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Amp Ampicillin 

ANS 1 8- anilino naphthalene sulfonate 

BSA bovine serum albumin 

DTT Dithiothreitol 

D.W. deionized water 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

HPLC high performance liquid chromatography 

LB Luria-Bertani 

LC liquid chromatography 

MS mass spectrometry 

OBzl benzyl ester 

PAGE polyacrylamide gel electrophoresis 

PIPES piperazine-1,4-bis(2-ethanesulfonic acid) 

pNA p-nitroanilide 

SDS sodium dodecyl sulfate 

TEMED N,N,N,N-tetraethylenediamine 

Tris Tris (hydroxy methyl) amino methane 
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 3  1    3  1  

 Gly G   Thr T 

 Ala A   Cys C 

 Val V   Tyr Y 

 Leu L   Asn N 

 Ile I   Gln Q 

 Met M   Lys K 

 Trp W   His H 

 Phe F   Arg R 

 Pro P   Asp D 

 Ser S   Glu E 
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 (POP) family (clan SC, family S9 in the MEROPS peptidase 

database [1], http://merops.sanger.ac.uk/)  [2] POP 

family 4

S9a S9b S9c S9d S9a POP

 

[3]  S9a oligopeptidase B (OpdB)

Trypanosoma brucei T. evansi [4,5]

S9 POP

 

S9 POP -

Ser/His/Asp [6 9]

-

[7] S9 POP

[6,10,11]

(Fig. 1A)

-
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[12] -

[13,14] (Fig. 1B) -

-

- [15]

[16-19]  (Fig. 1C)

S9 POP  

S9 POP

T. brucei OpdB 3

 [20] Streptomyces griseus OpdB 

[21] S9 POP

POP [22] POP

pH

 [22 24] OpdB

NaCl [25]

S9 POP  
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S9 POP Eryngase

[26,27]

L-Phe-pNA L-Leu-pNA

2 L-Leu-pNA

ANS Fig.S1

Eryngase
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Fig. 1. S9 A: eryngase

Ser524

- -

B: -

-

C: 

-
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1  -

 

 

S9 POP

[28,29] pH [30-33]

S9 

POP Pleurotus eryngii

S9 POP Eryngase

Met203

-

Met203

 

 

 

1.1. Eryngase  

Fig. 2A Eryngase L-Phe-pNA pNA 20 min

L-Leu-pNA

60 min L-Leu-pNA L-Pro-pNA L-Ala-pNA pNA

1% 60 min  

L-Phe-pNA

Eryngase L-Phe-pNA/L-Leu-pNA pNA Phe/Leu 3.1

22.8 1% 1
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S9 POP

[13,17] Eryngase

 (Fig. S2)  

Cys Eryngase

Cys Ala

Phe/Leu (3.1 to 

3.6) Eryngase (Fig. S3A)  

60 min 1%

(Fig. S3B) Cys

 

 

1.2.  

1%  (0 60 min)  (480 

min) MALDI-TOF MS

m/z 2426 60 min m/z 2442

(Fig. 3A) 480 min m/z 2426 m/z 2442

m/z 2426

Leu193-Arg211

LVWLQWFHPDMPWEGSELR Eryngase -

(Fig. 3B)  (Fig. 3C)

203 Met Met
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m/z 2426 Leu193-Arg211 M203A

MALDI-TOF MS

M203A Leu193-Arg211 m/z 2368

m/z 2426 M203A

(Fig. 3A) m/z 2368 + 16 M203A

m/z 2426

Leu193-Arg211 Met203  

 

1.3. Met203  

Met203 Ala Eryngase 1%

1 h Phe/Leu 14.5  (lower panel of 

Fig. 1B). M203A 1%  60 min  Phe/Leu

Phe/Leu 16.6, Fig. 2B M203A

L-Phe-pNA

(Fig. 2B )

Met203  

Met203

Table 1

L-Phe-pNA kcat

4300 s-1 2 L-Phe-pNA kcat

Met203 Phe Met203

Phe L-Phe-pNA Km

L-Phe-pNA Km 6.2 mM 100
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Met203  

 

 

 

 

 

 

 

 

 

 

Fig. 2  (A)  M203A (B) eryngase pNA

L-Phe-pNA L-Leu-pNA 1%

Oxidized  1%

60 30 L-Phe-pNA/L-Leu-pNA

4  
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Fig. 3 A: 1% M203A

MALDI-TOF MS B: eryngase -

Leu193 Arg211 -

C: Protein Data Bank 3AZO

[34]

SWISS-MODEL Website (http://swissmodel.expasy.org) [35]
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Table 1 L-Phe-pNA L-Leu-pNA Km kcat  

Substrate L-Phe-pNA  L-Leu-pNA 

Enzyme kcat (s
 -1) Km (mM) 

kcat/Km 

(s
-1

·mM
-1

) 

 
kcat (s

 -1) Km (mM) 
kcat/Km 

(s
-1

·mM
-1

) 

Wild-type 1900 0.063 30000  570 0.12 4900 

Oxidized 4300 6.2 700  6.4 0.72 8.9 

M203A 1600 0.2 8200  230 1.9 120 

M203S 2100 0.15 14000  170 1.0 160 

M203L 1100 0.076 14000  260 0.19 1400 

M203F 14 0.054 260  3.4 0.16 22 

M203D 820 0.18 4500  12 0.78 15 

M203K 880 0.18 4900  26 0.37 71 
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2  

 

 

- Met203

[36] Met203 S9 POP

S9 POP Met203

Eryngase Met203

Met570

Met570 Met203 -

Met203 Met570

Eryngase  

 

 

2.1. Met Eryngase  

Met

Eryngase Met 4 Met (Met142, Met203, 

Met570, and Met620)  (Fig. 4) Met203

Met

Met Ala

M620A M620T L-Phe-pNA

L-Leu-pNA Phe/Leu M142A M570A M620T 

M203A  
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L-Phe-pNA L-Leu-pNA (Fig. 3)

M142A M620T Phe/Leu 2.8 5.4 Phe/Leu

3.1 Eryngase

M570A Phe/Leu

15.6 M203A Eryngases 14.5 22.8  (Fig. 

3). Met570 Met203

Met570   

 

 

 

 

 

 

Fig. 4  erynase 4 Met Met Met142 Met203 -

Met570 Met620  
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2.2.  

L-Phe-pNA Eryngase pNA

L-Leu-pNA Phe/Leu

3 20 M203A Phe/Leu

( 15)  

M142A M620T L-Phe-pNA

pNA

L-Leu-pNA 1% 60 min (Fig. 5)

Phe/Leu M142A M620T M570A

L-Leu-pNA (Fig. 5) Phe/Leu

15.6 37.3 2 4 Met203

Met570

 

 

 

 

 

 

Fig. 5 L-Phe-pNA L-Leu-pNA pNA N.T., , Ox., 

1% 30 60  (N.T.)  (Ox.) Phe/Leu

4  
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2.3. Met570  

M570X Met570

-pNA pNA

L-Leu-pNA L-Met-pNA

-pNA (Fig. 6) M570A

Phe/Leu M570F (70.1) M570K (176.2) 570

pNA

 

 

 

 

 

 

 

 

 

Fig. 6 M570X L- -pNA L-AA-pNA pNA L-Phe- 

(Phe) L-Tyr- (Tyr) L-Leu- (Leu) L-Met- (Met) L-Pro- (Pro) L-Ala- (Ala) L-His- (His) Phe/Leu

4  
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2.4. Met Met  

Eryngase 1% Met

Met203 Met570 Met

Met

Met Met Gln

M203Q M570Q M203Q/M570Q

M142Q/M203Q/M570Q/M620Q Met

 

pNA (Fig. 7) M203Q  

M570Q Phe/Leu  ( 7.4 9.3)

Phe/Leu 15.4 (Fig. 7) Met

Phe/Leu 23.6 Eryngase

Met203 Met570 Met

 

 

 

 

 

 

Fig. 7 Met L- -pNA L-AA-pNA pNA

L-Phe- (Phe) L-Tyr- (Tyr) L-Leu- (Leu) L-Met- (Met) L-Pro- (Pro) L-Ala- (Ala) L-His- (His)

Phe/Leu 4
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2.5.  

L-Phe-pNA L-Leu-pNA

Table 2

M203F M203D M203K L-Leu-pNA

kcat M570F M570K ( 26 s-1 4.9 s-1)

L-Leu-pNA kcat (

58 s-1 75 s-1) Met203 Met570

 

 

Table 2 L-Phe-pNA L-Leu-pNA Km kcat  

 

 

  

Substrate Enzyme L-Phe-pNA    L-Leu-pNA   

 
kcat (s

-1  Km (mM) 
kcat/Km  

(s-1 mM-1  
 kcat (

s-1  Km (mM) 
kcat/Km  

(s-1 mM-1  

Wild-type 1900 0.063 30,000  570 0.12 4900 

Oxidized 4300 6.2 700  6.4 0.72 8.9 

M203Q 1900 0.18 10,000  210 0.3 720 

M570A 1100 0.16 6800  210 0.98 220 

M570Q 710 0.18 3900  180 0.89 200 

M570E 950 0.11 8300  240 1.1 220 

M570F 1100 0.64 1800  26 0.73 35 

M570K 920 0.82 1100  4.9 0.86 5.7 

M203Q_M570Q 1200 0.34 3500  58 0.62 94 

M142Q_M203Q_M570Q_M620Q 550 0.12 4600  75 0.68 110 
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3  -

 

 

1 2 Met203

Met570 [36,37] Met203 Met570

Met

Met

His76 Phe180 Trp198

Met

 

 

 

3.1. Eryngase  

Met203 -

Trp195 Trp198 His200 Trp205

W195A His200 Trp205 Ala

Phe/Leu (Fig. 8)  

Trp198 Ala L-Phe-pNA

Phe/Leu (Fig. 8) Met203 Met570
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L-Phe-pNA kcat L-Phe-pNA

kcat 110 s-1
L-Leu-pNA kcat 280 s-1

Trp198 Met

 

 

 

 

 

 

 

 

 

Trp198 L-Phe-pNA

Trp198

His76 Phe180 Phe565 Ala

Phe565 Ala Phe/Leu 2.1

Fig. 8 L-Phe-pNA L-Leu-pNA L-Pro-pNA L-Ala-pNA pNA

Oxidized  1% 60 30 Phe / Leu

4 WT Oxidized W198A W205A 3 H200A
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(Fig. 9) Phe/Leu 3.1 -

His76 Phe180 Trp198 Phe/Leu 1.0

0.66  (Fig. 9) His76 Phe180

Phe565 Ala Km kcat

L-Phe-pNA Km kcat (Table 3)

Phe565 -

His76 Phe180 L-Phe-pNA

L-Leu-pNA Km kcat (Table 3)

 

 

3.2.  

M203A

M570A [36,37]  

Ala

1% 60 

L-Phe-pNA 3.0 4.2 3.5 (Fig. 9)

F565A L-Phe-pNA 1.6 1.4

 (Fig. 9) - His76 Phe180 Trp198

Phe565
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3.3. W198A Met  

Trp198

W198A

W198A L-Phe-pNA pNA 40 min

L-Leu-pNA 60 min

60min Phe/Leu 10.4 (Fig. 10) W198A

L-Phe-pNA kcat Table 3 L-Tyr-pNA

pNA 1% 60 min

(Fig. 10) Tyr

Fig. 9 L-Phe-pNA L-Leu-pNA pNA N.T., , Ox., 

1% 30 60  (N.T.)  (Ox.) Phe/Leu

4  
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Met Gln

Met203 Met570 Gln

Met Trp198

W198A Met203 Met570

Gln W198A/M203Q W198A/M570Q

W198A/M203Q/M570Q W198A W198A

 

W198A W198A L-Phe-pNA

pNA  (Fig. 10) W198A/M203Q W198A/M570Q Phe/Leu  

( 5.7 3.9) W198A/M203Q/M570Q

Phe/Leu 26.0  (Fig. 10) W198A Met

L-Phe-pNA kcat kcat

L-Phe-pNA

Met203 Met570

His76 Phe180 Trp198
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Fig. 10 W198A Met ; L-Phe-pNA ; L-Tyr-pNA ; L-Leu-pNA

pNA W198A L-Phe-pNA L-Leu-pNA 

1%

Phe/Leu 4
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3.4. Trp198  

Trp198 Trp198

-pNA pNA Phe

 (Fig. 11) W198L W198F W198K

Phe/Leu 2.8 3.0 4.4 W198S W198D

W198A Phe/Leu 0.99 1.1 198

pNA

Table 3 Trp198 Phe Asp Lys

L-Leu-pNA kcat

198 L-Leu-pNA

 

 

 

 

 

Fig. 11 W198X L-Phe-pNA L-Leu-pNA L-Pro-pNA L-Ala-pNA pNA

Phe/Leu 4
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Table 3 L-Phe-pNA L-Leu-pNA Km kcat  

 

 

 

  

Substrate   L-Phe-pNA    L-Leu-pNA   

Enzyme kcat (s-1  Km (mM) 
kcat/Km 

(s-1 mM-1  
 kcat (s-1  Km (mM) 

kcat/Km 

(s-1 mM-1  

Wild-type 1900 0.063 30,000  570 0.12 4900 

Oxidized 4300 6.2 700  6.4 0.72 8.9 

H76A 450 0.047 9600  440 0.14 3100 

F180A 870 0.049 18,000  680 0.18 3800 

W198A 110 0.011 10,000  280 0.15 1800 

H200A 630 0.053 12000  290 0.18 1600 

F565A 1900 0.088 21,000  340 0.21 1600 

W198S 720 0.12 5900  590 0.21 2800 

W198L 470 0.051 9300  330 0.35 950 

W198F 970 0.081 12,000  49 0.089 550 

W198D 170 0.099 1700  20 0.067 290 

W198K 720 0.12 5800  80 0.23 350 

Oxidized W198A 360 0.084 4200  45 0.2 220 

W198A_ M203Q 820 0.19 4300  280 0.83 340 

W198A_ M570Q 600 0.077 7800  310 0.39 800 

W198A_M203Q_M570Q 980 0.26 3700  150 1.3 110 
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4  Met

 

 

4 Eryngase

1- 1-

Kyotorphin

Tyr-Arg-OMe [26]

1 3
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4.1. Eryngase  

Eryngase pNA

pNA

ESI-MS

 

L-Phe-pNA L-Phe-OMe

L-Phe-OMe

Fig. 12A 4 L-Phe

15.5 mM 11.5 mM 1.4 Fig. 12A

1.5 (L-Phe)2-OMe 29.1

Fig. 12A Eryngase L-Phe-OMe

L-Phe 
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(L-Phe)2-OMe 

L-Leu-pNA L-Leu-OMe Fig. 

12B 8 2

(L-Leu)2-OMe 1.2 Fig. 

12B L-Leu-OMe

Fig. 12B  (L-Leu)2-OMe

pNA

Eryngase D-Phe-OMe

Fig. 13  

 

4.2. Eryngase Kyotorphine  

Tyr-Arg Kyotorphin

L-Tyr-NH2 L-Arg-OMe

L-Tyr-L-Arg-OMe L-Arg-OMe 

L-Tyr-L-Arg-OMe 20mM L-Arg-OMe

L-Tyr-L-Arg-OMe

L-Tyr-L-Arg-OMe Fig. 14  
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  Fig. 12. eryngase 15 2160 4 20 mM

L-Phe-OMe (A) L-Leu-OMe (B) 4  
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Fig. 13. eryngase 15 2160 4 20 mM

D-Phe-OMe 4  
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Fig. 14. eryngase L-Tyr-L-Arg-OMe 4 90

20 mM L-Tyr-NH2 2-80 mM L-Arg-OMe   
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S9 POP

eryngase

Pfam S9 POP acyl 

aminoacyl peptidase S9c [27] Fig. 15 S9c POP oxidized 

protein hydrolase (OPH) [38] OPH

[39,40] OPH

eryngase 1%

 

Met203

eryngase

Met203 -

 (Fig. 16)
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Met570 Met570

Met203  (Fig. 16) Met

Met

His76 Phe180 Trp198 -

Met203 Met570  

(Fig. 16)

 

L-Phe-pNA pNA

Met203 Met570

W198A Met

W198A  

Trp198 Met203 -
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Met570

(11 Å ) Met His76

Phe180 Trp198

Met

Met

L-Phe-pNA

Met Ala

S9 POP

[15-19]

 

Z-Pro-Prolinal S9 POP

[41-45] -

closed state open state [15,46,47]
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S9 POP [47] open state

closed 

state closed state

Phe565 Trp198

open state

-  

Met203 Phe

L-Phe-pNA kcat

Tyr569 Met203

Met203 Phe 203 569 -

(Fig. S4)

 (M203F/Y569A)

(see Table S1 in the supplementary materials)

L-Phe-pNA kcat

[48,49]

 

S9 POP -
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Met

L-Phe-L-Phe-OMe L-Leu-L-Leu-OMe

-pNA

L-Tyr-NH2

L-Arg-OMe L-Tyr-L-Arg-OMe

Ser Cys

S9 POP  

S9 POP
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Fig. 15. Eryngase Pfam a S9 b (a):Eryngase Ser

Asp His 1 C

N - (b):Eryngase S9

1 Eryngase S9C

Supplementary material  
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Fig. 16. Eryngase Met203 Met570 His76

Phe180 Trp198 Phe565 Met203 Met570

His76 Phe180 Trp198  
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1.  

-pNA Bachem AG Aldrich Chemical Co. Inc. Sigma Chemical Co.

Novabiochem Co. Wako Pure Chemical Industries Ltd. Eryngase

pET22b/Ery[50]

Escherichia coli (E. coli) JM109

E. coli Rosetta DE3 Table 4 

 

 

Table 4  

   

LB-Agar  1% Bacto trypyone, 0.5% Yeast extract, 

1.5% Agar powder, 0.1% NaCl 

D.W. 60

 

 

LB  1% Bacto tryptone, 0.5% Yeast extract,  

1% NaCl 

D.W

 

 

Overnight  

express  

6% Overnight express (Novagen), 

1% Glycerol 

D.W.

 

 

 

2.  

-pNA pNA



 

40 
 

405 nm 0.2 M Tris-HCl buffer (pH 

96-well (Bio-Rad Laboratories Inc.) 405 nm

-1·mg-1

 

 

 

3.  

pET-22b/Ery

PCR (Table S2) PCR 98°C 1

68°C 1.5 18 PCR Dpn 37  6

E. coli JM109

  

 

 

4. Eryngase  2.4 Expression and purification of recombinant eryngase and its 

variants 

 pET-22b/Ery  E. coli Rosetta (DE3) 

20 mL Overnight Expression Instant TB medium (Novagen 
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Inc.) 15 °C 72 h 1 mM DTT  20 mM 

Tris-HCl (pH 8.0) (buffer A) 

50% 70%

10 mM CaCl2 buffer A 55 °C

30 min 40%

40% buffer A butyl Toyopearl

(Tosoh Corp.) 30% buffer A 

20% buffer A

buffer A buffer A Vivapure-Q spin  

(Sartorius AG) containing 0.25 M NaCl buffer A

0.4 M NaCl buffer A

 

 

5.  

 Eryngase 1% 0 1 8 h 95 °C 10 min

0.05 mg·mL-1 trypsin 2 h Eryngase 

Zip Tip (Merck Millipore Co.) MALDI 

matrix Autoflex MALDI-TOF mass spectrometer (Bruker Daltonics Inc.)  
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6. Eryngase  

Eryngase  (0.02 mg·mL-1) 1% 30 °C 20 min

8 h 0.2 mg·mL-1

Eryngase  

 

7.  

L-Phe-pNA L-Leu-pNA Km kcat

(0.003125 0.4 mM) pNA

Lineweaver-Burk plot Km mM Vmax

72,840 g/mol ) kcat S
-1  

 

8.  

  Eryngase one-pot

0.2 M Tris-HCl (pH8.0) buffer L 5 µg/mL 2 L

 0.2 g/mL 0.5 M 20 

mM 2-80 mM) 4 20

36 0.5M HCl
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Electron Spray Ionization-Time of Flight Mass Spectrometry (ESI-TOF MS) Ultra 

Performance Liquid Chromatography (UPLC) -ESI TOF-MS  

 

9. UPLC-ESI-TOF MS  

  ESI-MS 0.1% 100

Millex-LH  (MILLIPORE) 1 mL

LCT-Premire (Waters )

UPLC-ESI TOF-MS Acquity UPLC (Waters) LCT-Premire

UPLC 0.1% HCOOH/H2O (solvent A) 0.1% 

HCOOH/CH3CN (solvent B) UPLC solvent A:B=95:5 2 solvent 

A:B=80:20 1 A:B=80:20 50:50 2 solvent A:B=50:50 1

solvent A:B=80:20 2 solvent A:B=95:5 2
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1.  
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Fig. S2. Effects of reducing agent and high concentration salt on specific activities toward L-Phe-pNA 

and L-Leu-pNA. White and gray bars indicate the pNA-release activities toward L-Phe-pNA and 

L-Leu-pNA, respectively. The values of all assays are averages ± standard deviations of four 

independent experiments. 
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Table S1 Km and kcat values of eryngase mutants towards L-Phe-pNA and L-Leu-pNA 

  

Substrate   L-Phe-pNA    L-Leu-pNA   

Enzyme kcat (s-1  Km (mM) 
kcat/Km 

(s-1 mM-1  
 kcat (s-1  Km (mM) 

kcat/Km 

(s-1 mM-1  

M203F 14 0.054 260  3.4 0.16 22 

Y569A 300 0.074 4100  410 0.74 560 

M203F/Y569A 770 0. 7 1100  17 1.3 12 

Fig. S3.  pNA-release activities of wild-type and mutant enzymes, in which one cysteine residue was 

substituted with alanine. (A), non-oxidized enzymes and (B), oxidized enzymes. The values of all assays 

are averages ± standard deviations of four independent experiments. 
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Table S2  

 Primer name  

H76A 
Ery_H76A_F 

Ery_H76A_R 

GCACAGGGGTGGCAGAGTACGGCGG 

CCGCCGTACTCTGCCACCCCTGTGC 

M142A 
Ery_M142A_F 

Ery_M142A_R 

GTGGTCGCGATTGCGGAAGATCACAC 

GTGTGATCTTCCGCAATCGCGACCAC 

C162A 
Ery_C162A_F 

Ery_C162A_R 

AGTGAACACTCTCGCGGTCATCGACACGGT 

ACCGTGTCGATGACCGCGAGAGTGTTCACT 

F180A 
Ery_F180A_F 

Ery_F180A_R 

TCTGGCGCCGACGCATATTCCAATGCAAGG 

CCTTGCATTGGAATATGCGTCGGCGCCAGA 

W195A 
Ery_W195A_F 

Ery_W195A_R 

TAGTCGTCTCGTCGCGCTTCAGTGGTTCCAC 

GTGGAACCACTGAAGCGCGACGAGACGACTA 

W198A 
Ery_W198A_F 

Ery_W198A_R 

CGTCTGGCTTCAGGCGTTCCACCCGGATAT 

ATATCCGGGTGGAACGCCTGAAGCCAGACG 

W198S 
Ery_W198S_F 

Ery_W198S_R 

TCGTCTGGCTTCAGTCATTCCACCCGGATA 

TATCCGGGTGGAATGACTGAAGCCAGACGA 

W198L 
Ery_W198L_F 

Ery_W198L_R 

GTTCCACCCGGATGCGCCTTGGGAGGGCTC 

GAGCCCTCCCAAGGCGCATCCGGGTGGAAC 

W198F 
Ery_W198F_F 

Ery_W198F_R 

GTTCCACCCGGATGCGCCTTGGGAGGGCTC 

GAGCCCTCCCAAGGCGCATCCGGGTGGAAC 

W198D 
Ery_W198D_F 

Ery_W198D_R 

GTTCCACCCGGATGCGCCTTGGGAGGGCTC 

GAGCCCTCCCAAGGCGCATCCGGGTGGAAC 

W198K 
Ery_W198K_F 

Ery_W198K_R 

GTTCCACCCGGATGCGCCTTGGGAGGGCTC 

GAGCCCTCCCAAGGCGCATCCGGGTGGAAC 

H200A 
Ery_H200A_F 

Ery_H200A_R 

GCTTCAGTGGTTCGCGCCGGATATGCCTTG 

CAAGGCATATCCGGCGCGAACCACTGAAGC 

M203A 
Ery_M203A_F 

Ery_M203A_R 

GTTCCACCCGGATGCGCCTTGGGAGGGCTC 

GAGCCCTCCCAAGGCGCATCCGGGTGGAAC 

M203S 
Ery_M203S_F 

Ery_M203S_R 

GTTCCACCCGGATGCGCCTTGGGAGGGCTC 

GAGCCCTCCCAAGGCGCATCCGGGTGGAAC 

M203L 
Ery_M203L_F 

Ery_M203L_R 

GTTCCACCCGGATGCGCCTTGGGAGGGCTC 

GAGCCCTCCCAAGGCGCATCCGGGTGGAAC 

M203F 
Ery_M203F_F 

Ery_M203F_R 

GTTCCACCCGGATGCGCCTTGGGAGGGCTC 

GAGCCCTCCCAAGGCGCATCCGGGTGGAAC 

M203D 
Ery_M203D_F 

Ery_M203D_R 

GTTCCACCCGGATGCGCCTTGGGAGGGCTC 

GAGCCCTCCCAAGGCGCATCCGGGTGGAAC 
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M203K 
Ery_M203K_F 

Ery_M203K_R 

GTTCCACCCGGATGCGCCTTGGGAGGGCTC 

GAGCCCTCCCAAGGCGCATCCGGGTGGAAC 

M203Q 
Ery_M203Q_F 

Ery_M203Q_R 

GTGGTTCCACCCGGATCAGCCTTGGGAGGG 

CCCTCCCAAGGCTGATCCGGGTGGAACCAC 

W205A 
Ery_W205A_F 

Ery_W205A_R 

CGGATATGCCTGCGGAGGGCTCCGA 

TCGGAGCCCTCCGCAGGCATATCCG 

C306A 
Ery_W306A_F 

Ery_W306A_R 

GCAAAATATCCTAGCGACGGCGTGGAAGGA 

TCCTTCCACGCCGTCGCTAGGATATTTTGC 

C366A 
Ery_W366A_F 

Ery_W366A_R 

TGCTATCATTCGTGCGACCCTGCCGTCTTC 

GAAGACGGCAGGGTCGCACGAATGATAGCA 

C436A 
Ery_C436A_F 

Ery_ C436A_R 

GATGAATCACCGCCTGCGGTTGTGAATGTC 

GACATTCACAACCGCAGGCGGTGATTCATC 

F565A 
Ery_F565A_F 

Ery_F565A_R 

GAGTCCACGCACAAGGCAGAATCTCAATAC 

GTATTGAGATTCTGCCTTGTGCGTGGACTC 

M570A 
Ery_F570A_F 

Ery_F570A_R 

AGTTTGAATCTCAATACGCGAACAAGCTCG 

CGAGCTTGTTCGCGTATTGAGATTCAAACT 

M570F 
Ery_M570F_F 

Ery_M570F_R 

AGTTTGAATCTCAATACTTCAACAAGCTCG 

CGAGCTTGTTGAAGTATTGAGATTCAAACT 

M570E 
Ery_M570E_F 

Ery_M570E_R 

AGTTTGAATCTCAATACGAAAACAAGCTCG 

CGAGCTTGTTTTCGTATTGAGATTCAAACT 

M570K 
Ery_M570K_F 

Ery_M570K_R 

AGTTTGAATCTCAATACAAAAACAAGCTCG 

CGAGCTTGTTTTTGTATTGAGATTCAAACT 

M570Q 
Ery_M570Q_F 

Ery_M570Q_F 

AGTTTGAATCTCAATACCAGAACAAGCTCG 

CGAGCTTGTTCTGGTATTGAGATTCAAACT 

W198A/M203Q 
Ery_W198A/M203Q_F 

Ery_ W198A/M203Q _R 

GGCGTTCCACCCGGATCAGCCTTGGGAGGG 

CCCTCCCAAGGCTGATCCGGGTGGAACGCC 

Y569A 
Ery_Y569A_F 

Ery_Y569A_R 

AGTTTGAATCTCAAGCGATGAACAAGCTCG 

CGAGCTTGTTCATCGCTTGAGATTCAAACT 

M620A 

(M620T gained) 

Ery_M620A_F 

Ery_M620A_R 

CTGAACAGGCGCGAGATAC 

GTATCTCGCGCCTGTTCAG 

C625A 
Ery_C625A_F 

Ery_ C625A_R 

GCGAGATACTATTGCGGCAAATGGTGGGGT 

ACCCCACCATTTGCCGCAATAGTATCTCGC 

C632A 
Ery_C632A_F 

Ery_C632A_R 

GGTGGGGTGGTGGCGTATAAACTATATG 

CATATAGTTTATACGCCACCACCCCACC 

 

W198A/M203Q  
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Table S2. List of family S9 enzymes from different species used for the construction of phylogenetic 

tree (Figure 1a of the main text) 

Entry Species Domain of life MEROPS ID1) Subfamily 

1 Pyrococcus furiosus Archaea MER000398 S9A 

2 Dictyostelium discoideum Protozoa MER022823 S9A 

3 Drosophila melanogaster Animal MER011450 S9A 

4 Sus scrofa Animal MER000392 S9A 

5 Arabidopsis thaliana Plant MER002490 S9A 

6 Arabidopsis thaliana Plant MER015621 S9A 

7 Homo sapiens Animal MER004227 S9A 

8 Dictyostelium discoideum Protozoa MER082498 S9A 

9 Escherichia coli Bacteria MER000410 S9A 

10 Arabidopsis thaliana Plant MER011872 S9A 

11 Chryseobacterium meningosepticum Bacteria MER001423 S9B 

12 Drosophila melanogaster Animal MER01123 S9B 

13 Homo sapiens Animal MER000399 S9B 

14 Homo sapiens Animal MER000401 S9B 

15 Rattus norvegicus Animal 25253 2) S9B 

16 Aspergillus oryzae Fungi MER004504 S9B 

17 Saccharomyces cerevisiae Fungi MER000404 S9B 

18 Saccharomyces cerevisiae Fungi MER000405 S9B 

19 Porphyromonas gingivalis Bacteria MER004211 S9B 

20 Streptomyces thermocyaneoviolaceus Bacteria MER195666 S9B 

21 Arabidopsis thaliana Plant MER005994 S9B 

22 Pseudomonas sp. WO24 Bacteria MER058228 S9B 

23 Stenotrophomonas maltophilia Bacteria MER002813 S9B 

24 Drosophila melanogaster Animal MER011413 S9B 

25 Homo sapiens Animal MER013484 S9B 

26 Homo sapiens Animal MER004923 S9B 

27 Arabidopsis thaliana Plant MER004925 S9D 

28 Homo sapiens Animal MER000408 S9C 

29 Aeropyrum pernix Archaea MER005807 S9C 

30 Pyrococcus furiosus Archaea MER017401 S9C 

31 Aspergillus fumigatus Fungi MER000263 S9C 

32 Giardia intestinalis Protozoa MER016096 S9C 

33 Arabidopsis thaliana Plant MER015682 S9C 
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34 Microcystis aeruginosa Bacteria 58632702) S9C 

35 Caenorhabditis elegans Animal MER001920 S9C 

C. cinerea Coprinopsis cinerea Fungi 93785662) unknown 

P. placenta Postia placenta Fungi 81410302) unknown 

S. commune Schizophyllum commune Fungi 95868212) unknown 

A. cellulolyticus AP Acidothermus cellulolyticus Bacteria 44854062) unknown 

S. morookaensis AP Streptomyces morookaensis Bacteria AB2206453) unknown 

S. griseus, AP Streptomyces griseus Bacteria SGR11534) unknown 

S. thermocyaneoviolaceus AP Streptomyces thermocyaneoviolaceus Bacteria AB4802843) unknown 

A. cellulolyticus AP Acidothermus cellulolyticus Bacteria 44854062) unknown 

Eryngase (This study) Pleurotus eryngii Fungi AB918644 unknown 

1) ID of MEROPS database (http://merops.sanger.ac.uk/),2) ID of NCBI genbank, 2) ID of DDBJ genbank, 4) ID of Streptomyces griseus genome 

project (http://streptomyces.nih.go.jp/griseus/) 
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Fig. S4. Alignment of full-length amino acid sequence of eryngase and other proteins of family S9 peptidases. 

Multiple sequence alignment was performed using the CLUSTAL algorithm. Residues conserved among all 

proteins are highlighted in black. Residues functionally conserved among eryngase and aminopeptidases are 

highlighted in gray. Bold type denotes the residues conserved among eryngase and aminopeptidases. Residues 

composing the catalytic triad are indicated by arrowheads. Proteins: S.the-AP, S9 aminopeptidase from S. 

thermocyaneoviolaceus; S.mor-AP, puromycin hydrolase from S. morookaensis which belongs to S9 

aminopeptidase; A.cel-AP, S9 aminopeptidase from A. cellulolyticus; A.the-S9C, tyrosyl aminopeptidase from A. 

thaliana; A.per-S9C, acylaminoacyl-peptidase from A. pernix; H.sap-S9C, acylaminoacyl-peptidase from H. 

sapiens; A.fum-S9C, dipeptidyl-peptidase from A. fumigatus; G.int-S9C, dipeptidyl-peptidase from G. 

intestinalis. 
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Summary 

 

We have found that an S9 family prolyl oligopeptidase from Pleurotus eryngii alters the 

substrate specificity of the enzyme following hydrogen peroxide treatment. The activity of eryngase 

for aromatic amino acid p-nitroanilide (pNA) was maintained by oxidation but was dramatically 

reduced for alkyl amino acid pNA substrates. The mechanisim of substrate recognition in the 

enzyme belonging to same family is of interest because of their pharmacological importance, but its 

elucidation is difficult by -propeller domain covering the active site. MALDI-TOF MS analysis 

using tryptic peptides of eryngase indicated that the change in substrate specificity was triggered by 

oxidizing Met203 lies on surface of this domain to methionine sulfoxide. In addition, mutations of 

Met203 to smaller residues provided specificity similar to one observed following oxidation of the 

wild-type eryngase and substitution of Met203 with Phe significantly decreased activity. Therefore, 

Met203 is likely involved in substrate gating (First chapter). 

The other Met residues should also be oxidized by hydrogen peroxide treatment, we 

assessed mutants in which all the Met residues were substituted with other amino acids, and 

identified Met570 in the catalytic domain, which another potent residue for the altered substrate 

specificity following oxidation. Met203 and Met570 lie on the surfaces of different domains and 

form part of a funnel from the surface to the active center. Therefore, the funnel is considered to 
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form the substrate pathway and play a role in substrate recognition (Second chapter). 

In both studies in first and second chapter, we could not identify the residue involved in 

the recognition of aromatic substrate from the predicted pathway. By more mutation analysis into the 

pathway, we identified His76, Phe180 and Trp198 in -propeller domain, which have a role in 

recognition of aromatic substrate. Structural substitution of them exhibited the change in 

substrate specificity opposite that of oxidation of Met203 and Met570. Therefore, these 

results provided the discussion that function of the possible pathway on recognition of 

alkyl and aromatic substrates at side chains (Third chapter). 

On other hand, eryngase exhibits the activity that peptide bond formation (aminolysis) in 

accordance with hydrolysis. By Oxidative treatment, eryngase increased the aminolysis activity 

more than hydrolysis activity of the enzyme. We believe that the elucidation of the mechanism of 

substrate recognition through the predicted substrate pathway is important approach to get a specific 

enzyme for peptide synthesis, which is alternative to modification of active site (fourth chapter). 
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