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1. Introduction

 Toluene and xylene, although injurious to 

health, are used in large quantities in paint industries 

as organic solvents.  They are consequently 

metabolized in the workers’ bodies to produce 

hippuric acid (HA) and three isomers of methyl-

hippuric acid (MHA; o-MHA, m-MHA, and 

p-MHA), respectively, and excreted in the urine 

(Fig. 1). Hence, toluene and xylene exposure in 

workers is evaluated by measuring urinary HA and 

MHA levels1-4. Due to the low throughput of the 

currently used HPLC method, a more efficient 

1Department of Life Science, Setsunan University, 17-8 

Ikeda-Nakamachi, Neyagawa, Osaka 572-8508, Japan.
2Division of Life Science, Graduate School of Science 

and Engineering, Setsunan University, 17-8 Ikeda-

Nakamachi, Neyagawa, Osaka 572-8508, Japan.
3Research and Development Laboratory, Nipro 

Corporation, 3023 Nojicho, Kusatsu, Shiga 525-0055, 

Japan.

*Corresponding author: Yoshiaki Nishiya, Department 

of Life Science, Setsunan University, 17-8 Ikeda-

Nakamachi, Neyagawa, Osaka 572-8508, Japan.

Tel: +81-72-800-1151

Fax: +81-72-838-6599

E-mail: nishiya@lif.setsunan.ac.jp

Received for publication: February 1, 2022

Accepted for publication: March 23, 2022

〈Brief Note〉 

Development of highly efficient variants of Pyroccocus hippurate 
hydrolase for monitoring toluene and xylene exposure

Yoshiaki Nishiya1,2,*, Satsuki Imai2, Shota Shinki1, Kentaro Nagoshi1

and Toshiaki Baba3

Summary  Toluene and xylene are used in large quantities as organic solvents in paint industries 

and are metabolized by the human body to yield hippuric and methyl-hippuric acids (HA and 

MHA) in urine. Our previous study reported the development of hippurate hydrolase from 

Pyrococcus horikoshii (Hhase1043) and the HA assay method utilizing this enzyme. In the present 

study, Hhase1043 hydrolysis of HA and three isomers of MHA (o-MHA, m-MHA, and p-MHA) 

was improved using protein engineering techniques for developing low-cost assays. A tryptophan 

residue in the putative active center of Hhase1043 was selected using the substrate docking simula-

tion and substituted. As a result, the HA-, o-MHA-, m-MHA-, and p-MHA-hydrolyzing activities 

of the Hhase1043 mutants increased by approximately 3.4, 2.1, 12, and 26 times those of the wild 

type, respectively. Moreover, the mutational effects were remarkably enhanced upon combination 

with the other highly HA-active substitutions obtained previously.

Key words:   Toluene, Xylene, Hippuric acid, Methylhippuric acid, Mutagenesis



Int J Anal Bio-Sci Vol. 10, No 2 (2022)

―  43  ――  43  ―

method is required5-7.

 Hippurate hydrolase (EC 3.5.1.32, Hhase) cata-

lyzes the reactions involving various N-benzoylamino 

acids to yield benzoic acid and amino acid (glycine in 

the case of HA and MHA)8-11. Several Hhases from 

bacteria have been characterized previously. 

Additionally, our team has identified an Hhase (named 

Hhase1043) from a hyperthermophilic archaeon 

Pyrococcus horikoshii12,13. Moreover, we have devel-

oped the Hhase1043-based enzymatic HA assay 

method for simple and high-throughput estimation 

of HA and MHA in biological samples12.

 In the present study, we attempted to improve 

the HA- and MHA-hydrolyzing activities of 

Hhase1043 using a substrate docking simulation to 

reduce the assay cost. The relevant hydrolyzing 

activities of the mutants were elevated by as much 

as 2–26 times that of the wild type. When the most 

effective mutation was combined with the other 

highly HA-active substitutions previously obtained, 

the activities were further enhanced remarkably.

2. Materials and Methods

Materials, bacterial strain, and plasmid

 The compounds and reagents were purchased 

from Nacalai Tesque (Kyoto, Japan) and FUJIFILM 

Wako Pure Chemical Industries (Osaka, Japan). 

Escherichia coli BL21(DE3) was used as a host. The 

expression plasmid pET24-PH1043HT12 was used 

for mutated plasmid construction and recombinant 

protein preparation.

DNA manipulation

 Plasmid isolation, T4 DNA ligase-mediated 

DNA ligation, and transformation of E. coli cells were 

performed as described previously12,14. KOD-Plus 

Mutagenesis kit (Toyobo Co., Ltd., Osaka, Japan) 

was used for inverse PCR and site-directed mutagen-

esis, according to the manufacturer’s instruction.

Enzyme purification, assay, and characterization

 E. coli BL21(DE3)/pET24-PH1043HT or the 

mutated plasmid was grown under the same condition 

as previous study12. Purification of the recombinant 

pro te in  was  a l so  per formed as  prev ious ly 

described12,14. The enzymatic properties of the purified 

product were then characterized. The enzyme assay 

Fig. 1
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Fig. 1.  Reaction steps involved in toluene and xylene metabolism.
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was based on the measurement of glycine produced 

during substrate hydrolysis using the ninhydrin 

method12,14. One unit of activity was defined as the 

increase in absorbance (570 nm) per minute at 37°C 

and pH 7.5.

Docking simulation

 The Molecular Operating Environment (MOE) 

software ver. 2019 (Chemical Computing Group 

Inc., Montreal, Canada) was used to perform molec-

ular visualization and docking simulations15-20. The 

structure model of Hhase1043 used here was built 

previously through homology modeling using 

MOE12. The molecular structures of the compounds 

used in the docking simulations were obtained from 

the PubChem database (https://pubchem.ncbi.nlm.

nih.gov/). Molecular docking studies were performed 

using the induced fit docking protocol in MOE to 

allow for side chain flexibility. All the compounds 

used for the docking process were built and saved as 

MOE files. Next, using the default parameters in 

MOE, energy minimization was performed after 3D 

protonation of the proteins. The docking site was 

defined around the putative active center. Triangle 

Matcher was used as a placement method. Rescoring 

was performed using London dG and GBVI/WSA. 

For each ligand, five conformations were allowed to 

be formed and the top-ranked reactive conformations 

were selected based on the docking scores.

3. Results and Discussion

Docking simulations of HA and MHA

 To investigate the substrate affinity mechanism, 

we performed molecular docking simulations of HA 

and MHA using the Hhase1043 structure model. The 

reactive substrate-binding state of HA was recog-

nized with the calculated docking score of –4.27 

(Fig. 2A). m-MHA and p-MHA also exhibited stable 

binding in the reactive states (Fig. 2B, C) with 

docking scores of −4.59 and −4.03, respectively. 

Conversely, reactive binding between o-MHA and 

Hhase1043 was not established, suggesting weak 

activity due to lower interaction between o-MHA 

and the enzyme pocket.

     The binding state of p-MHA was very similar to 

that of HA, and the amide bond carbonyl oxygens of 

both substrates were located in the same direction 

(Fig. 2A, C). Unexpectedly, the binding conforma-

tion of m-MHA in Hhase1043 was considerably 

different from that of p-MHA. As a result, the amide 

bond carbonyl oxygen of m-MHA was located in the 

opposite direction to that of HA and p-MHA (Fig. 

2). It appears that the position of the methyl group 

limits the substrate conformations in the active 

center of Hhase1043 due to its confined enzyme 

pocket. We assume that the expansion of active site 

pocket increases hydrolytic activity; therefore, we 

selected a bulky amino acid, tryptophan, in the 

active site (W164) as the mutagenesis target (Fig. 2).

Fig. 2
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Fig. 2.  Docking simulations of HA (A), m-MHA (B), and p-MHA (C) with Hhase1043. Close-up views of the active 

sites are shown by stick representations of substrate (green) and amino acid residue side chains (light pink). 

Sulfur, Oxygen, Nitrogen, and substrate hydrogen are represented by yellow, red, blue, and white, respectively. 

C102, H104, and H359 are putative metal ion-chelating residues. W164 is the mutagenesis target in the present 

study.
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Effect of W164 mutants on enzyme activities

 The wild-type Hhase1043 exhibited weak HA- 

and even weaker MHA-hydrolyzing activities at 37 

°C (Fig. 3); however, highly efficient assays require 

much higher hydrolyzing activity. Based on the 

docking simulation, we hypothesized that the substi-

tution of W164 with smaller side chain residues, 

such as G, A, V, L, and I, may improve the HA- and 

MHA-hydrolyzing activities of Hhase1043 enzyme.

 All the W164 mutant enzymes were purified 

and their HA, m-MHA, and p-MHA-hydrolyzing 

activities were examined. The specific activities of 

W164G, W164A, W164V, W164L, and W164I for 

HA, m-MHA, and p-MHA were found to be 1.9–3.4, 

5.9–12, and 4.1–26 times higher than those of the 

wild type, respectively (Fig. 3). For o-MHA, the 

specific activity of only W164A increased to two-

fold that of the wild type.

 Thus, highly active mutants of Hhase1043 were 

obtained successfully based on the substrate docking 

simulation and protein engineering. However, the 

o-MHA-hydrolyzing activity was insufficient for the 

development of an effective and low-cost MHA 

assay.

Effect of multiple mutations on enzyme activities

 To improve the activities further, multiple 

mutants were constructed. Four mutants (K193S, 

P200S, T236I, and N307P) were selected; all four 

were obtained previously by site-directed saturation 

mutagenesis and shown to enhance the HA-hydrolyzing 

activity12. The structure of Hhase1043 is composed of a 

larger catalytic domain and a smaller satellite domain. 

The selected mutation points exist in the loop 

regions and spaces between secondary structures of 

the satellite domain, except for N307P. These muta-

tions were combined with W164A and four multiple 

mutants were constructed.

 All enzymes were purified and characterized. 

As shown in Fig. 4, the multiple mutants demon-

strated elevated enzyme activities. In particular, the 

W164A + K193S + N307P enzyme exhibited 

increases in specific activities of 12-, 3.9-, 31-, and 

29-fold for HA, o-MHA, m-MHA, and p-MHA, 

respectively compared to those of the wild type (Fig. 

4). Thus, the effect of the W164A mutant was 
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Fig. 3.  HA- and MHA-hydrolyzing activities of the wild type and W164 mutants. Relative activities to 

the HA- and MHA-hydrolyzing activity of the wild-type enzyme were estimated. Activities for 

HA, o-MHA, m-MHA, and p-MHA are represented by blue, orange, gray, and yellow, respec-

tively. Error bar represents standard deviation, n = 3.
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enhanced remarkably by combining the other highly 

HA-active substitutions.
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