
Rev
ie

w
 C

op
y

1

Biochemical characterization of a novel hydantoin racemase 

from Agrobacterium tumefaciens C58 

 

Sergio Martinez-Rodríguez, Francisco Javier Las Heras-Vázquez, Josefa María 

Clemente-Jiménez and Felipe Rodríguez-Vico* 

 

Departamento de Química-Física, Bioquímica y Química Inorgánica. Edificio C.I.T.E. 

I. Universidad de Almería. La Cañada de San Urbano, Spain. E-04120. 

 

Corresponding author: F. Rodríguez-Vico. Tel: + 34 950 015055. Fax: + 34 950 

015008. E-mail: fvico@ual.es

Keywords: Racemization; D-amino acid; Hydantoin racemase 2; Purification 

 

1 of 17

Monday , December  22, 2003

Elsevier



Rev
ie

w
 C

op
y

2

Abstract 

A novel hydantoin racemase gene of Agrobacterium tumefaciens C58 (AthyuA2) has 

been cloned and expressed in Escherichia coli BL21. The recombinant protein was 

purified in a one-step procedure and showed an apparent molecular mass of 27,000 Da 

in SDS-gel electrophoresis. Size exclusion chromatography analysis determined a 

molecular mass of approximately 100,000 Da, suggesting that the native enzyme is a 

tetramer. The optimum pH and temperature for hydantoin racemase activity were 7.5 

and 55 ºC, respectively, with L-5-ethylhydantoin as substrate. Enzyme activity was 

strongly inhibited by Cu2+ and Hg2+. No effect on enzyme activity was detected with 

any other divalent cations, EDTA or DTT, suggesting that it is not a metalloenzyme. 

Kinetic studies showed the preference of the enzyme for hydantoins with short rather 

than long aliphatic side chains or hydantoins with aromatic rings. 
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1. Introduction 

Hydantoin racemase is to be the key enzyme for the production of optically pure 

D- and L-amino acids, valuable intermediates for the synthesis of antibiotics, 

sweeteners, pesticides, pharmaceuticals and biologically active peptides [1,2]. In this 

cascade of reactions the chemically synthesized D,L-5-monosubstituted hydantoin ring 

is hydrolyzed by a stereoselective hydantoinase enzyme. The resulting enantiospecific 

N-carbamoyl α-amino acid is transformed into the corresponding free D- or L-amino 

acid catalyzed by highly enantiospecific N-carbamoyl α-amino acid aminohydrolase (N-

carbamoylase). However, total conversion and 100 % optically pure D- or L-amino acid 

are only obtained when a hydantoin racemase racemizes the remaining non-hydrolyzed 

5-monosubstituted hydantoin [3].   

Hydantoin racemase enzyme allows the racemization of the 5-monosubstituted 

hydantoins under physiological conditions where chemical racemization is not favored. 

Chemical racemization of the 5-monosubstituted hydantoins proceeds via keto-enol-

tautomerism under alkaline conditions [4]. The velocity of racemization is highly 

dependent on the bulkiness and electronic factors of the substituent in 5-position [5] and 

is usually a very slow process [6]. High velocities of chemical racemization have only 

been observed for D,L-phenyl and D,L-5-p-hydroxy-phenylhydantoin because of the 

resonance stabilization by the 5-substituent. The racemization of all other hydantoins is 

a very long process [7]. Increased racemization rates are obtained at alkaline pH values 

and higher temperatures [8]. 

Since several microorganisms have produced total conversion of optically pure 

amino acids from racemic mixtures of hydantoins [9-11], hydantoin racemase enzymes 

from different sources involved in the production of optically pure D- and L-amino 

acids have been purified and biochemically characterized [12-14]. Likewise, genetic 
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organization and genomic localization of the genes involved in the production of these  

amino acids have been reported with a hydantoinase, a carbamoylase and a hydantoin 

racemase gene, together with a putative hydantoin transport protein [15-17]. Here we 

describe the cloning, purification and biochemical characterization of a second 

hydantoin racemase enzyme encoded by a gene located on the linear chromosome of 

Agrobacterium tumefaciens C58. This is the first description of a second hydantoin 

racemase enzyme in a microorganism capable of producing optically pure D- and L-

amino acids from racemic mixtures of hydantoins. The biochemical characteristics of 

this enzyme have been compared with those of hydantoin racemases present in 

Arthrobacter aurescens and Pseudomonas sp. as well as with those of the first 

hydantoin racemase detected in Agrobacterium tumefaciens.

2. Materials and methods 

2.1. Microbes and reagents 

Agrobacterium tumefaciens ATCC 33970 (named C58), from which the first 

hydantoin racemase gene was isolated [14], was used as the source for the second 

hydantoin racemase gene on the basis of in silico analysis. The 5-monosubstituted 

hydantoins used in this work, D- and L-5-benzylhydantoin (D- and L-BH), D- and L-5-

ethylhydantoin (D- and L-EH), D- and L-5-methylthioethyl-hydantoin (D- and L-

MTEH) and D- and L-5-isobutylhydantoin (D- and L-IBH) were synthesized according 

to the literature [18]. 

 
2.2. Cloning and sequence analysis of hydantoin racemase  

The second gene of A. tumefaciens hydantoin racemase (AthyuA2) was amplified 

by PCR. The primers used were designed based on GenBank sequences accession 

number NC003063 [19]. These were Rac5 (5´-AATCTAGAGTGACAGGAAAGC-
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TATTATGCGCATCCTCGTC-3´) and Rac3 (5´-AACTGCAGTTAATGATGATGAT-

GATGATGTCTTCCTTCGATCGCCGTCATGCGGTCCGG-3), the latter including 

the factor Xa recognition sequence (Ile-Glu-Gly-Arg) and a polyhistidine tag (His6 tag) 

before the stop codon. The 744 bp XbaI/PstI fragment harbouring the hydantoin 

racemase gene was purified from agarose gel using QIAquick (Qiagen) and then ligated 

into pBSK, which was restricted with XbaI and PstI to yield plasmid pSER22. 

2.3. Expression of hydantoin racemase and enzyme assay 

BL21 strain harboring plasmid pSER22 was grown in LB medium supplemented 

with 100 µg mL-1 of ampicillin. To induce expression of the hydantoin racemase gene, 

isopropyl-β-D-thiogalactosidase (IPTG) was added to a final concentration of 0.2 mM 

and the growth was continued at 37 °C for 4 hours. After centrifugation the collected 

cells were disrupted in ice by sonication, the pellet was removed by centrifugation and 

discarded. The supernatant was applied to a column with TALONTM metal affinity resin 

(CLONTECH Laboratories, Inc.), washed four times and eluted with an elution buffer 

(50 mM Imidazole, 100 mM NaCl, 0.02% NaN3, 2 mM Tris, pH 8). The purified 

hydantoin racemase enzyme was dialysed against 0.1 M potassium phosphate buffer pH 

7.5 and stored at 4 ºC before further analysis.  

The enzyme reaction was carried out with the purified AthyuA2 together with 

100 mM of optically pure 5-monosubstituted hydantoin dissolved in 100 mM phosphate 

buffer (pH 7.5) in a final reaction volume of 200 µL. The mixture was incubated at 40 

ºC for 15 minutes and the reaction was stopped by adding 400 µL of 1M HCl. After 

centrifugation, the supernatant was analysed by high performance liquid 

chromatography (HPLC) as previously described [14]. The specific activity of the 
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enzyme was defined as the amount of enzyme that catalysed the formation of 1 mM of 

D- or L-5-monosubstituted hydantoin at 40 ºC per minute and per milligram of protein. 

 

2.4. Molecular mass and protein characterization 

Size exclusion chromatography-HPLC (SEC-HPLC) analysis was performed to 

calculate the molecular mass of the native enzyme. The HPLC System (Breeze HPLC 

System, Waters, Barcelona) was equipped with a Superdex 200 HR 10/30 column 

(Amersham Biosciences, Barcelona) and equilibrated and eluted with 0.1 M potassium 

phosphate pH 7.5, at a flow rate of 0.5 ml/min. The molecular mass of the monomeric 

form was estimated by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) using a low molecular weight marker kit (Amersham Biosciences, 

Barcelona).  

The thermal stability of the hydantoin racemase enzyme was measured after 

preincubation of the enzyme 15 and 30 min at temperatures ranging from 30 to 80 ºC in 

0.1 M potassium phosphate pH 7.5. The enzyme assay was then made at 40 ºC for 15 

min with L-5-ethylhydantoin (L-EH) as substrate. To analyse the effect on the enzyme 

of dithiothreitol (DTT), ethylenediaminetetraacetic acid (EDTA), CaCl2, MgCl2, HgCl2,

FeCl2, ZnCl2, NiCl2, MnCl2, CoCl2 and CuCl2, 2 mM of each metal salt and 0.1 M of 

DTT and EDTA were incubated with the hydantoin racemase (8 µM) in 0.1 M 

potassium phosphate pH 7.5 (final volume 200 µl) at room temperature for 45 min. The 

effect of metals on activity was determined by the standard enzyme assay described 

above.   
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2.5. Nucleotide sequence accession number 

The nucleotide sequence of a second hydantoin racemase gene of Agrobacterium 

tumefaciens C58 (AthyuA2) has been deposited in the GenBank database under 

accession number AY436504. 

 
3. Results and discussion 

3.1. Sequence analysis of the second hydantoin racemase from Agrobacterium 

tumefaciens 

Agrobacterium tumefaciens C58 presented a DNA fragment carrying a second 

hydantoin racemase gene (AthyuA2). Compared to the GenBank database, AtHyuA2 

was found to be homologous to other hydantoin racemase amino acid sequences 

originating from different sources. The highest amino acid sequence identity (50.42%) 

was found when it was compared with that of the first hydantoin racemase from A. 

tumefaciens C58 (AtHyuA1) [3]. When compared with Agrobacterium sp. IP I-67 

(AspHyuA) [15], Pseudomonas sp. NS671 (PspHyuE) [16] and from Arthrobacter 

aurescens DM3747 (AaHyuA) [13] hydantoin racemase the identity percentage dropped 

to 46.96%, 46.37% and 42.80%, respectively. Alignment of the amino acid sequences 

revealed highly conserved regions, especially in the N-terminal ends. Moreover, two 

cysteine residues at positions 76 and 180, which are probably involved in the catalytic 

centre of the protein [13], were highly conserved within the studied hydantoin 

racemases. 

 

3.2. Functional expression and purification of AtHyuA2 enzyme 

The hydantoin racemase gene was expressed in E. coli BL21. AtHyuA2 activity 

was determined in crude extracts by HPLC using L-5-ethylhydantoin (L-EH) as 

substrate (see Materials and methods). A one-step purification procedure of the 
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recombinant hydantoin racemase fused to His6 tag was employed using immobilized 

cobalt affinity chromatography followed by proteolytic digestion with factor Xa (see 

Materials and methods). SDS-PAGE analysis indicated that the purified enzyme was 

over 95% pure after elution of the affinity column. Specific activity was calculated for 

the purified enzyme including His6 tag, and also after removing it by Xa dependent 

cleavage, showing no differences in enzymatic activity or biochemical characteristics 

(results not shown). The purified enzyme could be stored in 0.1 M potassium phosphate 

pH 7.5 at 4 ºC for 10 weeks and in the same buffer with 20% glycerol at –20 ºC over 3 

months without noticeable loss of activity. It was also active after 10 freeze-thawing 

cycles (maintaining about 95% of its initial activity). 

3.3. Molecular mass and subunit structure 

Purified AtHyuA2 enzyme exhibited an apparent molecular mass of about 

27,000 Da by SDS-PAGE, similar to that deduced from the amino acid sequence 

(26,106 Da). In contrast, the three previously described hydantoin racemases presented 

higher apparent molecular mass (31,000 to 32,000 Da) than the one deduced from the 

amino acid sequence (25,000 to 27,000 Da) [12-14]. These differences in apparent 

molecular mass may be due to changes in the conformational properties of AtHyuA2. 

The relative molecular mass of the native enzyme was estimated at 100,000 Da by SEC-

HPLC on a Superdex 200 HR column. The combined results suggest that purified 

AtHyuA2 enzyme might have a homotetrameric structure. These results are in 

accordance with those reported for the HyuA1 enzyme of A. tumefaciens C58 [14]. 

However, they differ from those described for hydantoin racemases from Pseudomonas 

sp. NS671 and A. aurescens DSM 3747. The molecular weights of these enzymes were 

190,000 and 175,000 Da, respectively, and they present a hexameric, heptameric or 

octameric structure [12,13].  
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3.4. Influence of pH and temperature on AtHyuA2 activity 

The pH activity profile of purified AtHyuA2 was determined at values between 

6.0 and 11.0 in 100 mM phosphate, Tris or glycine/NaOH buffer. Maximum enzymatic 

activity occurred at pH 7.5. At this pH it was determined that the optimum temperature 

for racemization of L-EH was 55-60 ºC. Thermal stability studies showed a gradual loss 

of activity at preincubation temperatures over 55 ºC. These parameters are the same as 

those obtained for HyuA1 of A. tumefaciens C58, showing higher thermal stability and 

optimum reaction temperature than Pseudomonas sp. NS671 and A. aurescens DSM 

3747 hydantoin racemases [12-13]. However, the optimal pH was lower for both 

hydantoin racemases from A. tumefaciens C58 (7.5) than for Pseudomonas sp. NS671 

and A. aurescens DSM 3747 hydantoin racemases (9.5 and 8.5, respectively). This 

suggests that hydantoin racemases may compensate higher optimum reaction 

temperatures with lower alkaline pHs or vice versa to avoid chemical racemization.  

 

3.5. Influence of metals and chemical agents on AtHyuA2 activity 

Activity of the purified hydantoin racemase enzyme was assayed in the presence 

of 2 mM of different metal ions and 0.1 M of DTT and EDTA. Most of the metal ions 

studied and the metal-chelating-agent EDTA had no significant effect on the AtHyuA2 

enzyme, indicating that it is not a metalloenzyme. The inhibitory effect of Cu2+ and 

Hg2+ on the hydantoin racemase activity has also been reported in previous works [12-

14]. 

 

3.6. Kinetic analysis and substrate enantioselectivity of AtHyuA2 
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Kinetic parameters for the four D- and L- isomers of 5-monosubstituted 

hydantoins (BH, EH, IBH, MTEH) were obtained from hyperbolic saturation curves by 

least-squares fit of the data to the Michaelis-Menten equation (Table 1). Reactions were 

carried out with different concentrations of D- or L-5-monosubstituted hydantoins at 40 

ºC with a constant enzyme concentration of 3 µg/mL. AtHyuA2 showed high Km values 

for both D,L-EH and D,L-BH, but kcat values were 7 to 10 times higher for the former. 

Consequently the kcat/Km value was 10-fold higher for D,L-EH than for D,L-BH, 

indicating a higher affinity for hydantoins with aliphatic substituents than with aromatic 

ones at the 5-position. This affinity for aliphatic substrates was also observed for the 

first A. tumefaciens C58 hydantoin racemase (AtHyuA1), but the values of the apparent 

kinetic parameters Km and kcat were more favorable, with lower Km values and higher 

kcat, than for AtHyuA2. These results were corroborated by examining the ability of the 

purified AtHyuA2 to racemize the same D- and L-isomers of 5-monosubstituted 

hydantoins (Fig. 1). A high rate of hydantoin racemase activity was detected for the 

three aliphatic D- and L-hydantoins, EH, IBH and MTEH (Fig. 1A, 1B and 1C) 

compared to D- and L-BH (Fig. 1D), which racemized slowly. However, racemization 

of these D- and L-hydantoins took longer with AtHyuA2 than with the previously 

studied AtHyuA1.  

 The second A. tumefaciens C58 hydantoin racemase (AtHyuA2) has been 

recombinantly expressed in E. coli, purified and biochemically studied. This is the first 

observation of the presence of two hydantoin racemases in the same microorganism. 

AtHyuA2 has shown kinetic propierties very similar to AtHyuA1. However, after a 

hypothetical application of both hydantoin racemase enzymes in a multienzymatic 

system for production of optically pure D-amino acids, AtHyuA1 would be more viable 

10 of 17

Monday , December  22, 2003

Elsevier



Rev
ie

w
 C

op
y

11

for industrial application than AtHyuA2, due to its higher substrate affinity and 

racemization velocity. 

 

Acknowledgments 
 

This work was supported by project 95-0755.OP and FIT-090000-2003-98 from 

Programa Nacional de Biomedicína, Ministerio de Ciencia y Tecnologia, Spain. The 

authors thank Andy Taylor for the critical discussion of the manuscript and Pedro 

Madrid-Romero for technical assistance. 

 

11 of 17

Monday , December  22, 2003

Elsevier



Rev
ie

w
 C

op
y

12

References 
 
[1] A.S. Bommarius, M. Schwarm, K. Drauz, Biocatalysis to amino acid-based chiral 

pharmaceuticals-examples and perspectives. J. Mol. Catal. B Enzym. 5 (1998) 1-11. 

[2] C. Syldatk, A. Läufer, R. Müller, H. Höke, Production of optically pure D- and L-α-

amino acids by bioconversion of D,L-5-monosubstituted hydantoin derivatives. Adv. 

Biochem. Eng. Biotechnol. 41 (1990)  29-75. 

[3] S. Martinez-Rodriguez, F.J. Las Heras-Vazquez, J.M. Clemente-Jimenez, L. 

Mingorance-Cazorla, F. Rodriguez-Vico, Complete conversion of D,L-5-

monosubstituted hydantoins with a low velocity of chemical racemization into D-amino 

acids using whole cells of recombinant Escherichia coli. Biotechnol. Prog. 18 (2002)  

1201-1206. 

[4] E. Ware, The chemistry of hydantoins. Chem. Rev. 46  (1950) 403-470 

[5] M. Pietzsch, C. Syldatk, Hydrolysis and formation of hydantoins, in: K. Drauz, H. 

Waldmann (Eds.), Enzyme Catalysis in Organic Synthesis, Wiley-VCH, Weinheim, 

2002 pp.761-799. 

[6] M. Pietzsch, C. Syldatk, F. Wagner, A new racemase for 5-monosubstituted 

hydantoins. Ann. N. Y. Acad. Sci. 672 (1992) 478-483. 

[7] R.A. Lazarus, Chemical racemization of 5-benzylhydantoin. J. Org. Chem. 55 

(1990) 4755-4757 

[8] C. Syldatk, M. Müller, M. Pietzsch, F. Wagner, Microbial and enzymatic production 

of L-amino acids from D,L-5-monosubstituted hydantoins, in: D. Rozell, F. Wagner 

(Eds.), Biocatalytic production of amino acids and derivatives, Hanser Publishers, 

München, 1992 pp.129-176. 

[9] R. Olivieri, E. Fascetti, L. Angelini, L. Degen, Microbial transformation of racemic 

hydantoins to D-amino acids. Biotechnol. Bioeng. 23 (1981) 2173-2183. 

12 of 17

Monday , December  22, 2003

Elsevier



Rev
ie

w
 C

op
y

13

[10] A. Möller, C. Syldatk, M. Schulze, F. Wagner, Stereo- and substrate-specificity of 

a D-hydantoinase and a D-N-carbamyl-amino acid aminohydrolase of Arthobacter 

crystallopoietes AM 2. Enzyme Microb. Technol. 10 (1988) 618-625. 

[11] M. Battilotti, U. Barberini, Preparation of D-valine from D,L-5-isopropylhydantoin 

by stereoselective biocatalysis. J. Mol. Cat. 43 (1988)  343-352. 

[12] K. Watabe, T. Ishikawa, Y. Mukohara, H. Nakamura, Purification and 

characterization of the hydantoin racemase of Pseudomonas sp. strain NS671 expressed 

in E. coli. J. Bacteriol. 174 (1992a) 7989-7995. 

[13] A., Wiese, M., Pietzsch, C., Syldatk, R. Mattes, J. Altenbuchner, Hydantoin 

racemase from Arthrobacter aurescens DSM 3747: heterologous expression, 

purification and characterization. J. Biotechnol. 80 (2000) 217-230. 

[14] F..J. Las Heras-Vazquez, S. Martinez-Rodriguez, L. Mingorance-Cazorla, J.M. 

Clemente-Jimenez, F. Rodriguez-Vico, Overexpression and characterization of 

hydantoin racemase from Agrobacterium tumefaciens C58. Biochem. Biophys. Res. 

Commun. 303 (2003) 541-547. 

[15] M. Hils, P. Müch, J. Altenbuchner, C. Syldatk, R. Mattes, Cloning and 

characterization of genes from Agrobacterium sp. IP I-671 involved in hydantoin 

degradation. Appl. Microbiol. Biotechnol. 57 (2001) 680-688. 

[16] K. Watabe, T. Ishikawa, Y. Mukohara, H. Nakamura, Identification and 

sequencing of a gene encoding a hydantoin racemase from a native plasmid of 

Pseudomonas sp. strain NS671. J. Bacteriol. 174 (1992b) 3461-3466. 

[17] A. Wiese, C. Syldatk, R. Mattes, J. Altenbuchner Organization of genes 

responsible for the stereospecific conversion of hydantoins to α–amino acids in 

Arthrobacter aurescens DSM 3747. Arch. Microbiol. 176 (2001) 187-196. 

13 of 17

Monday , December  22, 2003

Elsevier



Rev
ie

w
 C

op
y

14

[18] H. Finkbeiner, The carboxylation of hydantoins. J. Org. Chem. 30 (1965) 3414-

3419. 

 [19] B. Goodner, G. Hinkle, S. Gattung, N. Miller, M. Blanchard, B. Qurollo, B.S. 

Goldman, Y. Cao, M. Askenazi, C. Halling, L. Mullin, K. Houmiel, J. Gordon, M. 

Vaudin, O. Iartchouk, A. Epp, F. Liu, C. Wollam, M. Allinger, D. Doughty, C. Scott, C. 

Lappas, B. Markelz, C. Flanagan, C. Crowell, J. Gurson, C. Lomo, C. Sear, G. Strub, C. 

Cielo, S. Slater, Genome sequence of the plant pathogen and biotechnology agent 

Agrobacterium tumefaciens C58, Science 294 (2001) 2323-2328. 

 

14 of 17

Monday , December  22, 2003

Elsevier



Rev
ie

w
 C

op
y

15

Table 1 

 Kinetic parameters of AtHyuA2 for different 5-monosubstituted hydantoins. The 

parameters were determined at 40 ºC for 15 min at pH 7.5. The kcat was defined as the 

mmol of D- or L-5-monosubstituted hydantoin racemized per s and mmol of enzyme at 

40 ºC. 

 

Substrate a Km (mM) 
 

kcat (s-1)
kcat/Km

(s-1 · mM-1)

L-EH 19.42 ± 2.34 1.81 ± 0.01 0.09 ± 0.01
D-EH 12.54 ± 1.81 1.80 ± 0.10 0.14 ± 0.03
L-IBH  3.02 ± 0.78 0.48 ± 0.02 0.16 ± 0.05
D-IBH  6.79 ± 0.60 0.83 ± 0.03 0.12 ± 0.01

L-MTEH 10.90 ± 1.48 0.78 ± 0.07 0.07 ± 0.01
D-MTEH  6.31 ± 0.31 0.50 ± 0.01 0.08 ± 0.01

L-BH 18.42 ± 4.80 0.18 ± 0.02 0.01 ± 0.00
D-BH 20.77 ± 5.47 0.46 ± 0.07 0.02 ± 0.00

.

a D- and L-EH: D- and L-5-ethyl-hydantoin; D- and L-IBH: D- and L-5-isobutyl-

hydantoin; D- and L-MTEH: D- and L-5-methylthioethyl-hydantoin; D- and L-BH: D- 

and L-5-benzyl-hydantoin. 

 

15 of 17

Monday , December  22, 2003

Elsevier



Rev
ie

w
 C

op
y

16

Fig. 1. Enzymatic racemization of different 5-monosubstituted hydantoins by AtHyuA2. 

The hydantoin racemase activity of the D-isomer (●) and L-isomer (○) was measured at 

40 ºC and pH 7.5 by chiral-HPLC at the points shown in the graphs. Chemical 

racemization of the D-isomer (▼) and L-isomer (∇) of each substrate was also 

measured at the same intervals. (A) 5-ethyl-hydantoin; (B) 5-isobutyl-hydantoin; (C) 5-

methylthioethyl-hydantoin; (D) 5-benzyl-hydantoin. 
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Figure 1 
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