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1. Introduction

 The concentration of creatinine in serum is an 

important index of renal function in clinical medi-

cine due to its relationship to the glomerular 

filtration rate1-3. The spectrophotometric enzymatic 

endpoint assay is an accurate method for estimating 

serum creatinine concentration. Sarcosine oxidase 

(Sox, EC 1.5.3.1; sarcosine:oxygen oxidoreductase) 

is a monomeric or heterotetrameric flavoprotein that 

catalyzes the oxidative demethylation of sarcosine 

(N-methylglycine) to yield glycine, formaldehyde, 

and hydrogen peroxide4-6. The catalytic reaction of 

monomeric Sox, which contains flavin adenine dinu-

cleotide (FAD) as the coenzyme, is a well-known 
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Summary  Monomeric sarcosine oxidase (Sox) is used in clinical creatinine assays and serum 

creatinine concentration is an index of renal function. The assay couples creatininase, creatinase, 

and peroxidase. Wild-type Sox reacts slightly with L-proline and thus L-proline might interfere 

with the assay. Consequently, mutant enzymes with weakened oxidase activities towards L-proline 

have been developed using protein engineering techniques. Here, the affinities of Sox towards 

L-proline analogues and derivatives were investigated by tertiary structure comparisons and 

molecular docking simulations. L-Thioproline was predicted as a new substrate based on the 

results of in silico selection. As expected, Sox exhibited weak oxidase activity towards 

L-thioproline, with much lower Km and kcat values than those observed using sarcosine as the 

substrate. Typical substrate inhibition was observed at relatively high concentrations of 

L-thioproline. Spectral analyses under aerobic and anaerobic conditions showed that the first 

reductive half-reaction for L-thioproline occurs very slowly. A charge transfer Michaelis complex 

based on L-thioproline-enzyme interaction was clearly observed as a change in long-wavelength 

absorption. These results broaden our understanding of the reactivity and substrate specificity of 

Sox.
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example of a typical ping-pong Bi-Bi mechanism 

consisting of the following anaerobic reductive half-

reaction (1) and aerobic oxidative half-reaction (2):

(1) CH3NHCH2COOH + Sox-FAD 

� → CH2NCH2COOH + Sox-FADH2

(2) O2 + Sox-FADH2 → H2O2 + Sox-FAD

 Sox is involved in the bacterial metabolism of 

creatinine, together with the related enzymes creat-

ininase (EC 3.5.2.10) and creatinase (EC 3.5.3.3)1-3. 

Monomeric Sox is industrially important and is used 

with creatininase, creatinase, and horseradish peroxi-

dase for the enzymatic assay of creatinine in clinical 

settings, and SoxA and SoxB from the genera 

Arthrobacter  and Bacillus ,  respectively, are 

produced commercially as diagnostic reagents4,5,7,8.

 Enzymes used as diagnostic reagents must 

exhibit extremely low reactivity towards substrate 

analogues and derivatives that may be present in 

clinical samples and that could interfere with the 

assay. For example, L-proline reacts slightly with 

Sox9. It would therefore be advantageous to mini-

mize interference in clinical assays by improving the 

substrate specificity of Sox, and especially to 

weaken its L-proline oxidase activity. We have used 

random and site-directed mutagenesis techniques to 

decrease the L-proline oxidase activity of Sox 

without decreasing its sarcosine oxidase activity10, 

and one of these mutant enzymes is now produced 

commercially for use as a diagnostic reagent.

 The X-ray crystallographic structures of SoxB 

and several mutants have been solved11-15 and models 

of the enzyme-substrate complex can be constructed 

by computer-aided docking. We previously 

constructed SoxB-substrate docking models to 

understand how Sox reacts with both L- and 

D-substrates16. The resulting insights will help 

improve the functionality of the enzyme.

 In this report, we investigated the affinities of 

SoxB toward L-proline analogues and derivatives 

using in silico techniques and selected L-thioproline 

as a new substrate based on our findings. It was 

previously experimentally demonstrated that Sox 

has weak L-thioproline oxidase activity. To our 

knowledge, this is the first example of using in silico 

analysis to select a new substrate for a diagnostic 

enzyme. By further developing this method for diag-

nostic reagents, several compounds that interfere 

with the assay can be easily predicted.

2. Materials and Methods

Materials
 SoxB and SoxA used were from Asahi Kasei 

Pharma (Tokyo) and Toyobo (Osaka), respectively, 

as reported previously16-19. Other compounds were 

purchased from Nacalai Tesque (Kyoto) or Yashima 

Pure Chemicals (Osaka).

Enzyme assay and characterization
 The enzyme assay is based on the measurement 

of hydrogen peroxide produced during substrate 

oxidation. A 4-aminoantipyrine peroxidase system 

was used for the enzyme assay, as described previ-

ously4. The final assay mixture contained 100 mmol/

L sarcosine or an appropriate concentration of 

another substrate, 0.49 mmol/L 4-aminoantipyrine, 

2.1 mmol/L phenol, 50 mmol/L Tris-HCl (pH 8.0), 

and 5 U/mL of horseradish peroxidase. Enzyme 

solution (35 µL) was incubated with the assay 

mixture (1000 µL) at 37°C, and the amount of 

quinoneimine dye formed by the coupling of 

4-aminoantipyrine, phenol, and horseradish peroxi-

dase was measured spectrophotometrically at 500 

nm against a sample blank. One unit of activity was 

defined as the formation of 1 µmol of hydrogen 

peroxide (0.5 µmol of quinoneimine dye) per min at 

37°C and pH 8.0. Reaction mixtures consisting of 

various concentrations of substrate solution were 

used to determine the Km and kcat values.

Spectral analysis
 Spectrophotometric analyses were conducted 

using a Hitachi U-3900 spectrophotometer (Hitachi 

Co., Ltd., Tokyo). Anaerobic experiments were 

conducted in a total volume of 1000 µL as described 

by Wagner and Jorns20. The reaction mixtures incor-

porated an oxygen-scavenging system consisting of 

glucose oxidase (8.4 U/mL), glucose (8 mmol/L), 
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and catalase (220 U/mL).

Molecular docking
 Molecular docking studies were performed 

using the software suite Autodock ver. 4.221 and a 

grid-based docking procedure was used. The ligand 

structures were obtained from the Protein Data Bank 

(sarcosine; PDB ID: 3qse, L-proline; PDB ID: 2eiw) 

and the PubChem database. Gasteiger charges for 

the ligands were calculated using Autodock Tools. 

The enzyme model obtained from the X-ray crystal 

structure (PDB ID: 1el5, resolution: 1.80 Å) was 

prepared with Autodock Tools by deleting all water 

molecules, adding polar hydrogens, and loading 

charges. The hydrogen atoms of the histidine resi-

dues were predicted using the software package 

Reduce22. AutoGrid settings with a 30 × 30 × 30 grid 

size and a grid spacing of 0.375 Å were used to 

prepare each grid, and the grid was localized at the 

active site of the respective enzyme-substrate 

complex. Five billion conformations were evaluated 

using the Lamarckian genetic algorithm. The 

program Pymol23 was also used for molecular visu-

alization and simulation of substrate docking by 

utilizing the pair-fitting function. The coordinates 

for sarcosine, L-proline, and L-thioproline were 

generated by superposing the positions of the Cα, 

methylamino, and carboxyl groups (total of 6 pairs) 

onto those of the substrate analogue dimethylglycine 

in the SoxB structure, and the root mean square 

deviations of the three substrates were 0.154 , 0.630, 

and 0.218 Å, respectively.

3. Results and Discussion

Molecular docking
 Molecular docking studies enhance our under-

standing of enzyme-substrate interactions and thus 

are useful for better understanding enzymatic assays. 

Predictions made using Autodock previously indi-

cated that L-proline can bind efficiently to Sox16. 

The calculated binding energy of L-proline (-6.0 

kcal/mol) was similar to that of sarcosine (-4.9 kcal/

mol), whereas the affinity of Sox for L-proline (1/Km 

value) was markedly lower than that of sarcosine. 

This suggests that the enzyme-L-proline complex 

might cycle between the binding form to the reactive 

form at an extremely low frequency; indeed, 

modeling showed that the predicted configuration of 

L-proline was clearly unreactive towards the flavin 

ring in Sox.

 We screened various tertiary structures of 

L-proline analogues and derivatives by in silico 

analysis and several are shown in Figure 1(A). The 

Cα-N-C bond angles of L-proline, 3,4-dehydro-L-

proline, trans-4-hydroxy-L-proline, and 3,4-epoxy-

L-proline were quite different from that of sarcosine, 

whereas those of cis-3-hydroxy-L-proline and 

L-thioproline were almost the same as that of sarco-

sine. Therefore, of the candidate new substrates 

screened, L-thioproline was selected due to its avail-

ability and probable low steric interference with the 

catalytic site.

 Molecular docking simulations of compounds 

with the SoxB structure were performed and 

compared, and the interactions of sarcosine, 

L-proline, and L-thioproline with the coenzyme 

FAD are shown in Figure 1(B). The docking study 

indicated that L-proline interacted quite differently 

with the Sox binding site compared with sarcosine. 

In particular, the distance between the C5 atom of 

L-proline and the N5 atom of the FAD was too large 

to allow effective electron transfer for the reductive 

half-reaction of Sox, suggesting that transformation 

to the reactive form and the reduction of FAD by 

L-proline are rate-limiting. Proline dehydrogenase 

(EC 1.5.99.8) is a flavoprotein that binds the 

substrate L-proline to the si-face of the flavin ring24 

whereas Sox binds the substrate to the opposite side 

(re-face) [Fig. 2 (3E2S)]. Another proline dehydro-

genase bends the L-proline structure25 for rapid 

reaction [Fig. 2 (3AXB)]. In contrast, the distances 

between L-thioproline (positions N and C5) and the 

FAD (positions C4a and N5) were similar to those 

of sarcosine, suggesting that Sox should have high 

affinity for the L-thioproline structure and thus 

should efficiently adopt the reactive form.

Reactivity toward L-thioproline
 The activities of SoxB and SoxA were assayed 
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using various concentrations of L-thioproline; both 

Sox enzymes reacted with L-thioproline (Fig. 3), 

albeit extremely weakly compared to sarcosine. 

L-Thioproline is therefore a new substrate for mono-

meric Sox selected by in silico analysis. The rapid 

decrease in activity observed at relatively high 

concentrations of L-thioproline [Fig. 3(A)] indicates 

remarkable substrate inhibition of monomeric Sox 

b y  L - t h i o p r o l i n e ,  u n l i k e  s a r c o s i n e  a n d 

other conventional substrates. The dependence of 

the reaction rates on L-thioproline concentration was 

fitted to the substrate inhibition equation26. The Km 

and Ki (inhibitory constant) values of SoxB for 

L-thioproline was estimated to be higher than those 

of SoxA, as is the case for the Km values of the 

enzymes for sarcosine4,5. As shown in Figure 3(B), 

the profiles of the oxidase activities towards 

L-thioproline were dependent on the enzyme 

Fig. 1   Comparison of tertiary structures. (A) Structural comparison of L-proline analogues and derivatives. 

Each compound is represented by a ball-and-stick model. Carbons, oxygens, nitrogens, and sulfurs are 

in yellow, red, blue, and gold, respectively. (B) Molecular dockings of compounds with SoxB. 

Close-up views of the active site show the interactions with FAD. Compounds and FAD are shown by 

ball-and-stick models and stick drawings, respectively.

Fig. 2   Close-up views of the active sites of two L-proline dehydrogenases. L-Proline and 

FAD are shown by ball-and-stick models and stick drawings, respectively. Carbons, 

oxygens, and nitrogens are in yellow, red, and blue, respectively.



Int J Anal Bio-Sci Vol. 4, No 4 (2016)

―  87  ―

concentration and the ratio of L-thioproline to 

enzyme, consistent with substrate inhibition.

 The kinetic parameters of SoxB for L-thioproline 

were estimated from the substrate inhibition equa-

tion by nonlinear curve fitting using the Microsoft 

Excel Solver tool and compared with those for 

sarcosine and L-proline (Table 1). The Km value for 

L-thioproline was approximately 3 and 45 times 

lower than that for sarcosine and L-proline, respec-

tively. The catalytic efficiency (kcat/Km) for 

L-thioproline was remarkably smaller than that for 

sarcosine due to the extremely low value of kcat.

Fig. 3   Effects of L-thioproline concentrations on the Sox activities. (A) 

Activities of SoxA and SoxB with L-thioproline. Each enzyme solu-

tion of approximately 10 mg/mL was prepared by dilution with 

20mmol/L potassium phosphate buffer (pH 7.5). Final concentrations 

of enzymes in assay mixtures were 0.34 mg/mL. The results of SoxA 

and SoxB were represented by open and closed circles, respectively. 

(B) The enzyme concentration-activity relationship. SoxB solutions of 

approximately 1.0-10 mg/mL, of which final concentrations in assay 

mixtures were 0.034-0.34 mg/mL, were used in measuring 

L-thioproline oxidase activities.

Table 1.　Kinetic parameters of SoxB
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Spectral analysis under aerobic conditions
 Spectral analysis is a well-known technique to 

observe FAD and thus the spectral properties of 

SoxB were examined in the presence and absence of 

substrate to obtain information regarding enzyme-

bound FAD.

 SoxB exhibited an absorption spectrum charac-

teristic of flavoprotein, with a peak at 374 nm and 

454 nm, identical to those obtained using free FAD 

(Fig. 4). These peaks are considered to represent 

enzyme-bound oxidative FAD. Under aerobic condi-

tions, the absorption spectrum of SoxB with and 

without L-proline was identical, whereas with sarco-

sine, the FAD-dependent peaks disappeared due to 

FAD being converted to the reductive form. Unlike 

L-proline and L-thioproline, sarcosine is rapidly 

oxidized by the anaerobic reductive half-reaction of 

SoxB. Dissolved oxygen required as a substrate for 

the second oxidative half-reaction would be limited 

due to the rapid first reductive half-reaction and thus 

the enzyme-bound FAD would be almost entirely in 

the reductive form. Accordingly, the concentration 

of dissolved oxygen should gradually increase to 

normal after the sarcosine is exhausted and the 

concentration of oxidative FAD would subsequently 

increase. Indeed, the spectrum with sarcosine 

measured 6 h after initiation of the reaction was 

essentially the same as that without substrate or with 

L-proline, as shown in Figure 4(B).

 The spectrum obtained with L-thioproline 

differed considerably from the others: although two 

peaks were obtained, one was slightly shifted toward 

shorter wavelength, as shown in Figure 4(A). This 

difference in profile suggests that FAD binds with 

the enzyme under different conditions compared to 

in the presence of other substrates and may reflect 

changes in the SoxB-FAD interaction. Moreover, a 

dramatic increase in long-wavelength absorption (λ 

> 500 nm) was apparent in spectra obtained immedi-

ately and 6 h after mixing enzyme and substrate 

(Fig. 4). This is attributable to a charge transfer 

interaction between the oxidative FAD and 

L-thioproline, as previously described for enzyme-

inhibitor complexes and rapid reaction kinetic 

studies under anaerobic conditions20,27,28. The turn-

over of L-thioproline is extremely slow: less than 

4.5×10-4 and 6.3×10-2% of the rates observed with 

sarcosine and L-proline, respectively (Table 1). 

Thus, the charge transfer Michaelis complex gener-

ated by L-thioproline could be monitored in manual 

mixing experiments (Fig. 4).

Spectral analysis under anaerobic conditions
 To investigate the reductive half-reaction of 

Sox toward L-thioproline, spectral analysis under 

Fig. 4   Spectral profiles of Sox with substrates. 

Approximately 2.0 mg/mL (47 µmol/L) of SoxB 

enzyme and 8.0 mmol/L of substrate were used 

for each analysis. Reactions were conducted 

under aerobic conditions in 50 mmol/L Tris-HCl 

buffer (pH 8.0). Solid lines, dotted lines, and 

grey solid lines indicate the results obtained 

using L-thioproline, L-proline, and sarcosine, 

respectively. Grey dotted lines are the spectra of 

the uncomplexed enzyme. Curves were recorded 

immediately (A) and 6 h (B) after adding each 

substrate.
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anaerobic condit ions (single turnover) was 

performed using the oxygen-scavenging system 

described in the Materials and Methods section, and 

the results were compared with those obtained using 

sarcosine and L-proline (Fig. 5). As expected, two 

peaks due to the oxidative FAD immediately disap-

peared from the spectrum of SoxB with sarcosine 

whereas these peaks disappeared 15 and 20 min after 

in i t ia t ing  the  reac t ion  wi th  L-pro l ine  and 

L-thioproline, respectively, because of the slow 

reductive half-reaction rates. Long-wavelength 

absorption resulting from the charge transfer 

Michaelis complex was apparent only in spectra 

with L-thioproline and decreased as the reaction 

proceeded.

Comparison of reductive half-reactions
 The above results supported the tentative reduc-

tive half-reactions of Sox toward sarcosine, 

L-proline, and L-thioproline shown in Figure 6. In 

contrast to the complexes formed with sarcosine and 

L-thioproline, the enzyme-substrate complex with 

L-proline suggested from docking simulations (Fig. 

1) is transferred from the substrate-binding form 

([ES]) to the reactive complex ([ES*]) at an 

extremely low frequency. Transfer from the [ES] to 

the enzyme-product complex ([EP]) with L-proline 

and L-thioproline is considerably slower than with 

sarcosine, as shown in the spectral analysis (Figs. 4 

and 5). In particular, the [ES*] to [EP] reaction rate 

(k2’) of L-thioproline was predicted to be exceed-

ingly low because, like sarcosine, the structural 

conversion of [ES] to [ES*] L-thioproline was 

straightfoward (Fig. 1). A delay in the formation of 

[EP] is likely related to the substrate inhibition of 

Sox by L-thioproline (Fig. 3). Final formation of the 

reductive enzyme and product is assumed to be a 

rate-limiting step dependent on the turnover number, 

which decreased markedly in the order sarcosine, 

L-proline, and L-thioproline (Table 1). Differences 

in the spectral profile between sarcosine and 

L-proline/L-thioproline around 450 nm (Fig. 5) 

might reflect the release of the final product from the 

enzyme.

Fig. 5   Anaerobic reductions of Sox with various substrates. Approximately 47 µmol of enzyme and 8.0 mmol of 

substrate per L were used for the analyses. Reactions were conducted under anaerobic conditions in 50 mmol/L 

Tris-HCl buffer (pH 8.0). Curves were recorded immediately (solid lines), 5-30 min (grey lines), and 60 min 

(dotted lines) after adding each substrate.

Fig. 6   Schemes of the anaerobic reductive half-reactions of Sox with 

sarcosine, L-proline, and L-thioproline.
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 The research described in this paper first used 

in silico analysis followed by experiments to under-

stand the substrate affinity and reactivity of an 

enzyme used in diagnostic assays. The application of 

enzymes to diagnostics requires investigation of 

whether or not various compounds in specimens and 

reagents influence the enzyme reaction. In future, 

effective in silico analysis of enzyme-compound 

interactions should be useful in both practical and 

fundamental studies.
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