tl1e best available commercial products. 

Screening methods. For the isolation of nucroorganisms that can hydrolyze N­

carban1yl-D-p-hydroxyphenylglycine to D-p-hydroxyphenylglycine, a spoonful of soil was 

suspended in 10 ml of saline, and tl1en 300 111 ofthe supematant was used to inoculate 10 ml 

of medium A in a test tube. After aerobic cultivation at 30°C tmtil growth was detected 
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visually, reduction of N-carbamylamino acids and production of amino acids were detected 

by thin-layer chromatography. Microorganisms from culture broths in which N­

carbamylamino acids disappeared or amino acids accumulated, were isolated on agar plates of 

medium B. 

Gene cloning. Chromosomal DNA was prepared from Agrobacterium sp. strain 

KNK712 by the method of Marmur29> and partially digested with Sau3A I . 1l1en DNA 

fragments 4 to 9 kbp long were fractionated by agarose gel electrophoresis. 1l1e DNA 

fragments were ligated into the BamH I site ofpUC18, and then used to transfect cells of E 

coli JM109. Recombinant colonies that grew on the agar plates were collected, suspended in 

saline, and used to inoculate 10 rnl of medium D in test tubes, which were cultured 

aerobically at 37°C. Culture broth in which growth was detected visually was transferred to 

the same medium and culture was continued. After this enriclunent culture was repeated a 

total of three times, the recombinants with the DCase gene were isolated on agar plates of LB 

medium containing 100 mg of ampicillin per liter. From one ofthe isolated strains, a plasmid 

harboring the DCase gene was prepared by the alkaline lysis.:JO> 

DNA sequencing. TI1e 1.8-kp EcoR I -Hindill fragments of pAD108 were digested 

with appropriate restriction endonucleases and then cloned in both orientations into 

M13mp18 and M13mpl9. 1l1e resultant recombinants were used to transfect E coli cells so 

that single-stranded templates were produced. 1l1e nucleotides of the clones were sequenced 

by the dideoxy chain tennination methodJt> with a Seque11ase kit (U.S. Biochemical Corp., 

Clevelan~ Ohio). 

ldentifteation of DCase. E. coli JM109 carrying pAD108 was grown in 10 rnl ofLB 

medium containing 100 mg of ampicillin and 1 nm1ol of isopropyl- {3 -D­

th.iogalactopyranoside per liter at 37°C for 20 h. 1l1e cells were harvested by centrifugation 

. (3000 X g, 5 min, 4°C), suspended in 10 ml of0.1 M potassium phosphate buffer (pH 7.0), 
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and disrupted by sonication. 1l1e cell debris was removed by centrifugation ( 18,000 X g, l 0 

min, 4°C). The supernatant was heated in sample buffer containing 5o/c) {3 -mercaptoethanol 

and 2o/o SOS for 5 nun over boiling water, and then analyzed on a 10% polyacrylamide gel by 

the method of Laenmlli. 
32

> After electrophoresis, the gel was stained with Coomassie brilliant 

blue. For measurement of the staining at 550 nm, a dual-wavelength flying-spot sca.Imer CS-

9000 (Shimadzu, Kyoto, Japan) was used. 

Purification of DCase. All procedures were done at 4°C. E coli JM109 cells carrying 

pADl08 from 9.5 liters of culture broth were suspended in 20 m.M Tris-HCI, pH 7.0, 

containing 5 mM dithiothreitol (D1T) and 50 J-L M ca111ostat mesilate (Foipan, Ono 

Pharmaceutical Co., Osaka, Japan), and the suspension was brought to 475 nll and disrupted 

with ultrasound. The cell debris was removed by centrifugation. 1l1e resulting supernatant 

was heated at 50°C for 30 nun. After centrifugation, the supernatant obtained, ( 460 rnl), was 

put on a phenyl-Sepharose column (2.5 X 38 em) equilibrated with 20 m.M Tris-HCl, pH 

7.5, containing 1 mM OTT, 50 J-L M ca.Inostat mesilate, 1 M NaCl, and 0.3 M an1111onium 

sulfate, and eluted with 50 m.M Tris-HCl, pH 7.5, containing 2 m.M DTT and 50 J-L M 

camostat mesilate. The fractions containing enzyme activity were combined (700 nll). 

The enzyme solution was fractionated with solid anunonium sulfute. The precipitate 

obtained at 0-30o/o saturation was collected by centrifugation, dissolved in 600 nll of20 mM 

Tris-HCI buffer, pH 7.5, containing 2 mM DTI, and dialyzed. 

The enzyme solution was put on a DEAE-Sepharose column (2.5 X 18 em) 

equilibrated with 10 mM sodium phosphate buffer, pH 7.4, containing 1 mM DIT, and 

eluted with 10 mM sodium phosphate buffer, pH 7.4, containing 0.15 M NaCl and 1 mM 

OTT. The active fractions were combined ( 105 ml) and concentrated to 18 nll with an 

membrane filter apparatus (Amicon Corp., Lexit1brton, Mass.) equipped with a YM-10 

membrane. The enzyme solution was dialyzed twice against 2 liters of 10 m.M sodium 

phosphate buffer, pH 7.15, containing 0.15 M NaCl. 
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DCase assay. DCase activity was assayed by measurement of D-p­

hydroxyphenylglycine produced from N-carbamyi-D-p-hydroxyphenylglycine. TI1e reaction 

was started by the addition of lOO 11 I of enzyme solution diluted with 100 m.M potassium 

phosphate buffer, pH 7.0, containing 5 mM DTI to the assay mi;\.ture containing 47.6 11 mol 

of N-carbamyi-D-p-hydroxyphenylglyci.ne and 100 11 mol of potassium phosphate buffer, 

pH 7.0, in a total volume of 1 ml. After 20 min of incubation at 40°C, the reaction was 

stopped by the addition of 250 11 I of 20% trichloroacetic acid. The D-p­

hydroxyphenylglycine produced was analyzed by high-pressure liquid chromatography. One 

unit of the enzyme was defined as the amount of enzyme that catalyzes the fomlation ofD-p­

hydroxyphenylglycine at the rate of 1 11 mol ·min-
1 tmder the assay conditions used. 

Ana{vtical methods. Qualitative analysis of N-carbamylami.no acids and amino acids 

was done by silica-gel thin-layer chromatography with a solvent system of n-buta.nol-acetic 

acid-water (4: 1:1, by vol.). The compounds were detected with p­

dinlethylam.inobenzaldehyde-6 N HCI and ninhydrin, respectively. 

N-Carbamylamino acids and anuno acids were measured by !ugh-pressure liquid 

chromatography (Shimadzu LC-6A) at 210 run on a 25-cm Finepack SILC18-5 colunm 

(Jasco, Tokyo, Japan) at the flow rate of 1 ml· m.in -l with 36.7 mM Kl-hP04 containing 

15% methanol adjusted to pH 2.5 with phosphoric acid. 

The steric configurations of N-carbamyl-p-hydroxyphenylglycine and p­

hydroxyphenylglycine were identified by measurement of specific optical rotation. 

Ammonia was assayed by the indophenol method.33
> 

For the measurement of D-anlino acids with D-atnino-acid oxidase (EC 1.4.3.3), at1 

assay mL"\.1ure of 100 m.M Tris-HCI, pH 8.0, 10.6 m.M phenol, 0.51 m.M 4-amino antipyrine, 

1 u I nu-l D-amino-acid oxidase from porcine kidney (Sigma), 0.71 u I ml""1 peroxidase from 

horseradish (Sigma), atld 30 11l of sample was incubated for 1 h at 30°C, atld the absorbance 

at 505 nm was measured. 

Protein was assayed by the method of Bradford. 
3
n 
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RESULTS 

Isolation of microorgani.."ms that hydro~vze N-carhamyl-D-amino acid 

Twenty-eight strains with DCase activity were isolated after enrichment culture with N­

carbamyl-D-p-hydroxyphenylglycine or N-carbamyl-D-phenylglycine as the sole nitrogen 

source from a total of 1190 soil samples. Strain KNK712 had the highest DCase activity of 

these 28 strains, and was identified as an Agrohacterium sp. 

With resting cells of Agrobacterium sp. strain KNK712, the hydantoinase and DCase 

reactions were carried out in potassium phosphate buffer. DL-5-(p-Hydroxyphenyl)hydantoin 

and N-carbamyl-DL-p-hydroxyphenylglycine were used as the substrates for the 

hydantoinase and DCase reactions, respectively. N-Carbamyl-p-hydroxyphenylglycine and p­

hydroxyphenylglycine were produced from 5-(p-hydroxyphenyl)hydantoin and N-carbamyl­

p-hydroxyphenylglycine, respectively, and were isolated by concentration, eA1raction, and 

crystallization. The crystals had about the same specific optical rotations of authentic N­

carban1yl-p-hydroxyphenylglycine and D-p-hydroxyphenylglycine (fable 1 ). Strain 

KNK712 had both hydantoinase and DCase activity, and both enzymes had strict D-fom1 

stereoselecti vity. 

Table 1. Hydantoinase and DC~ Reactions with KNK712. 

Substrate, Aller mtction 

trunol 

HPG C-HPG 

HPGH 
25 2 5 

nunol [a] [o mmol [a] D nunol 

DL-HPGH 

26.0 3.4 16.0 -175.9 6.6 

C-DL-HPG 

23.8 11.8 -157.9 12.0 +175.9 

HPG, p-hydroxyphenylglycine; C-HPG, N-carbamy1-p-

hydroxypheny1glycine; HPGH, 5-(p-hydroxyphenyl~lydantoin. 
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Reactions were at 41 cC tor 19 h in a r~tction mixture containing 5. 0 g of 

DL-HPGH tor the hydantoinase re:~ction, m1d 5.0 g ofC-DL-HPG tor the OCC:~& 

re:~ction, 10 tmnol of pot.a&-iwn pho!:;phate butli:!r, and inwd cells of 

Agrobacren·um ~;p. strctin KNK712 harvested lrom 100 ml ofbroth, in a total 

volume of 100 ml. During the reaction, the pH of ti~ mixture was k~ at 8.9 

witil2.5 N NaOH tor ti1e hydantoina& ro.~ction c.md at pH 6.9 witil2.5 N HCl tor 

the 0Ca& reactimt HPG and C-HPG were iw1ot00, and ti1eir ~ific optical 

rotations were measured 
25 

Authentic C-D-HPG [ a ] 0 -174.7 ( c l, 1 N NaOH) 
25 

Auti1entic D-HPCi [a] c• -158.3 (c 1, 1 N HCl) 

Cloning of gene for DLase 

Recombinant clones that can utilize 5-methyl-DL-hydantoin as a nitrogen source were 

isolated. One of the clones contained a plasmid carrying both the hydantoinase and DCase 

genes.1bis plasmid, designated pADlOl comprised an insert ofa4.7-kbp DNA fragment of 

Agrobacterium sp. strain KNK712 in vector plasmid pUC18 . A restriction map ofpAHDlOl 

is shown in Fig. 2. 

Fig. 2 Structure of pAD l 01 . 

pAHD101 
7.4kb 

TI1e tilick line ~resents the fragment from ti1e clu·omosomal DNA ofKNK712. TI1e tiun 

line rep-esents the pUC18 vector. TI1e open reacting fuune (ORF) ofti1e DCa~ gene is indicated 
r 

by one arrow, and ti1e other arrow shows ti1e Amp gene. 
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Plasmid pADlOI was digested with Sma I and £coR I . A 2.7-kbp .SinaI -&oR I 

fragment was ligated with pUC 19 digested with )ma I and EcoR I , giving plasmid 

pAD107. Plasmid pAD107 was partially digested with Sal I , and plasmid pAD108 was 

obtained by cyclizing of the 4.5-kbp DNA fragment containing pUC19. This plasmid 

contained a 1.8-kbp DNA fragment canying the DCase gene. 

Cell eA1racts of E coli JM 109 canying pUC 19 and E coli JM 109 carrying pAD 108 

were analyzed by SDS-polyacrylamide gel electrophoresis (Fig. 3). A band of 34 k.Da 

arising from DCase was found. The staining was measured at 550 run with a spot scanner, 

and results showed that DCase accounted for 50% of the total soluble protein of the cells. ll1e 

DCase gene was overexpressed under the control of the lac promoter. The specific activity of 

the cell eA1Tact \¥aS 3.3 units per milligram of protein, about 10 times the specific activity of 

Agrobacterium sp. strain KNK712. 

94.0 kDa-+ 

JM109 JM109 Purified 
~UC19)(pAD108) DCase 

67.0 kDa-+ ..__ ~2 

30.0 kDa-+ 

20.1 KDa-+ 
14.4 KDa -+ -- -· .. . ... . _ .. -.~~'"'"""" 

Fig. 3. Results ofSDS-Polyal.'I)'lamicle Gel Electrophor~is. 

~ DCase 

A cell e>..1ract of E. coli carrying either p{ JC 19 or pAD 108 was analyzed, as was 

purified OCase. TI1e peptide oond of the OCa.sc is indicate!! by the mrow la~lled 

"Dease". Molecular n1i:ISS nU:trkers: phosphorylase b, 94.0 k[}cJ; senun albumin, 67.0 

kDa; ovalbtunin, 43.0 kDa; carbonic anhydrase, 30.0 ld)a; trypsin inhibitor, 20.1 kDa; u­

lactalbtunin, 14.4kDa 

- 12 -



Purification of /Xase 

Before characterization, the DCase expressed in E coli was purified. 1l1e enzyme was 

purified 3.9-fold with a yield of 12.3o/c) and the specific activity was 7.20 wuts per nulligram 

of protein. 1l1e results of SDS-polyacrylamide gel electrophoresis of the purified enzyme are 

shown in Fig. 3. 

Nucleotide sequence 

The sequence of the 1.8-kbp insert from pAD108 is shown in Fig. 4. One open reading 

frame was found, and it consisted of 912 bases with a starting triplet, ATG, at position 230 

and an ending triplet, TGA, at position 1144. 1l1e open reading frame was predicted to encode 

a polypeptide of 304 amino acids, with a calculated molecular weight of 34,285. The deduced 

N -temlinal amino acid sequence coincided with the sequence of the purified DCase from 

Agrobacterium sp. strain KNK712 (20 amino acids except for an N-terminal metl1i011ine: 

sequence not shown). 

Properties of DCase 

For characterization, the DCase expressed in E. coli was used. The optin1llm pH was 

about 7.0, and the optimum temperature was about 65°C (Fig. 5). The enzyme was most 

stable at about pH 7.0, stable at 55°C or less, and unstable at 60°C or more (Fig. 6). 

The effects of various reagents on the enzyme activity are shown in Table 2. 1l1e 

enzyme lost more or all of its activity with the SH reagents used and with Cu 2 
+, Hg 2 

+, and 

Ag+. 

l11e Km values for N-carbamyl-D-p-hydroxyphenylglycine at pH 7.0 and 8.0 were 

0.89 and 0.50 mM, respectively. 

The enzyme was inlubited by ammonium chloride. The inlubition was of the mixed 

type, and the inlubitor constants at pH 7.0 were 32.6 mM forK i and 101 mM forK i 1
, at pH 

8.0, they were 7.50 mM forK i and 13.3 mM forK/ .1l1e enzyme was inlubited more at pH 

8.0 than at pH 7.0. 
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GTCGACGGCGGGCTCGCGCGAGAGCTTGTCAAGCAGCGCAAATTCCGGTTCCGCTCCGGTTGACAGATCAAAAATTTTACGCCTGTTATTGTCGTGCTGC 100 

ATGTAATATTTCGTACTTTATGTAGAATTTGCATTGCGCCGCGAGTCACAAAGCCGGTTTTCGGCGATGTGTTTCACAACGTTTTCCCGGCCGCTGGGCC 200 

GGACATCACCTAGGAAGGAGCAGAGGTTCATGACACGTCAGAIGAIACITGCAGIGGGACAACAAGGICCGATCGCGCGCGCGGAGACACGCGAACAGGI 300 
M T R a M I l A V G Q Q G P I A R A E T R E a V 

CGTCGTTCGTCTTCICGACAIGCTGACGAAAGCCGCGAGCCGGGGCGCGAATTICATIGTCIICCCCGAACTCGCGCTIACGACCTTCITCCCGCGCIGG 400 
V V R l l D M l I K A A S R G A N F I V F P E l A l I T F F P R W 

CATIICACCGACGAGGCCGAGCTCGATAGCTTCTAIGAGACCGAAATGCCCGGCCCGGIGGICCGTCCACICITTGAGAAGGCCGCGGAACICGGGAICG 500 
H F T D E A E l D S F Y E T E M P G P V V R P l F E K A A E l G I G 

GCTTCAATCTGGGCTACGCTGAACTCGTCGTCGAAGGCGGCGICAAGCGTCGCTTCAACACGTCCATTTTGGTGGATAAGTCAGGCAAGATCGTCGGCAA 600 
F N l G Y A E l V V E G G V K R R F N T S I l V D K S G K I V G K 

GTATCGIAAGATCCAITIGCCGGGTCACAAGGAGIACGAGGCCIACCGGCCGTTCCAGCATCIIGAAAAGCGTIATTTCGAGCCGGGCGATCTCGGCTTC 700 
Y R K I H l P G ~ K E Y E A, Y R P F a H l E K R Y F E P G D l G F 

CCGGTCTATGACGTCGACGCCGCGAAAATGGGGATGTTCATCTGCAACGATCGCCGCTGGCCTGAAGCCTGGCGGGTGATGGGCCTCAGGGGCGCCGAGA 800 
P V Y D V D A A K M G M F I C N D R R W P E A W R V M G l R G A E I 

ICAICTGCGGCGGCTACAACACGCCGACCCACAATCCCCCIGTICCCCAGCACGACCACCIGACGTCCTTCCACCAICICCTATCGATGCAGGCCGGGTC 900 
I C G G Y N T P T H N P P V P Q H D H l I S F H H l l S M Q A G S 

ITAICAGAACGGGGCCTGGTCCGCGGCCGCGGGCAAGGTGGGCATGGAGGAGAACTGCAIGCIGCICGGCCACTCCTGCATCGTGGCGCCGACCGGGGAA 1000 
Y Q N G A W S A A A G K V G M E E N C M l l G H S C I V A P I G E 

ATCGTCGCICTCACIACGACGCTGGAAGACGAGGTGATCACCGCCGCCGTCGAICICGATCGCIGCCGGGAACTGCGTGAACACATCITCAACTICAAGC 1100 
I V A l I T T l E D E V I T A A V D l D R C R E l R E H I F N F K Q 

AGCATCGTCAGCCCCAGCACTATGGTCTGATCGCGGAACTCTGAGGTTGCCGAAAAGCAIGIGIGICGTIGTICTCGGCGCCTGGGTCACATCCAGGCGC 1200 
H R Q P Q H Y G l I A E l 

GCCAGGGTGACGCTGGIGGAAIAGIACCACGACCGCITCAGGGCGAICCGCAAGGAGAIGCGGGICGCCGGAGCGGCAAAGCCCGACAITCGTTTCGCAC 1300 

CGACGGCCGICGTGAACTCGACAGICCGCGAGAAGGGCGIAITGCGCGGCCTGGACCTGIACGIGGAACIGTAGCCCAIATATAGAITTCCAAAGAGTTT 1400 

CGGCGAGGCGCGGCGCGCCTAGCCCCATGTGAGCGAGAACCGTGCCCAGATCAAAGAATGAGACCGACGCGCCGGCCGCGGCAAAGGAIGAICCTCAGGG 1500 

TCGGAICTATCGCICCGCCCTGAAGCAGGAGGGCGCACGCTGGCIGCTGACGGCGGAGGAAGGGITGCTGGCAAAGCCCAAGCCGCCCGGCCTTGTTCCG 1600 

GCACTTGAGAATGCGATCGCCATCGTCGATTACATCAACGGTACACCGCCCCATATCGCGTCCCTGGCGGAGCTTTCAACGACGCTCGGGATATCCAAGA 1700 

GCCACTGTCACTCCATCCTCAAGACGCTGACGCAITTCGGCTGGCTGAAATTCGACAATCGCTCAAAGAGCTACGAGCTGAATTC 

Fig.-'· Nucleotide SequenQ! of the Dease ("Jene from Agrolxtcte1ium sp. Strain KNK712 and Its :Dtrl..tced Amino 

Acid &qtll:.'!lce. 

1h:! Luldt.wne shows the or~~ll rt:ading lrdlne of the lX:a& gene. 111e nucleotide &tjllence data ap~trS in the 

DDBJ, EMBL and Gene Bank databases tul<h the acces:,ion munlx..>r AB007368. 
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Fig. 5. Eflects of pH (A) and Tempemture(B)on the Activity ofDCase. 

A cell e~1ract of E. coli JM10~108) \V"dS U&d (A) TI1e enzyme activity was assayed uncb- the standard 

assay conditions cxcc.--pt that the following butlers wcrc used at 100 mM : potassitun phosphate, pH 5.7-8.0 C•); Tris­

HCI, pH 7.2-8.6 (.A); and carbonate, pH K9-9.3 (e). (B) Assays were at various temrx..Tc1tures tulcler tii! standard 

assay conditions. The relative activity is the rx_.,-l.;entage of ti1e activity at 40°C, and pH 7.0. 
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Fig. 6. Eflects of pH (A) and Temperature (B) on ti1e Stability ofti1e OCase. 

A cell extrdct of E. coli JM10~AD108) wast~ (A) 4.5 turits ofDCase was incubated at 40°C for 5 h in 

100 mMbutlers: potassitun phosphate, pH 6.1-7.6 C• ); Tris-HCI, pH 7.4-8.3 (.A)', carbonate, pH 8.2-10.3 (e ). 111e 

activity remaining was a.w.~yed unck.'i tre standard assay conditions. (B) TI1e activity remaining '.Vas assayed lllili 
the standard assay conditions after the enzyme ( 1.3 tmit-;) had hecn incuooted at diflcrent temperatures tor 1 0 min 

wiili 100 mM potassitun pho::;phate, pH 7.0. Tii! activity remaining is the p.."n.:entage of tli! activity betore tl1e 

incubation. 
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1l1e substrate specificity of the enzyme is shown in Table 3. TI1e enzyme had broad 

substrate specificity for N-carbamylamino acids, but did not hydrolyze N-carbamyl- {1 -

alanine, N-carbamyl-sarcosine, N-fonnyl-0-phenylalanine, or the N-acetyla.mino acids tested. 

In addition, it did not hydrolyze N-carbamyl-L-p-hydroxyphenylglycine, N-carbamyl-L­

alanine, N-carbamyl-L-valine~ or N-carbamyl-L-phenylalanine, although the D-isomers or 

racemates of these N-carbamylam.i.no acids acted as substrates. l11e enzyme had strict D-fom1 

stereoselectivity toward these N-carbamylamino acids. 

Table 2 Eftects ofSH Reagents and Metals on DCa& activity. 

Reagent Con{;Cl\tnltion Activity remaining 

(mM) (%) 

None 100 

5-5'-DiUliobis 5 0 

(2-nitrobenzoic acid) 

Iodoacetic acid 5 0 

N-Ethylmal.ei.nlide 5 0 

p-ChlormnercuribetlZOic 0.1 8 

acid 

Na 2 S4 0 6 0 

CuS04 0 

HgCI 2 0 

AgN0 3 
() 

PbC1 2 94 

FeS04 93 

FeCI. 3 99 

TI1e enzyme in the 1onn of a cell e:-..tmct of£. coli .TM.l 09(pAD 1 08) WdS incubated 

with a reagent in potas.'>itun phosphate butll.--r (pH 7.0) at 30°C tor 60 min Tile activity 

remaining WcJS dctennined tmdcr U1e standard WNIY conditions. 
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Tablc3. Substrcll:e Specificity of the Dease. 

Compmmd Activity Assay 

(%) method 

N-Carbamyl 

-D-p-hydro:-..yphetlylglycitle 100 A 

-D-phe~1ylgl ycit1e 110 A 

-DL-tryptophan 42 A 

-DL-threonit1e 27 A 

-DL-serine 55 A 

-glycit1e 12 A 

-1)...alanii1e 81 B 

-D-valine 3X B 

-D-leucit1e 100 B 

-D-methionit1e 160 B 

-DL-isoleucit1e 72 B 

-DL-phenylalanii1e 53 B 

-DL-a!)~c acid 6 B 

-DL-norvalit1e 76 B 

-DL-norleucine 105 B 

-DL- a -<:unino-n-butyric acid 110 B 

A compmmd (D, 1% w/v, DL, 2% w/v) wa') incubated mder the slalliliu'cl assay 

conditions with the purified Dease. Method A: ammonia release ww·; measured. Method 

B: D-amit10 acids were US£~yed by the J)...<.unino acid oxidase method dt!S(.:ribed it1 

Materials cmd Methods. 

l11e tollowing compounds did not serve as substrut:es under the strmdard assay 

conditions except when it1cubation was for 150 min: N-arrbamyl-L-p­

hydroxyphenylglycitle, N-<:arh.unyl-L-al<mine, N-<.:arlxuny1-L-valine, N-carbamyl-L­

phetlylalmllile, N-carbamyl-sarcosine, N-arrbc.unyl- {3 -almlli1e, N-fonnyl-D­

phenylalmllile, N-acetyl-DL-almlli~, N-acetyl-DL-methionine, cmd glycyl-DL- almlli1e. 

l11e corre::>11011ding <UliDlO acids were assayed by thin-layer chromatography. 
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DISCUSSION 

With the overexpressed DCase, the enzymatic production of D-anuno acids was 

efficient and economical. Overexpression of the DCase from Agrobacterium radiobacter 

NRRL 811291 in E. coli cells has been reported previously.
1
s. 

19
> Compared with the specific 

activity of the cell e:-..1ract reported there, the specific activity of our cell extract was about 5 

times higher, probably because the host-vector system and the culture conditions for the 

recombinant E. coli used here were more suitable for the expression ofDCase. 

Sequences of the DCase of Agrohacterium sp. strain KNK712 and that of 

Agrobacterium radiobacter NRRL B 11291
18

> were similar, but nine residues of the deduced 

anlino acid sequence were different in the two DCases .1~ l11erefore, the two DCases were not 

identical. l11e N-temllnal sequence of 20 amino acids of the DCases of Agrobacterium sp. 

strain KNK712 and four other strains, Agrobacterium radiobacter NRRL Bll291 ,
18

> another 

Agrobacterium sp.,10
> a Comamonas sp.,15) and a Blastobacter sp.,14

> were lOOo/o, 100%, 40o/o, 

and 65% similarity, respecti,vely. These results indicated that the DCases of Agrobacterium sp. 

strain KNK712, Agrobacterium radiobacter NRRL Bll291,1H) and the other reported 

Agrobacterium sp.101 
are similar. 

The molecular weight of a submut was 34,285, which was almost the sa1ne as the 

molecular weights of the subunits of the DCascs of the two other Agrobacterium strains 

already reported. lo, 
18

> l11e subunits were slightly smaller than the subunits of the DCases of 

Comamonas1
5) and Bl.astobacter,14

> with molecular weights of 40,000. 

The DCase obtained was more stable than the DCases of Comamonas and 

Blastobacter reported by Ogawa et a/. 15
'
1
o) 1l1em1ostability is advantageous for the production 

ofD-amino acids. 

The optimum pH and pH giving stability were both about pH 7, the same as for 

Agrobacterium radiohacter,10
' 

19
> the other Agrohacterium sp. studied,

1
ti.

1
7l and Pseudomonas 

sp. strain KNK003A.35
> They were different from the Comamonas sp.

1
5) and Blastohacter 

sp.,1
4J which had alkaline optimum pHs. 
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The DCase obtained was inhibited by SH reagents, as were the OCases reported by 

Ogawa et a/.,1
4.. 

1
5) Olivieri et a/., 10

> Buston et a/., 19
> and Lomvrier et a/., 101 and was 

stabilized by DTI, so that the DCase had an SH group in its active site. This DCase was 

inhibited by NH3, one of its products, as Olivieri et a/.,
10

> Ogawa et a/., 1
4.. 

1
5) and Louwrier et 

a/.
101 

have reported for the DCase they studied. 

Agrobacterium sp. strain KNK712 had not only DCase but also D-hydantoinase. D­

Specific hydantoinase is identical with dihydropyrimidinase (also EC 3.5.2.2), which 

functions in the pyrimidine degradation pathway, and the 0-hydantoinase of strain KNK712 

was indeed dihydropyrirnidinase (unpublished results). The genes for the two enzymes were 

cloned sinmltaneously beca.Use they are exist close together on the chromosomal DNA. 

However, to judge from the substrate specificity, the DCase probably did not to cooperate 

\vith the hydantoinase in pyrimidine degradation. TI1e OCase was specific for N-carbamyl-D­

anuno acids, wuike {3 -ureidopropionase (EC 3.5.1.6), which hydrolyzes N-carbamyl- {3-

alanine. TI1e DCase did not hydrolyze N-carbamyl-sarcosine, suggesting that it was not N­

carbarnyl-sarcosine an1idohydrolase. Furthem1ore, N-fom1yl-anlino acid, N-acetyl-anlino acid, 

and Gly-Ala were not hydrolyzed by the enzyme. TI1e DCase purified from Agrobacteriwn 

sp. strain KNK712 had no ureidosuccinase, onuthine carbamyltransferase, or aspartate 

carban1ylt:ransferase activity (unpublished results). TI1e same results were reported earlier for 

Coma monas sp.15) and Blastobacter sp.14
> by Ohrawa eta!. l11e physiologic fimction of OCase 

and its relationship with hyda.ntoinase remain uncertain. 

The DCase had a broad substrate specitlcity for N-carbamyl-0-anuno acids, and could 

efficiently hydrolyze several N-carbamyl-0-amino acids, but it did not hydrolyze N­

carbamyl-L-anlino acids at all. TI1e strict D-fonn stcreoselectivity is a useful characteristic for 

the production ofD-amino acids. 

I achieved lugh production of the DCase, obtained from a natural source and with 

properties suitable for industrial use. 1l1c OCase might be best used inunobilized in a 

bioreactor. 
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SUMMARY 

Agrobacterium sp. strain KNK712, which produced DCase was isolated from soil. 1l1e 

bacterium had D-specific hydantoinase activity also. Both enzymes are suitable for use in the 

production of D-amino acidS. 1l1e DCase gene from Agrobacterium sp. strain KNK712 was 

cloned into E. coli. TI1e cloned DNA fragment contained one open reading frame, predicted to 

encode a peptide of 304 amino acids, with a calculated molecular weight of 34,285. The 

DCase gene was overexpressed under the control of the l.ac promoter, and OCase accounted 

for 50% of the soluble protein in the cells. ll1e enzyme was purified and some properties were 

investigated. Both the optinmm pH and the pH that gave greatest stability were about pH 7.0. 

The optin1Um temperature was 65°C, and the enzyme was stable at 55°C. The enzyme had 

strict specificity toward N-carbamyl-D-anuno acids, and was inhibited by thiol reagents, Cu 
2 

+, 

H z+ A + d . g , g , an runmoma. 
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CHAPTER ll 

Immobilization of N-Carbamyl-D-Amino Acid Amidohydrolase 

In the previous chapter, I described a study involving the screening for OCase­

producing microorganisms, the cloning of the gene, and some properties of the enzyme. 1l1e 

DCase of Agrobacterium sp. strain KNK712 catalyzed the hydrolysis reaction efficiently, and 

was highly produced by recombinant E. coli cells. 1l1ern1otolerant Pseudomonas species that 

produce thennotolerant DCase have also been reported by Ikenaka et a/.35! Other groups also 

have reported studies on this enzyme. o, to- t ~J If the DCase is immobilized, the production 

process forD-amino acids will be improved, as in the cases of inm1obilized aminoacylase,21
) 

penicillin acylase,22
) glucose isomerase23

) and so on, which have been used commercially for 

production processes in the food and pham1accutical industries. But only Olivieri et a!. Il l 

reported the inm1obilization of DCase in inm1obilized whole cells of Agrobacterium, which 

contained not only DCase but also hydantoinase. TI1e immobilization of cell-free DCase, with 

which the expression of high activity without a membrane barrier is expected, has not been 

reported yet. Furthermore, hydantoinase and DCase have different optimum and stable pHs. 

To express high activity and to use them stably during long tenn re-peated reactions, it seems 

better that the two enzymes are inm1obilized separately, and used for each step of D-am.ino 

acid production under the respective optimal conditions. So I decided to study the 

inm10bilization of DCase in a cell-free fom1 for practical use for the decarbamylation step, 

which follows the reaction with inunobilized hydantoinase, which has already been used in 

practice.
20

J It can be expected that use of a bioreactor for the production will make the process 

simple, efficient, and highly productive, and that the economical merits will increase. In tllis 

chapter, I describe the inm1obilization ofDCase produced byE coli cells using a cloned gene 

from Agrobacterium sp. strain KNK712, its stabilization, and its use for repeated batch 

reactions. I also describe comparison of the stability of immobilized DCase from 

Agrobacterium sp. strain KNK712 with that of those from tl1em1otolerant bacteria, 35
) which 
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are expected to produce stable enzymes. 

MATERIALS AND METHODS 

MiLroorganism Agrobacterium sp. strain KNK712 and E coli JM109 cells canying 

the recombinant plasmid pAD 108, containing the DCase gene from Agrobacterium sp. strain 

KNK712, were described in Chapter I . Pseudomonas sp. strain KNK003A and 

Pseudomonas sp. strain KNK505 were reported by lkenaka et ae5
> 

Media and culture conditions. Recombinant E. coli 1M l09 cells were aerobically 

cultured in 2YT medium (1.6% tryptone, 1 o/o yeast extract, 0.5% NaCI) with 100 J1 g ·ml-1 of 

ampicillin and 1 mM isopropyl- {3 -D-thiogalactopyranoside in a 2-liter shaking flask at 37°C 

for 16 h. Agrobacterium sp. strain KNK712 was cultured as described in Chapter I . 

Pseudomonas sp. strain KNK003A and Pseudomonas sp. strain KNK505 were cultured 

under the conditions reported by Ikenaka et ae5
) 

Chemicals. N-Carbamyl-D-p-hydroxyphenylglycine was prepared from D-p­

hydroxyphenylglycine.18> Duolite (Rolm1 and Haas Ltd.), Amberlite (Rolun and Haas Ltd.), 

Diaion (Mitsubishi Chemicals), and Chitopearl (Fuji Spuming Co., Ltd.) were used as the 

supports for inm1obilization. 

Other chemicals used in this work were the best available commercial products. 

Screening of the resins for immobilh.ation. E. coli JM 109 (pAD 1 08) cells were 

harvested from 500 ml of culture broth by centrifugation (3000 x g, 5 min, 4°C), suspended in 

25 ml of 0.1 M potassium phosphate buffer (pH 7.0) contaming 2 mM DTI, and then 

dismpted by sonication. l11e cell debris was removed by centrifitbration ( 18000 x g, 10 min, 

4°C). TI1e supemat:ant was heated at 55°C for 20 mu1. After centrifugation, the supemat:ant 

was obtained as the enzyme solution. Each resin was washed with water, and then 
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equilibrated with 0.01 M and 0.1 M potassium phosphate buffer (pH 7.0) containing 2 mM 

DTT at 4°C for 18 h. After filtration, 250 mg of each equilibrated resin, 0.56 ml of an 

enzyme solution containing 10 mg of protein, and 2 ml of equilibration buffer were mi-xed, 

and then shaken at 4 °C for 18 h. After adsorption., each resin was washed with the 

equilibration buffer, sealed under nitrogen, and then incubated at 40°C . Before and after 

incubation, the activity of each resin was assayed. 

En~)Jme immobi/i;ption. 1l1e enzyme eA.1ract from E. coli JM109 (pAD108) was 

prepared in the \vay described above except for 10-fold concentration from the culture broth, 

using 5 mM DTI, and no heat treatment. Duolite A-568 was washed with 1 M NaCl, water 

and then 0.1 M potassium phosphate buffer (pH 7.0), and equilibrated with the same buffer 

for 18 h at room temperature, and then 213.2 g of the wet equilibrated resin was prepared 

from 100 g of dry resin by filtration. To the enzyme eA-1ract, 7.7 g of equilibrated resin (40 

mg-protein/g-wet-resin) and DTT (final concentration, 5 mM) were added. This miA.1ure was 

stirred at 4°C for 20 h to adsorb the enzyme under nitrogen sealing. After adsorption, the 

resin was -vvashed three times with a 5-fold volume of 0.1 M potassium phosphate buffer (pH 

7.0) containing 10 mM DTT, crosslinked with a 5-fold volume of 0.1%1 or 0.2o/o 

glutaraldehyde/0.1 M potassiurn phosphate buffer (pH 7.0) at 4°C for 10 min, vvashed three 

times with a 5-fold volume of 0.1 M potassium phosphate buffer (pH 7.0) containing 10 mM 

DTT at 4°C, and then collected by filtration. 

The immobilization of DCase of Agrobacterium sp. strain KNK712, Pseudomonas sp. 

strain KNK003A, and Pseudomonas sp. strain KNK505 was as follows . Enzyme solutions of 

the two Pseudomonas were prepared as for EcoliJM109 {pAD108) except heating at 65 oC 

for strain KNK003A or 70 oc for strain KNK505 for 20 min. after sonication. For 

adsorption, the ratio of the weight of the wet resin and that of protein in the enzyme solution 

were 1 to 0.025. The resins were crosslinked with 0.08% glutaraldehyde at room temperature 

for 30 min. DTT vvas not used for preparation of enzyme solution and inm1obilization. Other 

conditions were the same as those for E. coli JM109 (pAD108). 
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Enzyme assay. Soluble DCase was assayed by the method described in Chapter I . 

lnm10bilized DCase was assayed by measurement of D-p-hydroxyphenylglycine produced 

from N-carbamyl-D-p-hydroxyphenylglycine. ll1e re.:'lction was started by the addition of 100 

mg of wet immobilized enzyme to the assay mixture comprising 190 11 mol of N-carbamyl­

D-p-hydroxyphenylglycine and 400 11 mol of potassium phosphate buffer, pH 7.0, in a total 

volume of 4 m1. After 10 min of incubation with stirring at 40°C , the reaction was stopped by 

the addition of 1 ml of 20% trichloroacetic acid. l11e D-p-hydroxyphenylglycine was 

analyzed by HPLC. One unit of the enzyme was defined as the amount of enzyme that 

catalyzed the formation of D-p-hydroxyphenylglycine at the rate of 1 11 mol· min - l under 

the assay conditions mentioned above. 

Effects of redudants. After OCase of E coli 1Ml09 (pAD108) immobilized on 

Duolite A-568 (37 units, 0.5 g) had been put onto a column ( ll x 150 nm1), 2o/o of N­

carbamyl-0-p-hydroxyphenylglycine solution containing lmM reductant (pH 6.9): DTT, L­

cysteine, cysteanune, or sodium hydrosulfite, or without reductant, was put on the column for 

continuous hydrolysis, at 1 ml· min-
1

, at 40°C tmder nitrogen sealing for 4 days. The 

conversion of the substrate was analyzed with HPLC. 

Repeated hatch readions with the immohilh,ed DCase. Using the inunobilized DCase 

of E coli JM109 (pAD108), repeated batch reactions were done as follows. To prepare a 

substrate solution, 3 g of N-carbamyl-0-p-hydroxyphenylglycine was added to 100 g of 

deimuzed water bubbled with nitrogen gas at 40°C, and then the pH was adjusted to 7.0 by 

the addition of 3 g of 6 M NaOH with stirring. The DCase inm10bilized on Ouolite A-568 

and the prepared substrate solution were stirred at 40°C tmder a stream of nitrogen gas willie 

the pH \vas controlled at 7.0 with 2 M HCl. Samples were taken for activity measurement 

atlO and 60 min, the reaction being continued for 23.5 h in total. l11e reaction mixture was 

removed by suction, after wruch fresh substrate solution was introduced and allowed to react 

in the same manner as described above. 
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Repeated batch reactions with the u1m1obilized OCase of Agrobacterium sp. straill 

KNK712, Pseudomonas sp. strain KNK003A, and Pseudomonas sp. strain KNK505 were 

done as described above except that 1 g of N-carbamyl-0-p-hydroxyphenylglycille was 

added, the temperature of the reaction was 45 °C for the ill1mobilized enzymes of 

Pseudomonas sp. strain KNK003A and Pseudomonas sp. strain KNK505, the pH was 

controlled at 6.9 with 0.5 M HCl, and samples were taken for the calculation of the activity at 

23.5 h. Considermg the effect of adsorption of produced 0-p-hydroxyphenylglycille to the 

illm1obilized enzyme on analysis, the data of the ftrst batch was neglected, and the remauung 

activity was expressed as a percentage of the amount of the product ill the second batch. 

Ana{vtical methods. All analytical methods were described ill Chapter I . 

RESULTS 

Screening of resins for immohili':ption 

Usu1g DCase of E coli JM109 (pAD lOg), resu1S for immobilization were screened. 

Porous polymers such as Duolite A-568, Diaion HP A 25, Chitopearl 2503, and Chitopearl 

3003 had higher adsorbed DCase activity u1 0.01 M potassium phosphate buffer among 23 

resit1S (fable 4). On the other hand, u1 0.1 M potassium phosphate buffer, only Duolite A-568 

and Chitopearl 3003 had high adsorbed DCase activity. The other two resit1S, which had high 

adsorbed DCase activity ill 0.01 M potassium phosphate buffer, had no adsorbed enzyme 

activity, suggestillg that adsorbmg ability decreases m the high ionic strength buffer. DCase 

adsorbed on Duolite A-7 had lower activity than that on Duolite A-568, but it also showed 

some activity ill both 0.01 M and 0.1 M potassium phosphate buffer. OCase adsorbed on 

Duolite A-568, Duolite A-7, and Chitopearl3003 gradually lost their activity on incubation at 

40oC for 4 days, suggestillg that their stability is not high enough. 

Considermg activity and stability of the OCase, and conm1ercial reasons, we selected 

Duolite A-568 as the best resill for umnobilization ofthe OCase. 
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Table4. Activity and Stability of the Inunobil..izcd DC~. 

Resin Support Functional Remaining activity (mlits'g-resin) 

group 0.01 MKPB 0.1 MKPB 

Oclay I clay 4 clays Oday 1 day 4 clay 

Duolitc 

A-7 P-F secondary amine 55 38 31 32 27 14 

A-561 P-F terticuy amine 50 37 36 2 

A-56~ P-F tertiary ru.nine 96 62 51 84 54 44 

A-161 S-DVB quaternary ammotlium 41 38 37 4 

A-368 S-DVB tertiary ru.nine 9 9 7 6 

A-378 S-DVB tertiary a.J.lline 76 63 52 0 

S-587 P-F ru.mne 26 16 31 24 18 

XAD-761 P-F hydroxy 4 

S-861 S-DVB none 0 

Ambcrlitc 

IRA-35 A-DVB tertiary anline 13 II 0 

IRA-904 S-DVB quaternary anunmlitnn 77 70 0 

IRA-93ZU S-DVB tertiary amine 59 49 5 3 

Diaion 

WAlO A-DVB tertiary anline 0 0 

WA21 S-DVB primary, ~nclary 0 0 

ru.nme 

WA30 S-DVB terticuy ru.nine 32 23 15 5 

HPA25 S-DVB quatemary anunotlitun 112 109 lOR 0 

PA308 S-DVB quaternary mmnotlitun 17 13 10 6 

SA 11A S-DVB quaternary anunonitun 0 0 

HP20 S-DVB none 3 4 

Chitopearl 

BCW2503 c quatemary mmnmlitun 129 123 0 

BCW2603 c tertiary ru.nine 73 69 0 

BCW3003 c primary amine 8R 43 91 66 47 

BCW3503 c primary ru.nine 26 3 35 7 

Abbreviations: A-DVB, at:rylicxlivinylbt!nzenc; P-f, phl..11ol-tonnaldehyclc; S-DVB, styn:.'ne-divinyllxnzene; 

C, chitoscm; KPB, potassitun ph(Y.)1Jhate butlt..'f. 
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Table 5 . Immobilization ofti1e DCuse on Duolite A-568. 

exp. GA Activity Protein Activity Activity Activity Protein Protein 

treatment put on put on adsorbed yield adsorhrl yield 

~toreGA afterGA 

(%) (tmits'g-~in) (mglg-resin) (muts'g) (tuutslg) (tulits'g) (%) (mglg) (%) 

1 0.1 100 40 92 42 35 35 31 78 

2 0.2 97 40 88 42 11 11 31 78 

TI1e DCa& activity of ti1c enzyme solution in e:qx..'Iiments 1 <md 2 was 17 tmilli/ml <md 16 tuutslml, 

~-pxtively. TI1e protein concentration of ti1e enzyml! solution in e~riments l <md 2 was 6.8 mglml. 

Activity adsorhrl =(Activity put on)-(Renlaining activity in tl1~:: sup..n1atant ailcr crlsorption) 

Activity yield= (Activity a1ler GAY( Activity loaded) x 100 

Protein adsorbtxl =(Protein put on )-(Remaining protein in the stqx..'111£1l<mt atlcr adsorption) 

Protein yield= (Protein adsorb:rly(Prou..:in put on) x 100 

Abbreviations: exp, ex-ptiiment; GA, glutar"d.ldehyde 

Imnwbili'!,ation on Duolite A-568 

Using a cell-free eA1ract from E. coli JM 109 (pAD 1 08), DCase was inm10bilized on 

Duolite A-568 by adsorption and crosslinking (Table 5). Its activities in experiments 1 and 2 

amounted to 35 units/g-wet-resin and ll units/g-wet-resin, and the activity yields of 

experu11ents 1 and 2 were 35% and 11 o/c~, respectively. DCase activity decreased on 

cross linking with glutaraldehyde, and so the activity of the highly crosslinked inm1obilized 

enzyme in experin1ent 2 was one-third that in experin1ent 1. About 10% of the activity put on 

and about 20% of the protein put on remained in the supematant after adsorption, and thus 

were not ii1m1obilized. 

pH stability 

The effects of pH on the stability of the immobilized DCase produced with E. coli 

JM109 (pAD108) were i.twestigated. The immobilized enzyme was most stable at around pH 

7.0 at 40°C for 48 h. TI1e immobilized enzyme was more stable ii1 Tris-HCl buffer than in 

. potassium buffer (Fig. 7). 
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Effects of redudanLfi 

Using immobilized DCase produced with E. coli JM109 (pAD108), the continuous 

colunm reaction was done with or without reduct.'Ult (Fig. 8). Under conditions described in 

Materials and Methods, initial conversion of substrate to the product with each reductant or 

without it was about 1 Oo/o, and then gradually decreased in conversion because of the loss of 

the enzyme activity. However, with the use of reduct:ants such as DTI, L-cysteine, 

cysteamine and sodium hydrosulfite during the continuous reaction, the det,rree of enzyme 

inactivation in 4 days was suppressed to 30o/t, to 45%), though it was 80°/o when no reductant 

was used. 

Repeated batch reactions 

Figure 9 shows the results of repeated batch reactions with immobilized DCase of E 

coli JMl 09 (pAD 1 08). The reaction stability was greatly improved when DTI \:vas present in 

the reaction mL'\.ture, and a higher crosslinking degree also stabilized the inunobilized enzyme. 

l11e remaining activity of the inm10bilized enzyme crosslinked with 0.1 o/t) and 0.2°/c) 

glutaraldehyde, and 0.2% with DTI in the reaction miA1ure was 22o/t, 38o/o, and 84% after 4 

tin1es repeated reactions, and 12o/o, 18o/t,, and 63o/o after 14 tin1es repeated reactions, 

respectively. When the activity had decreased to about 40% of the initial level, the substrate 

began not to be converted to D-p-hydroxyphenylglycine completely in 23.5 h. 

DCase from Pseudomonas sp. strain KNK003A and Pseudomonas sp. strain KNK505, 

which are then11otolerant bacteria, and that from Agrobacterium sp. strain KNK712 were 

immobilized on Duolite A-568, and the stability during repeated batch reactions was 

examined (Fig. 1 0). l11e stabilities of the immobilized enzymes of the t\:vo thermotolerant 

bacteria were superior to that of Agrobacterium sp. strain KNK712, though the former two 

were used at higher temperatures. However, their activity was lower than that of 

Agrobacterium sp. strain KNK712. Compared to the activity ofinunobilized DCase of E. coli 

JM109 (pAD108), even that ofAgrobacterium sp. strain KNK712 was twenty times lower. 

Low activity of these inunobilized enzymes was probably caused by the low specific activity 
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of the enzyme solutions used for inunobilization. Activity of the three enzymes show11 in Fig. 

10 were too low to convert substrate to D-p-hydroxyphenylglycine completely during the 

reaction. 
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Fig. 9. Stability of the Inunobili.zed OCasc or E. coli JMl 09 (pAD I 08) on Ret-~too Batch 

Reactions. 

Repeatoo ootch reactions were done as de:;(.:ri.txxltulc.k..'f Materials cmd Methods t!bing the 

innnobi.J..i.zOO DC~ crosslinkoo with 0.1% ( •) or with 0.2% glutaraldehyde ( •), <I 0.2% 

glutaraldehyde with dithiothrt!i.tol in the reaction 111L\.1ure (. ). 
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Fig. 10. Stability of the hmnobiliz.OO DCa~ of Agmlxtctetium !:ill Struin KNK712 and 

1hennotolerant Bacteria on R~ted Batch Reactions. 

Repeated ootch reactions were done as dcscTihed tmd..."f Materials and Methods using the 

inunobiliz.OO DCa& of AgrvbacteJium sp. strain KNK712 ( •), Pseudomonas sp. strain 

KNK003A (A), or Pseudomonas ~v. stmi.n KNK505 (e). 

DISCUSSION 

To use the inunobilized enzyme practically, the activity of it must be high and stable 

during long term reaction. To satisfy these points, I examined methods of inm1obilization. I 

screened suitable supports for inm1obilization, of which the activities were high and stable 

under both low and high ionic strength conditions. 1l1e majority of the inm1obilized enzymes 

showed some activity in the low ionic strength buffer, but low activity in the high ionic 

strength buffer, suggesting that the protein was held on to the resin through ionic bonds. But 

among these resins, Duolite A-568, Duolite A-7, and Chitopearl3003 showed high adsorbed 

- 31 -



DCase activity even under high ionic strength conditions, suggesting that these resins hold the 

protein through not only ionic bonds but also through hydrophobic bonds between the protein 

and the resin. In an actual reaction, the immobilized enzyme is w1der high ionic strent,.,th 

conditions, so a resin on which the enzyme is immobilized stably under high ionic strent,'11:11 

conditions can be used more stably in the reaction. From the activity and stability of the 

enzyme, and commercial reasons, I selected Duolite A-568 as the most suitable for 

inunobilization of the DCase. 

The activity yield on the immobilization of DCase on Duolite A-568 was ll-35o/o. TI1e 

first reason for the low yield is that DCase is sensitive to glutaraldehyde. As DCase might be 

crosslinked strongly, it lost much more activity, suggesting that the reaction between 

glutaraldehyde and the amino groups around the active site causes the activity loss. 1l1e 

second reason is that Duolite A-568 is a macroporous resin (average pore size, about 200 A ). 

It is supposed that the linutation of diffi.1sion of a substrate through the pores causes the 

decrease in activity of the irrunobilized enzyme when the activity is measured at the same 

substrate concentration as for the soluble enzyme. In practice, the apparent Km of the 

immobilized enzyme was 30 mM (data not shown), wluch was larger than that of the soluble 

enzyme, 0.89 mM (Chapter I ). TIUrdly, the yield of the adsorbed protein was 78%,. In late 

period of adsorption, it is proposed that the rate of adsorption decreases because of the 

decrease in protein concentration, and the adsorbing capacity of the resin was filled. 

The stability ofthe inunobilized enzyme was studied. TI1e most stable pH was around 7, 

which was the san1e as that for the soluble DCase (Chapter I ). Reductants such as DTI, L­

cysteine, cysteamine, and sodium hydrosulfite stabilized the irrunobilized enzyme during the 

continuous reactions. As I described in Chapter I , soluble DCase also stabilized by DTI, and 

inhibited by SH reagents. DCase seemed to be an SH enzyme, so it can be supposed that the 

enzyme is denaturated through oxidation of the SH groups at the active site or other SH 

groups. 

l11e stability on repeated batch reactions was also remarkably improved by using DIT 

as a reductant. Among the many reasons for the inactivation, the most in1portant point as to 
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repeated reaction stability was prevention of oxidation of the enzyme in this case. 

Glutaraldehyde also improved the stability, suggesting that the enzyme released from the resin 

decreased, and the enzyme steric confommtion was stabilized by enzyme-resin and enzyme­

enzyme cross linking. But little loss of activity occurred in spite of the reduction with DTI and 

high crosslinking. Considering these results: reduction and crosslinking were not enough, and 

denaturation due to heat and acid for the control of pH also might occur. 

By using recombinant E. coli which could produce DCase copiously, an immobilized 

enzyme with high activity and stability was prepared in this study, and probably it can be 

actually used. Further, I found that inunobilized DCases ofthennotolerant bacteria were quite 

stable during reaction, though their activity was low. lkenaka et al.
3
s1 reported that these 

enzymes showed high thermostability. Though there are many reasons for inactivation in the 

repeated reactions: it can be proposed that the use of a thermotolerant enzyme is an effective 

means of in1proving stability. Studies along such lines to create a more highly active and 

stable inu11obilized DCase will be done. 

SUMMARY 

N-Carbamyl-D-amino acid amidohydrolase (DCase), produced by recombinant E coli 

cells using a cloned gene from Agrobacterium sp. strain KNK712, has been in1mobilized for 

use in the production ofD-amino acids. 1l1e porous polymers, Duolite A-568 and Chitopearl 

3003, were much better than other resins for the activity and stability of the adsorbed enzyme. 

TI1e activity of DCase expressed on Duolite A-568 and Chitopearl 3003 amounted to 96 

units· g-1-wet-resin and 91 units· g-1-wet-resin, respectively. DCase immobilized on Duolite A-

568 was found to be most stable at about pH 7, and it was further stabilized by reducta.nts 

such as DTI, L-cysteine, cysteamine, and sodium hydrosulfite. TI1e stability during the 

repeated batch reactions was greatly improved when DTI was in the reaction mixture, and 

the higher crosslinking degree with glutaraldehyde also stabilized the inm1obilized enzyme. 
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After 14 times repeated reactions, the remaining activity of the inunobilized enzyme cross­

linked with 0.1 o/o and 0 .2~, of glutaraldehyde~ and 0.21% of glutaraldehyde with DIT in the 

reaction n1L~1ure was 12%, 18~,, and 63~,,respectively . DCase produced by Pseudomonas sp. 

strain KNK003A and Pseudomonas sp. strain KNK505, which are them1otolerant soil 

bacteria, and that by Agrohacterium sp. strain KNK712 were also u1m1obilized on Duolite A-

568. TI1e stability of the enzymes ofthem1otolerant bacteria during reactions was superior to 

that of Agrohacterium sp. strain KNK712, though the activity was lower than that of strail1 

KNK712. 
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CHAPTER III 

Immobilization of Thermotolerant N-Carbamyi-D-Amino Acid 
Amidohydrolase 

An inunobilized enzyme is beneficial not only because it can be reused for the reaction, 

but also because it facilitates the operation and product isolation, and improves the yields of 

the products. Therefore, such enzymes have been used widely for industrial purposes.21
-
23

) 

In order to improve the production of 0-amino acids, I studied the application of a 

bioreactor to enzymatic reactions. In Chapters I and II , J described the screening of a DCase, 

cloning and overexpression of its gene from Agrobacterium sp. KNK712, and its 

inunobilization. This overexpressed DCasc seemed to exhibit higher activity than other 

previously reported ones,6. W·t 9
J but its stability was not enough when the inunobilized enzyme 

was used in repeated reactions. To resolve this problem, the DCase has been improved by 

means of gene mutatiol\ and some them10tolcrant DCases have been obtained, in which an 

an1ino acid \vas substihtted. 36· ] ?. ~~J 

In this chapter, I describe the effect of the them1ostability of the improved DCase on the 

stability of the inunobilized enzyme in repeated reactions and the characteristics of the 

inm10bilized enzyme. 
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MATERIALS AND METHODS 

Mic.roorganisms. E coli JM 109 carrying recombinant plasmid pAD 108 was described 

in Chapter I . E coli JM109 carrying recombinant plasmid pAD402, pAD404, pAD406 or 
pAD416 was reported by lkenaka et al.Y5. 1

'l Each plasmid has a DCase gene wruch codes a 

native or mutant DCase of Agrobacterium sp. KNK712. 1l1e numbers of the plasmids are 

those name of the DCases. 

Media and culture conditions. Recombinant E coli JM109 was aerobically cultured in 
2Yf medium (1.6% oftryptone~ lo/c, of yeast e:\.tract, and 0.5o/c, ofNaCl, pH 7.0) containing 
100 J1 glml of ampicillin in a 2liter Saka,guchi flask at 37°C, for 16 h. 

Chemicals. N-Carbamyl-D-p-hydroxyphenylglycine was prepared from the 
corresponding amino acid .28

> Duolite A-568 (Rohm and Haas Ltd.) was employed as a 
support for immobilization. 

Other chen1icals used in this work were the best available commercial products. 

Preparation and immohili'!ption of DCase_.._ Native ( 1 08) and four kinds of mutant 

DCases (402, 404, 406, and 416) were used for inm1obilization (See Table 6 for the positions 

of the mutations and the a.Inino acid substitutions i.n each mutated enzyme). Cells of E coli 
JM 1 09(pAD 1 08), JM 1 09(pAD402), J M l 09(pAD404 ), JM l 09(pAD406), and 

JM 1 09(pAD416) were harvested from 500 ml of cultured broth by centrifugation (3000 x g, 
10 min, 4°C), suspended in 50 ml ofO.l M potassium phosphate buffer, pH 7.0, containing 5 
mM DTT, and then dismpted by sonication. The cell debris was removed by centrifugation 
(18000 x g, 10 min, 4°C), and then the supernatant was obtained as the enzyme solution. 

Duolite A-568 was washed with I M NaCI, water, and then 0.1 M potassium phosphate 

buffer, pH 7.0, a11d equilibrated with the same buffer for 18 hat room temperature: and then 

the wet equilibrated resin was prepared by filtration. 1l1e wet resin and DTT (final 
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concentration~ 5 mM) was added to the enzyme solution, followed by stirring at 4 °C for 20 h 

under nitrogen sealing. For adsorpti01~ the weight of the wc1: resin and that of protein in the 

enzyme solution were in the ratio of 1 to 0.04. After adsorptim~ the resin was washed three 

times with a 5-fold volume of 0.1 M potassium phosphate bufier~ pH7. 0~ containing 10 mM 

DTT, crosslinked with a 5-fold volume of 0.2o/o of glutaraldehyde in 0.1 M potassium 

phosphate buffer, pH7.0, containing 10 mM DTI at 4°C for 10 min, washed 3 times with a 

5-fold volume of 0.1 M potassium phosphate buffer, pH 7.0, containing 10 mM of DIT at 

4°C , and then filtered. 

En;,yme assay. Soluble DCase and u1m1obilized DCase were assayed at 40°C and pH 

7. 0 by the methods described in Chapters I and II . 

One unit of the enzyme was defined as the amount of enzyme that catalyzed the fomlation 

ofD-p-hydroxyphenylglycme at the rate of I 11 mol· nun - l under the assay conditions. 

To determine the effects of temperature and pH on the activity or stability ofinm1obilized 

DCase, standard assays were perfom1ed as follows. l11e reaction was started by the addition 

of 200 mg of wet inunobilized enzyme to the assay nu:..1ure comprising 4430 Jl mol of N­

carbamyl-0-p-hydroxyphenylglycille, 3000 JLmol of potassium phosphate buffer, pH 7.0, 

and 486 Jl mol of DTT, ill a total volume of 30 ml. After l 0 mu1 incubation with stirring 

at 50°C, the reaction was stopped by the addition of 1 ml of 5 M HzS04 .111e D-p­

hydroxyphenylglycine fonned was analyzed by HPLC as described u1 Chapter I . 

Ana~vtical methods. All analytical methods were described in Chapter I . 

Repeated batch readions. As described ill Chapter II, usmg N-carba.myl-0-p­

hydroxyphenylglycine as a substrate solution~ batch reactions were carried out repeatedly in a 

stirred reactor at 40°C w1der a stream oftutrogen gas while the pH was controlled at 7.0 with 

2M HCl. At 10 and 60 min, samples were taken for the calculation ofthe activity based on 

the product amount of 60 nun n1inus that of l 0 min, the reaction being contmued for 23.5 h in 
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total. After the removal of reaction miA-'ture, the reaction was repeated in the same matmer. 

RESULTS 

Enzyme thermo.\tability 

The them1ostabilities of the native and mutated DCases are shown in Table 6. The 

them1ostabilities of the mutated DCases having at1 amino acid substitution were 4.7-9.6°C 

higher than that of the native one, and 416 DCase, having the substitution of 236 valine to 

alatline, was the most stable. 

Table 6. Enzyme 11len11():)1:ability. 

Enzymc 

108(native) 

402 

404 

406 

416 

Amino acid suh>titution 

none 

His57-+Tyr 

Pro 203-->Leu 

Pro203-+&r 

Val236--+Ala 

TI1en110::;ti.1bility 

('C) 

61.8 

67.3 

6X.O 

66.5 

71.4 

Solutions of JM109(pADl08), JM109(pAD402), .TMIO~pAD404), 

JM109(pAD406), and JM109(pAD416), sec M!terials cmd Methods, were incubutoo at 

temperatures from 56°C to 74°C at 3°C inkrvals tor 10 min. TI1e n.."lmrining activity 

was detennitied tulc.l'"I' the standard as:x.~y conditions, and thcrmostability was expressed 

as the temp...'Tclture at which 5{11/o of the activity was lost. 

Immobi/iz,ation of OCases on Duolite A-568 

The native and mutated DCases were immobilized on DuoliteA-568 by adsorption at1d 

crosslinking with glutaraldehyde (Table 7). The inunobilized 402 at1d 416 DCases exhibited 

higher activity that1 that of the native one, at1d all the mutat1t DCases were superior in the 

activity yield to the native one. But the activity yields ranged from 9.6o/c> to 16.4o/o, which was 

not so high. 
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Table 7. Immobilizc:Jtion ofDCases 

Enzyme Specil.iL: udivity 

108(native) 

402 

404 

406 

416 

Loachl enzyme 

( unit£'mg) 

2.43 

2.31 

2.02 

2.34 

2.51 

Abbreviation; GA, glutaraldehyde. 

Repeated batch readions 

InunobiliZlrl ~nzymc 

octoreGA alk.,-GA 

(tulitslg) (unil'llg) 

41.8 10.8 

37.8 15.1 

36.8 11.5 

36.9 11.1 

44.5 14.6 

Activity 

yield 

(%) 

9.6 

16.4 

12.8 

11.9 

14.6 

The stability on repeated batch reactions in a stirred reactor was examined. When 

dithiothreitol was not present in the reaction mi:-.1ure, all the mutant DCases were more stable 

than the native one. Among them, the 416 and 404 DCascs showed the highest stability (Fig. 

11 ). 

Compared with the results in Fig. 11, Fig. 12 shows that the stability of the immobilized 

enzymes was improved when DTI \vas present in the reaction l11L"\.1ure. 

Based on the results of repeated reactions with DTI (Fig. 12), the half-lives of the 

activity were calculated from the regression coefficients. 1l1e half-lives of the activity on 

reaction for 1 to 8 times were 15 time for lOX DCase, 42 times for 404 DCase and 37 times 

for 416 DCase, and those for 9 to 17 times were 58 ti.mes for l 08 DCase and 104 times for 

404 DCase. From the results shown in Fig. 12 and the calculated half-lives, the mutant 404 

and 416DCases showed almost the same stability, which was superior to that of the native 

108 DCase. And the activity loss was greater at early stages than late ones of the reaction, this 

phenomenon being observed also in case of Fig. 11. 
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Fig. 11. Stability of Immobilized DC<l.'leS on Rep,;atlXI Batch Reactions without a 
Reductant. 

Repeated ootch n!actions were carrilXI out witi1out a rlXiuctant as dl!:;(.:ribOO Lmder 
Materials <md Methods LL')ing immobilized I OX ( • ), 402 (A ), 404 (e), 406 ( 0 ), and 
416 (.6.) DCa~. 111e remaining activity \Vd.S e:'qns-ul as a percentage ofti1e activity in 
the first reaction. 
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Fig. 12 Stability of Inunobilized OCa-.es on Repeated Batch Reactions witi1 a 
Roouctru1t. 

Repeated ootch reactions were carried out witi1 5 mM ditl1iothreitol a') c.lc&TibOO 
lmd..:.r Materials <md Methods using inunobilized 1 OR ( • ), 404 (A ), and 416 (e ) Dease. 
1l1e retnaini.ng activity was exp~~ as a p ... ·r-rentage or tile act.ivity in tile ~reaction. 
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Effects of temperature and pH on the ac.tivity and stability of D(ase 

According to an increase in the temperature, the activity of immobilized 416 DCase 

increased, the activity at 50°C being 1.5 times higher than that at 40°C, as shown in Fig. 

13(A). l11e slope of the activity of soluble 416 DCasc was the same as that of immobilized 

416 DCase in the range of30°C to 60°C , when assayed for 10 min under the standard assay 

conditions (data not shown). 

l11e optimum pH was found to be about 6.5 (Fig. 13(B)), although that of soluble 416 

DCase was about 7 (data not sho'WTl). 

After 16 h incubation, the activities of soluble 416 DCase and in1mobilized 416 DCase 

were stable below 40°C , and remained at 25 .8%, and 40.2o/o at 60°C , respectively (Fig. 14). 

TI1e immobilized 416 DCase was stable compared with the soluble enzyme. 
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Fig. 13. Etllxts ofTemp ... "rdture und pH on tht! Activity of<m Immohili:ax.l OCa.sc. 

Immobilized Dease from .TM109(pAD416) WdS tlSI.Xi (A) -lhe inunobilizill OCase WdS as..'ilyed at various 

temperatures tmci.."f U1e sumdard ~y conditions. (B) 111e immobiliztxl DCa& was assayed tmdcr the standard assay 

conditions except that the tollowing bull~ weretL~: 100 mM !X'laS!:>itun pho~vhate, pH 5.2-7.0 C• }, cmd 100 mM 

po~ium phm.-phatemonohasic-50 mM rodiLun bomte., pH 7.0-R9 (e ). 1l1e relat.ivt! activity wast!>.~ us a 

percentage oftl1e activity at 50°C <md pH 7.0. 
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Fig. 14. Etlect ofT etnpt.->rdture on tht: Stability of an InunobilizOO DC~. 

A solution of.TMI O~AD41 6) containing 10 mM dithiothrt.;itol C• ), <md 200 mg 

of i..nunobilizcd 41 6 DCusc in 30 ml of 0.1 M pota-;.')itun ph~vhate buUt.,.-, pH 7.0, 

containing 10 mM dithiothreitol (e ) were incuhutcd at various lt:.."'n~U""dtun.~ lor 16 h. 

TI1e rexnaining activity was octcrmined w1der tht.; ~andard conditions. 'l11e remaining 

activity \ VdS expr~ <L~ a l"X."n::entage orthe activity ~fore incubation. 

DISCUSSION 

Thennotolerant DCases were obtained to stabilize immobilized DCases in reactions 

and to use them practically. 1l1ey were stable when treated at high temperature, suggesting 

that the molecular confomla.tions of the enzymes were stabilized by amino acid substitutions. 

And improvement of the thennostability caused an increase in the activity yield when they 

were inm1obilized. From the results, the thennotolerant enzyme seemed to be more resistant 

to denaturation due to heat, glutaraldehyde treatment or oxidation than the native one. 

However, the activity yield was not enough, because inactivation by glutaraldehyde was still 
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high, some enzyme remained in the supematant after adsorption, and the enzyme 

immobilized on a support did not express complete activity because of the limitations of 

diffusion of the substrate into macropores. 

When inm10bilized enzymes \vere used in batch reactions repeatedly, the immobilized 

them1otolerant DCases showed obviously improved stability compared to that of the native 

one. It is supposed that the inactivation was caused by heat, oxidation, and the acid used for 

pH control. Apparently, the confomlations of the immobilized thennotolerant DCases were 

protected against heat effectively, and the activity seemed to be protected against other fom1s 

of denaturation. 

The reductant, DTI, stabilized the activity of the inunobilized enzyn1es effectively, 

suggesting tllat oxidation of an SH group is one of the major reasons for the inactivation. 

Other reductants were also able to stabilize the activity of an immobilized enzyme in reactions, 

as described in Chapter IT . 

However, even the thennotolerant DCases t,rradually lost their activity when used in 

reactions as immobilized enzymes witl1 a reductant and nitrogen. It was supposed that the 

reason was denaturation or detachment from the support due to insufficient crosslinking with 

glutaraldehyde and denaturation by the acid used for pH control. Inactivation occurred at early 

stages of ilie reaction and the activity t,rradually became stable at late stages of the reaction, 

suggesting tllat an wlstable enzyme on the support was easy to denature or detach, and a 

stable one remained as it was. 

Some loss of activity of an in11nobilized enzyme vvas observed on 16 h incubation at 

50°C or 60°C. Tius is because of denaturation not only by heat but also by oxidation even 

with a reductant. When a soluble DCase was incubated with a reductant under nitrogen 

sealing, it was more stable tlmn without nitrogen (data not shown). An inunobilized DCase 

was somewhat stable compared with the soluble enzyme, suggesting that adsorption on the 

support and crosslink.ing with glutaraldehyde stabilized the structure ofilie enzyme. 

l11e activity of inm1obilizcd 416 DCasc at 50°C was 1.5 times higher than that at 40°C. 

An inm1obilized them1otolerant DCase can be used stably at a higher temperature, at which 
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the enzyme expresses higher activity, so that unmobilized enzyme can be used more 

efficiently. In the range of 30°C to 60°C, the slope for the activity of soluble 416 DCase was 

the same as that for the immobilized enzyme, suggesting that there was no difterence u1 

activation energy between the soluble and immobilized enzymes. 

The optimum pH of an immobilized enzyme was lower than that of the soluble enzyme, 

suggesting that the pH around the enzyme in the macropores of the support was higher than 

the e"-1ernal pH, because the products of the DCase reaction remained ill the macropores. 

In this study, it was revealed that an immobilized thermotolerant DCase was more 

stable than the native one on repeated reactions. And it can be applied to the production of D­

amino acids practically. After thennotolerant 416 DCase reported u1 tilis paper, we obtained 

455 DCase, which showed further improved thennostability.40
) It was also inm10bilized, and 

exhibited excellent activity and stability. Further work on the production of this enzyme is 

necessary. And the mechanism of inactivation in repeated reactions should be clarified in 

detail. 

SUMMARY 

N-Carbamyl-D-am.ino acid am.idohydrolase (DCase), in which amu10 acid residues 

were substituted by mutation, followed by the selection based on them1otolerance, showed 

iJnproved then11ostability, by 5 or l0°C, compared to the native DCase. These DCases were 

i.nm10bilized on a macroporous phenol fonnaldehyde resu1, Duolite A-568, and the 

in1mobilized them1otolerant enzymes showed higher activity than the u1m1obilized native 

DCase. From the results of repeated batch rea.ctions, ti1e half-lives of ti1e activities of 

i.n1.tnobilized then11otolerant DCase, ill which Leu was substituted for Pro 203, and 

umnobilized native DCase were 104 and 58 times, respectively. It was revealed that the 

higher thennotolerance enabled the immobilized enzymes to be more stable u1 reactions. A 

reductant, DTI, also stabilized the enzymes in reactions. Compared witi1 soluble DCase, 

i.nm10bilized DCase was somewhat stable, and its activity was optimum at a lower pH. 
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CHAPTER N 

Production of Thermotolerant N-Carbamyi-D-Amino Acid 

Amidohydrolase by Recombinant Escherichia coli 

Several usefi.1l proteins have been produced by means of recombinant DNA technology 

using eukaryote or prokaryote cells. In particular, some bacteria are \Yell known to be useful 

hosts, and a vector has been developed. Also, enzymes highly produced by these bacteria 

have been used as catalysts for the production of valuable chemicals, such as semisynthetic 

. . 11 . d hal . 20 ll, J9) peruc1 ms an cep osporms. ·-

As described in the previous chapter, I tried to improve the production of D-amino 

acids, and thus I obtained a DCase, cloned its gene, and immobilized the enzyme, which 

improved its themostability.36. 37
• 4IJJ Fwthem1ore, I achieved high expression of the DCase 

using a recombinant E. coli species. Besides my work, a few ,groups have reported 

overexpression of the enzyme. I&, 
19

> D-Amino acids can be efficiently produced using an 

inm1obilized DCase. However, the DCase activity in the cultured broth of the genetically 

engineered E. coli described in Chapter I was still not enough for economical preparation 

of the i.t1m1obilized enzyme, although the E coli produced a higher an1ount of DCase than 

other strains .6.JI;.JYJ Fwthennore, the components of the medium, such as the inducer, carbon 

source and nitrogen source, used for the culture i.t1 Chapter I are expensive. Another 

problem was that the plasmid for overexpression of the DCase was not stably maintai.t1ed in 

the host cells. So I attempted to stabilize the plasmid and to produce a sufficient amount of 

DCase economically using a recombinant E coli technique. 

In this chapter, I describe the constmction of an expression plasmid, and the 

hyperproduction ofDCase in E. coli with cheap medium components. 
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MATERIALS AND METHODS 

MiLroorganL,·ms and DNA. E culi used in this chapter were JM109, C600hfl, C600, 

LE392, AGl, K802, NM554, PLK-A, SCSI , DHl , HBlOl , TOPlO, and DH5 . 

A recombinant plasmid, pAD455, carrying the DCase gene, which was cloned from 

Agrobacterium sp. strain KNK712, randomly mutated in vitro, selected as the gene for the 

enzyme whose thermostability was improved, was prepared by the methods of Chapter I 

and Ikenaka et a/.40
) Plasmids pUC19 and pTrc99A were purchased from Takara Shuzo Co., 

Ltd., and Phannacia Biotech, respectively. 

Other molecular biological technique 'vas the methods of Maniatis eta!. :?.'i) 

Chemical'i. Protein eAtract, which \vas a 111L\.1ure of acid hydrolyzed com gluten, wheat 

gluten and soybean eAtract, \vas purchased from Bansyu Chomiryo Co., Ltd. Bacto casamino 

acids, Bacto yeast eA1ract and Bacto tryptone were purchased from Di.fco Laboratories. NZ­

anune type A and com steep liquor were purchased from Wako Pure Chemical Industries, 

Ltd. Bonito fillet eA1ract type CR \vas purchased from Riken Vitamin Co., Ltd. 

Other chemicals used in this chapter were the best available commercial products. 

Media and culture conditions. Transfonned E coli cells were cultured on a plate of 

LB medium (1.0% oftryptone, 0.5% of yeast extract, 0.5o/o ofNaCl, and 1.5%) of agar, pH 

7.0) contai.tling 100 J-L g · nu-1 of an1piciUin at 37°C for 20 h. A monocolony of the 

recombinant E coli was inoculated into and cultured in 10 ml of 2YT medium ( 1.6%) of 

tryptone, l.Oo/o0f yeast eAtract, and 0.5%, of NaCl, pH 7.0) containing 100 J-L g ·nu-1 of 

ampicillin in a test tube at 37°C for an appropriate time for the selection of a host and the 

construction of a plasnud. 

To exanune the medium, glycerol stock ofHB10l(pNT4553) 'vas inoculated into lO 

tnl of2YT medium containi.t1g 100 J-L g · ml-1 of ampicillin in a test tube, cultured at 37°C for 

24 h, inoculated into an appropriate volume of altered standard medium A ( 1.5°/o of glycerol, 
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0.5o/o of protein eAtract, 0.4o/o of NazHPO<I ~ 0.4% of KH z PO <I , 0.2o/o of NaCl, 0.051% of 

MgSO q ·1H20 , 4 ppm ofFeSQ.,·7H 20~ 0.9 ppm ofZnSQ ,,·7H20, 0.4 ppm ofCuSO q · 

5Hz0 , 0.2 ppm of MnCl 2 ·4H :!O, 0.09 ppm of Na28 ,,Q 7 · IOH 20 , and 0.09 ppm of 

(NH <I )GM0 70 2<I ·4H20 , dissolved in deionized water and adjusted to pH 7.4 with 6 M 

NaOH) in a 500 ml shaking flask, and then cultured aerobically at 37°C for 2X h. After 

culture for 13 h, the pH of the cultured broth was adjusted to pH 7.4 with NaOH or HCl every 

3 h. 

Plasmid stability. A monocolony of the transforn1ed E coli on LB medium containing 

100 /.1 g · nu-1 of ampicillin was inoculated into l 0 ml of 2YT medium containing l 00 /.1 g · 

ml-1 of ampicillin in a test tube, and then aerobically cultured at 37°C for 24 h. After that, the 

cultured broth was inoculated into 10 ml of 2YT medium in a test tube, and then aerobically 

cultured at 37°C for 12 h. 111is culture without ampicillin was repeated a total of four times. 

For inoculation, 100 Jll of the cultured broth was used. The fourth cultured broth was plated 

on LB mediufl\ and 100 colonies were replicated onto plates ofLB medium and LB medium 

cont:allling 100 /.1 g · nu-1 of ampicillin, respectively. Plasmid stability was expressed as a 

percentage of the ampicillin-resistant colonies, which fom1ed on both LB medium and LB 

medium containing ampicillin. 

En'!r.vme assay. Cells were harvested from I ml of cultured broth, suspended in l ml of 

0.1 M potassium phosphate buffer, pH 7.0, containing 5 mM ofDTI~ disntpted by sotlication, 

and then assayed at 40 °C, pH 7.0 by the methcxi of Chapter I . One unit of the enzyme was 

defined as the amount of enzyme that catalyzed the fonnation of D-p-hydroxyphenylglycine 

at the rate of 1 /.1 mol· min-1 w1der the assay conditions. 

Ana(vtical methods. Cell growth was measured as the absorbance at 550 nm using a 

spectrophotometer, U-2000 (Hitachi). Other analytical mcthcxis were described in Chapter 

I . 
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RESULTS 

Con!'itruction of an expression vector 

An expression vector, pNT4553, which has the DCase gene, a /.ac promoter and the 

terminator on pUC19 was constructed (Fig. 15). By means ofPCR methods with pUC19 (Fig. 

15) as a template, and p-1 and p-2 ( Fig. 16) as primers, a 1.3 Kbp Hindill - CfrlO I 

fragment which contained an Nde I site was obtained. 1l1is frat,1111ent was substituted for a 

1.3 KbpHindill -CfrlO I fragment ofpUC19. Asaresult, anNde I site was introduced 

at the start codon of lacZ (pUCNde). To obtain pTrcNde, the Nco I site of pTrc99A was 

changed to an Nde I site as follows . By means ofPCR using pTrc99A as a template, and p-

3 and p-4 (Fig. 16) as primers, a 0.6 Kbp EcoR I - EcoRV fragment which contained an Nde 

I site was obtained. This fragment was substituted for a 0.6 Kbp J:.(:oR I - EcoRV fragment 

ofpTrc99A. Plasmid pUCNT was constructed by ligation with the 2.0 Kbp Nde I- S"lp I 

fragment from pUCNde and the 0.6 Kbp Nde I -S.\p 1 fragment from pTrcNde. Plasmid 

pNT4553 was obtained as follows . A Nde I -Pst I fragment of the thennotolerant 455 

DCase gene was prepared by PCR using pAD455 as a template, and p-5 and p-6 (Fig. 16) as 

primers. Then, the 0.9 Kbp Nde I -Pst I fragment of the DCase gene and the 2.6 Kbp Nde I -

Pst I fragment ofpUCNT were li!:,rated. The obtained plasmid, pNT4553, only contained an 

open reading frame for the DCase in p UCNT, as the sequences of primers p-5 and p-6 

showed (Fig. 16). 

A cell-free extract of E. coli JM109 transfonned with pNT4553 showed high specific 

activity of the DCase (2.3 units ·mg-1-protein) without an inducer, it being 7-fold higher than 

that of Agrobacterium sp. strain KNK712. The examination of plasmid stability described 

under Materials and Methods showed that the stability of pNT4553 in E. coli JM109 was 

100% at the fourth cultivation. 
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Fig. 15. Construction ofPia~1nid pNT4553 for Expres....,ion. 
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Primers for pUCNde .. 
p-1 5'-GCATGCAAGCTTGGCGT AATCATGGTCATATGTGTTTCCTGT - 3' 

Hindm Nde I 

p-2 5'-ATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGT -3' 

Cfr10 I 

Primers for pTrcNde ... 
p-3 5'-GAGCTCGAA TTCCATATGCTGTTTCCTGTG-3' ----

EcoR I NdtJ I 

p-4 5'-CGCGTTGGTGCGGAT ATCTCGGTAGTGGGA-3' 

EcoRV 

Primers for DCase gene 

p-5 5'-T ACGAGAAGCTTGGCA T A TGACACGTCAGA TGAT ACTTGCA-3' 

Ndei 

p-6 5'-GT ATGTCTGCAGCCTCAGAGTTCCGCGATCAGACCA-3' 

Pst I stop codon 

Fig 16. Prim~ tor PCR. 

TI1e sequence; of the pruner.; lor PCR lor the prep<trc.~tion of pUCNde ( p-1 , I>-2 ), 

pTrcNde (j:>-3, p-4), ~md tl~ Dease gene (lr5, p-(>). ll1e sitt!S lor tl~ restridion llll)'lnt!S 

and tl~ stop codon of the Dease gene are tu1dcrlincd. 111e mu..:lcotid~ t(Jr introduction of 

mutations are incliC<.ttcd by +. 

~\~election of host cells 

Using pNT4553, a host for DCase production was screened (Table 8). After the 

introduction of pNT4553, all the E. coli strains except AG l, KX02, PLK-A and SCS-I 

expressed high specific DCase activity under the cultivation conditions in 2YT medium 

without an inducer. From among them, E. coli HB 1 0 1 was selected as the best host. Its 

activity was 6.36 wuts · ml'"1cultured broth, which was the highest among those of the hosts 

exanlined. The specific activity of the cell-free e:-..1ract without an inducer was 3.66wuts ·mg-

1-protein, which was more than 10 times higher than the specific activity of Agrobacterium sp. 

strain KNK712. On SDS-polyacrylanude gel electrophoresis, 3~> the highly expressed DCase 

in strain HB 101 (pNT4553) cells appeared in the soluble part as a main band, but no major 
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band of the DCase appeared in the insoluble part, suggesting that the DCase did not fom1 

inclusion bodies. l11e plasmid pNT4553 in HB l 0 I ,,.as maintained stably on cultivation for 4 

times under the conditions for the examination of plasmid stability given under Materials and 

Methods. E coli NM554 also expressed high activity, and its plasmid was maintained stably. 

But the plasm.ids in eight strains of E. coli, some of which expressed high activity, were 

unstable during cultivation. 

Table 8. Growth, Activity, and Pllli>1nid Stability ofthe Ret:Ombinant E. coli. 

E. coli Growth Total Sr'XXific Plw~1nid 

Strain a~,;tivity activity ~iability 

(OD550) ( LU U l!Y'ml) (tuul!Y'mg) (%) 

HBlOI 13.R 6.36 3.66 ltxl 

NM554 11 .0 6.10 4.21 100 

DH5 13.0 5.06 3J~6 91 

DHl 13.7 5.02 3.41 100 

LE392 12.7 4.37 3 .~ 100 

TOP10 10.1 4.22 3.49 95 

C600h1l R7 3.47 5.01 97 

C600 16.3 3.15 2.6!S 36 

AGl 11.0 2.49 1.4X 0 

JM109 7.0 2.38 2.27 100 

PLK-A 9.2 2.24 1.44 95 

K802 9.6 0.72 0.53 3X 

SCS-1 10.2 0.07 0.05 12 

Recombinant pllli>mid pN1'4553 WdS LLW for this e:-.1uimenl Total 

activity was expre;sed as tmits per ml of cultured broth. Spt~.:ilic activity was 

expressed as tuuts per mg of proteitl To exwnine p1<~~mid ~iability, second 

cultivation broth of AG 1 <md SCSI was u'it!d, <md 4th broth of oti1cr stmins was 

used. 

Examination of nitrogen source,· 

Using glycerol as a carbon source, nitrogen and inorganic nitrogen sources for the 

cultivation of E coli HB lO l(pNT4553) were examined (Table 9). When casanuno acids 
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were us~ the activity was 5.25 tmits ·nll-1
, which was the best, and growth was also good. 

NZ-am.ine, tryptone and protein extract were also good for both activity and t,rrowth. When 

NH<~Cl or urea was used with a small amount of yeast c>-.1ract, the growth was very low. 

Yeast e>..tract enhanced both the activity and grm-\1h when used with protein e>..tract. 

Considering activity of the DCase and commercial reasons, I selected protein e>-.1ract as 

the best nitrogen source. 

Table 9. Examination ofNitrogt."ll Sour"t.:CS. 

N source 

Protei! 1 ..::x.1ract 

Ca£Unino acid 

NZamine 

Tryptont! 

Y~iex.iract 

Com st.xp liquor 

Bonito tilltt ext:ruct 

Proteii1 t!x.1ract 

+ yt:abi extmd 

NH4Cl + yeast l!'\trJct 

Urea + yeast ex.tract 

Growth 

(OD550) 

9.8 

9.6 

9.5 

9.1 

8.0 

2.X 

1.4 

11.5 

1.7 

0.2 

Total Specific 

activity activity 

( tuub'ml) ( wuts'mg) 

3.95 2.93 

5.25 3.26 

4.70 J29 

4.49 3.21 

3.27 3.21 

1.17 2.86 

6.HO 4.05 

HBlOl (pNT4553) WtL'i cultured in 350 ml of standard or altcnxl mi.Xiitun A Each 

N source WdS tiStX.l as the protelll extruct at tile COlllA.-1\lnttion or 0.51Xl. Additional yt!ast 

extmct \.vith protein extract, NH 4 Cl <.nld un:a WJS LL'3CX.i at the conCL11trJtion of 0.1 %. 

Total activity was expr~ as touts ~~ ml of culttuu.l b-oUt Spxiljc activity was 

exp~ as tulits per mg ofproteill 

Effed.s of aeration, and the concentrations of g~l·'Cerol and protein extrad 

E. coli HBlOl(pNT4553) was cultured in standard medium A, whose glycerol and 

protein extract concentrations were altered, being used in the ratio of 3 to 1. ln this case, the 
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ratio of the weight of total carbon and total nitrogen was about 1 0 to 1. I selected this ratio at 

~ because the amount of carbon was supposed to be sufficient for the materials for the 

biosynthesis and energy production. Fig. 17 shows the effects of the aeration conditions, 

which were altered by changing the volume of the medium in a shaking flask, and the 

concentrations of glycerol and protein extract on the DCase production of 

HB101(pNT4553). When the volume ofthe medium was large, aeration being estimated to 

be low, total activity and growth were optimum under the conditions of 4.5% glycerol and 

1.5% protein e;-..1:ract, but specific activity was almost equal under the conditions of more than 

3% glycerol and 1 o/c, protein e;-..1:ract. When the volume of the medium was small, aeration 

being estimated to be high, total activity and growth were higher and optimum at higher 

concentrations of glycerol and protein e;-..1ract, the activity and 00 at 550 nm reaching 14.1 

units· nll-1 and 41 .9 w1der the conditions of 6.5o/c, glycerol and 2.2o/c, protein e;-..1ract 

respectively. The specific activity was little lower than that with low aeration, and optimum at 

higher concentrations of glycerol and protein e:-.1ract. 

TI1e effects offiuther high aeration and a high concentration of protein e:-.1ra.ct were also 

investigated under the conditions of 6.5o/c, glycerol (Fig. 18). As in Fig. 17, the aeration 

conditions were altered by changing the volume of the medium. When the volume of the 

medium was small (20 ml and 50 ml of the medium), aeration being estimated to be high, 

total activity and growth were optimum under the condition of3°/o protein e:-.1:ract. But in case 

of 100 n1.l medium, they decreased slightly under the condition of a higher concentration of 

protein extract. 1l1e specific activity did not change very much under the examined conditions. 

Under the conditions of 6.5% of glycerol, 30ft, of protein extract, and 20 ml of the medium, the 

activity and OD at 550 nm beca.n1e maximum, being 22.9 tmits·mr1 and 63 .8, respectively. 

TI1e dry cell weight was 17.1 mg · nu-1• 
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Fig. 17. Etlixts ofth~ Concentrdlions of(Tiyu..Tol m"Kl Protein Extn1d on DC.L~ Production. 

HBIOl(pNf4553) wJS cultured in J(X) ml(• ), 200 m.1 (A), <md )50 m~e) of standard meditun A, whose 

concentrations of glyet...,-ol and prolt..'in extn.1d were allcnx.l, being t!SI.Xl in th~ mtio or 3 to I. Total activity, tulits ·nu·1
-

cultured broth, is shO\vn by a solid line, cmd ~T>ecilic activity, tulits·mg·1-protein, is shown by a dotted line. 
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Fig. 18. ELlt,'Ct ofth~ Conc~.:ntmtion of Protein Extn.1d on 0Cw5l:: Prooudimt 

HBlOI(pNr4553) WdS culturerl in 20 ml( • ), 50 ml( A ),<mel l(X) ml( • ) or stmKl£rr'd mt:ditun A, 

whose concentration of glycerol was 6.5% <mel that ofproh.::in t::>.'tmd WJS 2.2, 3.0, or4.(YYo. Totcll activity, tulits·nu·1
-

cultured broth, is shown by a solid line, and specific activity, tmils ·mg·1-protein, is shown by a dotted line. 
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DISCUSSION 

1l1e production of D-amino acids using an immobilized Dease is advantageous, as 

described in the previous chapter. 1l1e economical and efficient production of an immobilized 

enzyme is thus one of the most important subjects. To achieve this, I attempted to produce a 

high amount ofDCase inexpensively. 

Plasmid pNT4553, comprising vector plasmid pUCNT, and a DNA fragment which 

contains an ORF for the DCase~ i. e. has no sequence upstream and dow11Stream of the ORF, 

was constructed for expression of DCase in E coli. Without an inducer, a cell-free e>..1:ract of 

recombinant E. coli 1M 109 containing pNT4553 showed high specific activity (2.3 units· mg-

1-protein). Inducers are expensive, therefore high production of a DCase without an inducer is 

important to obtain the enzyme economically. Overexpression of the DCase by recombinant 

E coli JM 109 carrying pAD 108 was described in Chapter I . Plasmid pAD I m~ contains a 

1.8 Kbp Sal I -EcoR I fragment from Agrobacterium sp. strain KNK712 at the 

multicloning site of pUC 19. 1l1e 1. 8 Kbp fragment comprises a 912 bp open reading frame 

for the DCase, a 229 bp DNA upstream of the ORF, and a 646 bp DNA downstream of the 

ORF. In a cell-free extract of E. coli carrying pAD 108, the DCase exhibited specific activity 

3.3 units ·mg-1-protein with isopropyl- 8 -D-thiogalactopyranoside as an inducer (Chapter I ), 

and 2.2 wlits ·mg-1-protein without an inducer (unpublished results), which was almost the 

same activity as that of E. coli 1M 109 carrying pNT4553 without an inducer. As described in 

Chapter I , even the recombinant E. coli carrying pAD I 08 produced a lot of DCase~ about 

50% of the soluble protein in a cell, so the expressed plasmid constmcted in this study did not 

have much effect as to higher production of the enzyme compared to pAD I 08. However, 

plasmid pNT4553 was maintained more stably than pAD108, the former exhibiting 100°1<, 

stability at the fourth cultivation, but the latter only l2o/t, at the second cultivation 

(unpublished results). Plasmid pNT4553 seemed to tmdergo replication easily and to be 

stabilized when its excess sequence was reduced. ll1e stable maintenance of the plasmid in 

the host cells is necessary for industrial scale up of the culture. Besides pNT4553 which had a 
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lac promoter, expression vector \vhich had Ire promoter \vas examined but the DCase activity 

was almost the same as that with pNT4553 (data not shown). 

The activity of the DCase and the stability of the plasmid depended on the type of E. 

coli, and HBlOl was selected as the best host. E coli HBIOl(pNT4553) showed the highest 

activity, and its plasmid was stably remained. ll1e specific activity of the cell-free e;....1ract of E 

coli HBlOl (pNT4553) without an inducer was 3.66 units·mg-1-protein, which was lOo/c, 

higher than that of E. coli JM 109 (pAD lOX) with an inducer, as described in Chapter I . 

Also, the highly expressed DCase appeared not to fonn inclusion bodies. 111Us, this strain has 

suitable characteristics for the economical industrial production of the DCase. All the E. coli 

strains exan1ined here were derivatives of E. coli K-12, and so it is supposed that the genetic 

backgrounds were similar. But a little mutation in the chromosome seemed to affect the 

enzyme productivity, and the efficiency of replication and distribution of the plasmid. 

The medium for the cultivation of HB 10l(pNT4553) was investigated to achieve 

econonucal production of a high amount of the DCase. Because of the effective assinulation 

of natural carbon and tutrogen sources, such as casamino acids and protein e;...1ract, which 

contain a lot of peptides, they were good for activity and growth. ll1ey also seemed to contain 

sufficient an10unts of nutritional elements which arc necessary for the host cells, that are 

auxotrophic mutants, and they may contain smaU quantities of other useful elements for 

growth and enzyme production. Glycerol was used as a carbon source together with other 

components. It was better for the growth and activity of the recombinant E. coli compared to 

other carbohydrates (unpublished results). When the recombinant E coli was cultured under 

the condition of a smaller volume of the medium, aeration being estimated to be higher, the 

total activity and growth were higher, and were optimum at higher concentrations of glycerol 

and protein e;...1ract. Higher total activity was mainly caused by the increase of cell density. At 

maximum, the activity and dry cell weight reached 22.9 tmits · nu-1 and 17.1 mg · nu-1, 

respectively. 11us activity was about 4 times higher than that under the cultivation conditions 

in 2YT medium, and about 26 times higher than that of Agrohacterium sp. strain KNK712 . It 

is supposed that carbon and nitrogen sources are utilized more effectively under lugh aeration 
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conditions, and so the materials and energy seem to be sufficient for growth and enzyme 

synthesis. But with high concentrations of these medium components~ growth was inhibited 

slightly. 1l1erefore, higher aeration, and divided feeding of carbon and nitrogen sources will 

enable high growth and high production of the ei1ZYJ11e. 

I achieved the economical hyperproduction of the thennotolerant DCase by 

constructing a superior host-vector system and by optimizing the culture conditions with only 

cheap medium components. Using the highly produced DCase, the immobilized enzyme 

could be prepared advantageously. Such studies on DCase, which is industrially an important 

enzyme, have not yet been reported, and so they are significant for improvement of the 

production of D-ami.no acids. Further study on the effective production of DCase, such as 

cultivation in a jar fem1entor and other host vector systems, should be performed. 

SUMMARY 

For the high level production of the thennotolerant DCase in the recombinant E coli , a 

plasmid pNT4553 was constructed. 1l1e amount of the DCase activity and the stable 

existence of the plasmid in the host cells were dependent on the E. coli strains. E coli HB 101 

was the best host strain among 13 types of E coli tested. E coli HB 10 1 expressed the highest 

activity, i.e. 6.36 units·ml-1-cultured broth in 2Yf medium (1 .6o/o oftryptone, 1.0°/c, of yeast 

ehtract, and 0.50Jc, ofNaCl, pH7.0). And the plasmid was stably mainta.ined on cultivation in 

the cases of 5 types of E. coli including HB 10 1. 

Casamino acids, NZ-amine, peptone~ and a mi'-.ture of hydrolyzates of com gluten, 

wheat gluten and soybean (protein ehtract), were good for both activity and growth as natural 

nitrogen sources. When cultivation was c.:1.rried out under the conditions of high 

concentrations of glycerol (6.5%) as a carbon source, and protein e;-...tract (3.0%) as a nitrogen 

source, and small volume of the medium (20 ml of medium in a 500 ml of shaking flask), 

aeration being estimated to be high, growth and activity reached 00550 = 63 .8 (17.1 mg-dry 

cell weight· mt1-cultured broth) and 22.9 tmits · nli-1-cultured broth, respectively. ll1e 
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economical hypetproduction of the DCase using only inexpensive medium components was 

achieved. 
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CONCLUSION 

In this thesis, I reported that high-active DCase was obtained and was highly produced 

economically. I also described that the DCase with improved them10stability could be used as 

an il1m1obilized enzyme. 1l1e results described in each chapter can be sunm1arized as follows : 

Agrobacterium sp. strain KNK712, which produced DCase, was isolated from soil. The 

enzyme could catalyze the hydrolysis of several N-carbamyl-0-amino acids, and exhibit strict 

D-form stereoselectivity. Both the optimum pH and the pH that gave the greatest stability 

were about pH 7.0, the enzyme was stable at 50 °C, and it was inhibited by thiol reagents. 

The DCase gene was cloned into E. coli, and was overexpressed as an active form under the 

control of the lac promoter with an inducer, DCase accounting for 50o/o of the soluble protein 

in the cells. Thus, an appropriate DCasc for the production of 0-runino acids was obta.ll1ed, 

and was highly prcxiuced with genetically engineered E coli (Chapter I ). 

1l1e DCase prcxiuced withE coli was immobilized. 1l1e porous polymers, Duolite A-

568 a11d Chitopearl 3003, were much better than other resins as to the activity and stability of 

the adsorbed enzyme. DCase inunobilized on Duolite A-568 was found to be most stable at 

about pH7, a11d it was fi.1rther stabilized by reductants such as dithiothreitol, cysteine, 

cysteamine and sodium hydrosulfite. The higher cross linking det,rree with glutaraldehyde also 

stabilized the immobilized enzyme duru1g reactions. llms, excellent immobilization methods 

and usage of the inm1obilized enzyme stably were found. Furthennore, the superior stability 

of the ilrunobilized DCases of thennotolerant bacteria during the reaction suggested that the 

thermostability of the enzyme affected the stability duru1g the reaction (Chapter II). 

DCase, il1 which amino acid residues 'vere substituted by mutation, followed by 

selection based on thennotolerance, showed improved thennostability. 1l1e thennotolerant 

DCases inunobilized on Duolite A~568 showed higher activity than the immobilized native 

DCase. From the results of repeated batch reactions, the half-lives of the activities of 

in1111obilized them1otolerant DCase, in which Leu was substituted for Pro 203, a11d 
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inm10bilized native DCase were 104 and 58 times, r<;,'Spectively. It was revealed that the 

higher thennotoleance enabled the immobilized enzymes to be more stable in reactions . 

Compared with soluble DCase, immobilized DCase was somewhat stable, and its activity 

was optimum at a lower pH. Using the improved DCase, the activity and stability of the 

inunobilized enzyme in the reaction should be sufficient for practical use (Chapter ill). 

For the economical hyperproduction of them1otolcrant DCase in E. coli, recombinant 

plasmid pNT4553 was constructed, which was stably maintained in the host cells. E. coli 

HB101, in which the activity ofthe DCase and the stability of the plasmid were the highest, 

was selected as the best host. Without an inducer, the specific activity of a cell-free eA.1ract 

was more than 10 times higher than that of Agrohacterium sp. KNK712. When cultivation 

was canied out ( 1 under the conditions of high concentrations of glycerol, as a carbon source, 

and protein eA.1ract, as a nitrogen source, and high aeration conditions, the growth and activity 

reached 00550 = 63 .6 7.1 mg·ml-1-culturcd broth) and 22.9 wlits·mt'-cultured broth, 

respectively. TI1e total activity ( units · mt') was about 26 times higher than that of 

Agrobacterium sp. KNK712 with only cheap medium components. Using the highly 

produced DCase with inexpensive materials, the immobilized DCase could be obtained at a 

low cost, and so the practical use of the inunobilizcd DCase was possible (Chapter N). 

As described above, the thermotolerant DCase could be used as a bioreactor.Tius study 

produced a new biotransfommtion process for actual D-amino acids production. 
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