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 D-phenylglycine aminotransferase (D-PhgAT) ���*��	
��

 Pseudomonas stutzeri 
ST-201 ��9�5?�����
� ‘‘stereo-inverting’’ transamination 	
������>"�#���!����������'!� 
enantiopure D-phenylglycine !�@$ D-4-hydroxyphenylglycine (&;���56� side-chains ������	
��

����1#$�������"�$+1��!�������7��1
�5?��
��'��+9� �-lactam) �(
"�#5?�����
��$��$�%&��
��4�1$��(

� *�'"�# L-glutamate &;���
����>�� �56����"!#!��9 amino  �����������
�
4%(#"�#���
��A��	���	�����

�
����!��
(#�� ��@�$"!#��'�������������'!����(#�
�$�%&�� D-PhgAT �

5�'��	,����"�#���%(#(
  �(
%(#	�� directed mutagenesis 19$

� dpgA ��@�$�5�
�
� serine 	
�5��

��
(#�� C �$� D-PhgAT 	��"!#�����>1�;��$�%&����� thiol-containing matrix %(#$
9����(��3� 

�(
	
� enzyme 
���
 activity (
*�'��1������;4�  %(#"�#�$�%&��	
�1�;��
4"�5?�����
�	
��
 
benzoylformate (�(&��$
�9�� Amberlite (IRA400) *�'5�(5�9$
$$���$
9���#�= ���9�%(#��� 
D-phenylglycine 20.25 ����19$��1�  %(#��A���'�����*�(�$$��$�

���@�$���7��1 D-PhgAT 
"��&�����#��#�� 2 ���(  �'��*��"�# Escherichia coli �(
�
 E. coli chaperones *�(�$$��9��
(#�
 �����>7��1 D-PhgAT %(#������;4���� 0.44 �56� 1,768 unit.L

-1
.OD

-1
  �'��	
��$�"�#

�1� 

Pichia pastoris �(
�
 E. coli chaperones *�(�$$��9��(#�
 �����>7��1 D-PhgAT %(# 14,717 
unit.L

-1
.OD

-1
  %(#*�#5E�!��$� D-PhgAT 	
��
�9�����'��
1��� (#�
���	�� structure-guided 

mutagenesis &;��	��"!#���������'��
�$� D-PhgAT ��� 11.5 �56� 51 ��/��  "��������
��%(#�

�����A����,
���"!�9���!������������� stereospecificity �$����>9�
	$(�5�1$��� C-4' �$� 
coenzyme �(
 aminotransferase  ���	�4����5�'
+�1�"�#�$�%&�� D-PhgAT "����1�����(
5����� L-glutamate (#�
��,
!�+���

����1�4�1#� &;���56���,
�����(	
���(��3� ��(%(#�'�$

( *�'�
���
������#$
 �������
19$��@�$�	
����	��"�$���1 %(#*�9 ���(�(*5��������#�������+��$� D-PhgAT 
��@�$�(���
��
�4���� substrate  �����A����'������1�����(*�'�1�� substrate 	
��!��'�� *�'
��,
���(;� product $$�����'�� ��@�$"!#5?�����
�����������'!�(#�
�$�%&�� D-PhgAT �
$�1����3�
������;4� *�'	��%(#
���������;4�%5$
� 
 

�����
� : $'����	������)$���, (
-)H������
&
�, ����������'!����(#�
�$�%&�� 
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Abstract 

Project code:  RSA4780014 

Project Title : Biotechnology for Enzymatic Synthesis of Enantiomerically Pure  

D-Phenylglycine 

Investigator : Dr Suthep Wiyakrutta 

Department of Microbiology, Faculty of Science, Mahidol University 

E-mail Address : scsvy@mahidol.ac.th 

Project Period : September 2004 - June 2011 

 D-phenylglycine aminotransferase (D-PhgAT) from Pseudomonas stutzeri ST-201 

catalyzes the ‘‘stereo-inverting’’ transamination that can be used to synthesize enantiopure 

D-phenylglycine or D-4-hydroxyphenylglycine, the two important side-chains in high demand 

for the �-lactam antibiotics industry, in a single enzymatic step using L-glutamate as a low-

cost amino donor. Biotechnological development in various aspects were attempted to make 

this enzymatic synthesis process effective and viable. Directed mutagenesis of dpgA gene to 

replace the C-terminus serine with cysteine could facilitate rapid and site specific 

immobilization of the D-PhgAT(S453C) on thiol-containing matrix while maintaining enzyme 

activity and enhancing its stability. Biocatalysis using the immobilized D-PhgAT(S453C) in a 

controlled-release system of Amberlite (IRA400)-adsorbed benzoylformate yielded a final D-

phenylglycine concentration of 10.25 g.L
-1
. Two systems for D-PhgAT high-expression were 

developed. The first system was based on Escherichia coli host with chaperones co-

expressions which improved the D-PhgAT yield from 0.44 to 1,768 unit.L
-1
.OD

-1
. In the 

second system, codon-optimized synthetic dpgA gene was expressed in Pichia pastoris with 

bacterial chaperones co-expressions which yielded D-PhgAT at 14,717 unit.L
-1
.OD

-1
.  

Problem of the inherently low solubility of the wild-type D-PhgAT was alleviated by structure-

guided mutagenesis which could increase the enzyme solubility from 11.5 to 51 mg/mL. 

During investigation of molecular and catalytic property of the D-PhgAT, a new method for 

determination of aminotransferase stereospecificity for C-4' hydrogen transfer on the 

coenzyme was developed. A spectrophotometric enzymatic cycling method using L-

glutamate dehydrogenase and D-PhgAT for determination of L-glutamate in foods is another 

aspect of D-PhgAT application developed during this project. Genetically modification of the 

D-PhgAT to relief substrate inhibition, developing effective and logical systems for substrate 

addition and product removal are important research topics that should be done in the future. 

 

Keywords : aminotransferase, D-phenylglycine, enzymatic synthesis 
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Introduction 

 

"�5E��+���$+1��!��������������'!�1��
�*�'������
 %(#�������#���9
+�	
���

��9� Green 

Chemistry �@$�
�����A��"!#%(#��'������7��1	
� ��4��5�@$���������#$
 (energy efficiency) "�#
������
$
9���
5�'��	,���� (atom economy) "�#��'������7��1	
�%�9�9$$��1��
 "�#���1�4�1#�	
�
�56� renewable feedstocks *�'	
��������@$��'������7��1�'1#$�%�9�9$7���

19$����*�(�#$� *�'
7��1���/�	
�%(#����'
9$
���
%(#!������"�# �(
%�9�9$����< &;��*����#�"�$���1�'�
���
���!�("!#"�#!�������!�9��
4"����7��1����#����
���/�����;4� *�'$��>�����%5"�#�56��!1+7�"����
�
(���	������#�%(# "�$���1���
���/�"(	
�7��1�(
%�9"�#��'������	
��56� green chemistry $��
%�9�����>���%5���!�9�
"����5�'�	0%(# (����9�	
�%(#���(�;4��������#�	�4�(#����<1�*�'
$+1��!����!��
=���
 $
9��	
�	������(
�(
	���%5 

 ���"�#�$�%&���56� biocatalyst ��@�$"!#��'�������������'!�	�����
 �
�����56� green 

chemistry ����;4� �56���@�$�	
�5�'�	0	
������	��$+1��!���� *�'���<�	7��1���
���/�"!�9= "!#
������"� 0;�<�����
���$
9����� "�5E��+��� (�5�((� Green Chemistry Network website 	
� 
http://www.greenchemistrynetwork.org/) ��@�$�����$�%&���
�#$(
!��
5�'��� (���56�	
�	������(

"����������  *19���!���"�5�'�	0%	
 ���0;�<�����
 �����A��$���������# ���	�4����
5�'
+�1�"�#�$�%&�� "���� chemical synthesis �
�#$
��� "���'�(

����7�#���$��������

�����!3��9� 5�'�	0%	
�9��'�
0��
������	��(#���
4 "�*�9	
��9�����
	���
����
���� �(
����'
�+���	�

� 	
��
����!���!��
	���
���������� �;��9��'�56�*!�9�	
��
�$�%&��	
�!���!��
 	
�
�����>��A�������"�#5�'�
���%(# !���9����%(#�
�����A��$���������#*�'�
(���������> *�'
����9���@$����$�����������"�(#���
4�����

��$ 

 7�#���$�������%(#0;�<��$�%&���@�$ D-phenylglycine aminotransferase ���'
'!�;�� �(

�#����$�%&�����(�
4 ���*��	
��

	
�*
�%(#���(��"�5�'�	0%	
 *�'�����> clone gene *�'
7��1�$�%&��5���������(
"�# recombinant host %(#*�#� ������0;�<����9��$�%&���
4�

�+�����1��56� stereo-inverting aminotransferase 	
��
����������'��� *�'�����>�����
5�'
+�1�"�#"�����������'!���� D-phenylglycine *�' D-4-hydroxyphenylglycine &;���56� 
industrial chemicals 	
��
���������� ��9� "�#�56� side-chain "������+��$�
�5?��
��'"���+9� 
semi-synthetic penicillins *�' cephalosporins !��
���(	
��
����������"�������<����1�(��@4$
*��	
��

 %(#*�9
� Ampicillin, Bacampicillin, Cephalexin, Cefaclor, Cephaloglycin, Amoxicillin, 

Cefadroxyl, *�' Cefatrizine �56�1#� �$�����
4 D-phenylglycine *�' D-4-hydroxyphenylglycine 


��"�#�56���� chiral feedstock "�$+1��!�������
�������'!�$@��=(#�
 &;���
����1#$����"�#������
�56�5�����!��
�����1���1��"�*19�'5H 
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 D-phenylglycine *�' D-4-hydroxyphenylglycine �56���� unnatural amino acid &;��%�9
��"������
�
��1*�'�+��
��(
	���=%5 (����4��;�%�9�����>7��1%(#(#�
��'������ de novo 

fermentation �(
"�# common industrial microorganisms �!�@$�(�����7��1 L-amino acid ���(
$@��= ��9� L-glutamic acid, L-lysine, L-proline, L-aspartic acid etc. *19��@�$�������	
� D-

phenylglycine �56����	
��
����������"�����$+1��!���� �;��
�����A����,
���7��1���(����9���
4
�;4���!��
��,
 %(#*�9  

1. ��)�

�����#��������� ��9� 

1.1 �������'!� R-phenylglycine methyl ester hydrochloride ��� racemic phenylglycine 
�(
79����4�1$� base catalysed diastereoselective addition  �$� R pantolactone 

%5�56� N-phthalylprotected phenylglycine ketene (1) (��*�(�"� ��5	
� 1 

N

O

O

CH

C6H5

C
Cl

O

NEt3 N

O

O

C C O
C6H5

R*OH N

O

O

CH

C6H5

C
O

OR*(R,S)

1) MeOH/NaOH
2) H2N-NH2
3) HCl

C
H NH3

+   Cl-

CO2CH3C6H5
(R)

R*OH =

O

OH
O

HO
CH3

CH3

(R) pantolactone

������ 1 

 

1.2 Enantioselective synthesis of phenylglycines using (-) sparteines-BuLi complex 

(2) �������	�
���

��� ������ 2 

NH-t-Boc

H H

1) NEt3, CH2Cl2, 0oC

2) Me3Si-OSO2CF3

H H

N t-Boc

TMS

NH-t-Boc

H COOH 1) (-) spartine.s-BuLi
    -78oC, solvent

2) CO2

3) H3O+

 
         ��/��3 2 
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2. �	
� Chemical Resolution  

2.1 Classical resolution of the racemate via diastereomeric salt formation with 

camphorsulphonic acid (3-4) ��������������������
��	��
!"#���  ��$����%��  DSM-

Andeno    #�����#!������#!�
���&�!�"*  racemic phenylglycine  +!#  benzaldehyde 


��;�<�#���;! Strecker 
�������� 3 

 

DL-phenylglycine

CHO 1) HCN / NH3

2) hydrolysis

NH2

COOH

Benzaldehyde  
  ������ 3 

+!#�����=! diastereomeric salt formation 
��; (+) camphorsulphonic acid �?K�	�;#

�"�Q
� D-phenylglycine  
���

��� ������ 4 

+

CAS = (+)-camphorsulfonic acid
           = precipitate

D-phg-CAS     L-phg-CAS (soln)

OH-

CAS (soln) D-phg     

CAS

DL-phg

racemization

DL-phg

OH-

L-phg     CAS (soln)

 
 ������ 4 

 

 

3. �	
� Enzymatic Resolution 

3.1 Penicillin G acylase Method (5) 

�����+!#  racemic phenylglycine ����	�QV�*  Penicillin G acylase (E.C.3.5.1.11)  �=!�"�

�#�
�<�#���;! selective acylation reaction �$	  L-phenylglycine X
;���  methyl-4-

hydroxyphenylacetate ester ���� acceptor  VY�����	��<�#���;!+�Q
�
!�  
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4- hydroxyphenylacetyl-L-phenylglycine, D-phenylglycine  ���  methanol 
���

���  

������ 5 

 

HO

O

OCH3

Methyl-4-hydroxyphenylacetate

+

NH2

OH

O

D, L-Phenylglycine

Penicillin G acylase pH 8,
8oC

HO
O

N

HO O

H

4-Hydroxyphenylacetyl-(L)-phenylglycine

+ +

D-Phenylglycine          Methanol

NH2

OH

O
CH3OH

 

     ������ 5 

 

����������"��##!�  enzymatic resolution 
��;�	�QV�*  Penicillin G acylase ���Q
����#!�

?�Z�!�$	�!��"�!;��#%[�  Q
��#$  #!��=! multicompartment electrolyzer with isoelectric 

membrane (MIER) technology  ���!�!���  (6) ���  #!��=!�<�#���;!��  organic solvent system 

(7) 

 

4. �	
� Enzymatic Synthesis  

�\++������	;�$ 2 ����#!�"��#����������
��	��
!"#��� Q
��#$ 

4.1 Hydantoinase process (8) 

�� ����� ���   DL- 5- phenylhydantoin  ����
!���� ����   VY� � ����;�Q
�+!#  benzaldehyde, 

ammonium bicarbonate ��� sodium cyanide X
;����<�#���;! Bucherer-Berg reaction   

�	�QV�*  D-hydantoinase (dihydropyrimidinase, E.C.3.5.2.2)  ��&�!�+=!�?!��=!�"�

�#�
�<�#���;!  hydrolytic ring cleavage �]?!�#��  D- isomer �	�   5- substituted hydantoins 

��$!����  ��#�[����&K	  D- 5- phenylhydantoin  VY��+�^�#�����;�Q�����  corresponding N-carbamoyl-D-

amino acid  &K	  D-N-carbamoyl phenylglycine    VY��+�^�#�����;��$	Q�����  D-phenylglycine X
;

�=!�<�#���;!  diazotisation X
;��� nitrous acid "�K	��� �	�QV�*������
	�&K	  N-carbamoylase 

enzyme   
$��  L- 5- phenylhydantoin ����"�K		;�$+�^�#�����;��!����  D- 5- phenylhydantoin  Q
�
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��K�	;_  X
;#!��#�
  spontaneous racemization    +������
�
  DL- 5- phenylhydantoin  +� �̂#

�����;�Q����� D-phenylglycine Q
�+�"�
  �����	�����"�
�	�#�����#!���� 
���

��� ������ 6 

 

H

O
+  (NH4)2CO3  +  NaCN

Benzaldehyde
NH

NH

O

O
D, L-5-phenylhydantoin

D-5-phenylhydantoin

NH

NH

O

O
NH

NH

O

O
L-5-phenylhydantoin

spontaneous
racemization

  hydrolysis by
D-hydantoinase + H2O

D-N-carbamoyl-phenylglycine

OH

NH
NH2

O

O
     diazotisation
        + HNO2
-H2O, -N2, -CO2

or N-carbamoylase

OH

NH2

O

D-phenylglycine  
������ 6 

 

 

4.2 D-phenylglycine amide production using nitrile hydratase and amidase (9) 

���������� DL-phenylglycinonitrile  ����
!��������  VY������;�Q
�+!#
!�  aldehyde  X
;���

�<�#���;! Strecker synthesis 

���+�������;*  Rhodococcus ������	�QV�*  nitrile hydratase  VY��+������;�  DL-

phenylglycinonitrile  Q�����  DL-phenylglycine amide ��  Rhodococcus  ;�����	�QV�*  amidase ���

��&�!�+=!�?!��$	  L-enantiomer  �	�  phenylglycine amide  VY��+������;�  L-phenylglycine amide 

Q�����  L-phenylglycine   ���Q
�  D-phenylglycine amide  �������� �̀[q*
�
��!;���<�#���;! 

biotransformation ���  
���

��� ������ 7 
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 ������ 7 

 

 

 ��)���3����
� �����������	
���
7���7 
 ���!�����'������7��1 enantiomerically pure D-phenylglycine 	
�7�#����
%(#	�����0;�<�
"�������������
���4��
4 "�#5?�����
��$��$�%&�� D-phenylglycine aminotransferase  �(
�
���1�4�
1#��@$ benzoylformic acid *�' L-glutamic acid (��5?�����
�"���519$%5�
4 
 

 

X

OH

O
X

O

OH
O H2N H

O

OH

OH

O

O

O OH

OH

H NH2

O

X = H or OH

+ +
D-PhgAT

Benzoylformic acid L-Glutamic acid D-Phenylglycine 2-Oxoglutarate

D-PhgAT = D-phenylglycine aminotransferase  
 

 

��,
�
4�
�#$(
�@$ "�#5?�����
��$��$�%&�� ��4�1$��(

� ���1�4�1#� 	�4� benzoylformic acid *�' 
L-glutamic acid �'��
�4��%(#(
  �9�� product �@$ D-phenylglycine �
�9�����'��
1����;��'1�7�;�
�9$� 	��"!#*
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� ��,
�
4



13 

���1�4�1#�	
�"�#�56� amino donor �@$ L-glutamic acid �
����>�� !�&@4$%(#�9�
"�5�������� �9��
���1�4�1#�	
�"�#�56� amino acceptor �@$ benzoylformate ��4������>�������'!�	�����
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����������'!���� enantiopure D-phenylglycine �(
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�
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"!#����;4� *�'$����A��%5��9��'������7��1"�����$+1��!����%(#19$%5 

 

 

�
.,(/�#
���6 �������� 

1) ��@�$(�(*5�������+��$��$�%&�� D-phenylglycine aminotransferase (#�
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���	��$�����,+
��0����� "!#�!��'���!���������1�;��$�%&�� (enzyme immobilization) 

2) ��@�$��A���'��"����	�� gene expression ���!������7��1 recombinant modified D-

phenylglycine aminotransferase 	
���#���;4�"��#$ 1 

3) ��@�$��A����,
*
� recombinant modified D-phenylglycine aminotransferase $$���� 
expression host *�'��,
	��"!#�$�%&������+	,�. 
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6) ��@�$��#�� D-phenylglycine aminotransferase enzyme reactor 	
��!��'�� 

7) ��@�$��A����,
���*
����7��1���/��@$ D-phenylglycine $$���� reaction mixture 

8) ��@�$��A����,
���*
� co-product �@$ 2-oxoglutarate $$���� reaction mixture 

9) ��@�$��A��*�'	(�$��'�����7��1	
�"�# D-phenylglycine aminotransferase enzyme reactor 

�9�������,
���	
�"�#*
����7��1���/� *�' co-product ���!�������������'!���� enantiopure 

D-phenylglycine 
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EXPERIMENTS 

 

Part I 

 

Genetic Engineering of D-Phenylglycine Aminotransferase to Facilitate Immobilization 

and Application of the Immobilized Enzyme for D-Phenylglycine Synthesis 

 

Materials and Methods 

1. Plasmids, oligonucleotides and bacterial strains 

Plasmid pEPL carrying the gene D-PhgAT encoding D-PhgAT from Pseudomonas 
stutzeri ST-201 was constructed and provided by P. Laowanapiban.  The plasmid pET-17b 

(Figure 1) was used as both cloning and expression vector of the modified enzyme genes. 

For plasmid amplification, E. coli DH5� was used as the host; whereas for gene expression, 

E. coli BL21 (DE3) (Novagen) was employed. Bacterial cells harboring the plasmids were 

grown at 37�C in Luria-Bertani (LB) medium, containing 100 �g/ml ampicillin. The 

oligonucleotides used for mutagenesis PCR were from MWG Biotech (Germany). 

 

 
 

Figure 1. Map of pET-17b vector (Novagen). The 1362 bp D-PhgAT gene from 

Pseudomonas stutzeri ST-201 was inserted between NdeI-BamHI restriction sites. 

 



16 

2. Reagents 

Restriction endonuclease enzymes were from New England Biolabs. Pfu DNA 

polymerase and T4 DNA ligase were from Promega. Isopropyl �-D-thiogalactopyranoside 

(IPTG), pyridoxal-5�-phosphate, Amberlite IRA-400(Cl) (trialkylbenzyl ammonium), a strong 

anion exchange resin, and D-phenylglycine were purchased from Sigma. Thiopropyl 

Sepharose 6B, EAH Sepharose 4B and ECH Sepharose 4B used for enzyme immobilization 

were obtained from Amersham Biosciences.  All other chemicals were obtained from Fluka. 

 

3. Preparation of D-PhgAT variants  

3.1 PCR-based mutagenesis 

  The deduced amino acid sequence of D-PhgAT shows that it contains two 

cysteine residues (positions 266 and 327). Determination for the amount free sulfhydryl 

group indicated that they do not form a disulfide bond with each other (data not shown). At 

the position 453 of the C-terminus, one serine is located. In order to prepare D-PhgAT with 

increased reactivity towards thiol-containing matrix while preserving the catalytic activity, four 

D-PhgAT variants (CCC, CSS, SCS and SSC) consisting of cysteine and serine residues 

(positions 266, 327 and 453) at various combinations were prepared (Table 1).  

 

Table 1.  D-Phenylglycine aminotransferase and its variants prepared in this study. 

 

Position of amino acid 
D-phgAT wild type/variants 

266 327 453 

Wild type (CCS) Cys Cys Ser 

CCC Cys Cys Cys 

SCS Ser Cys Ser 

CSS Cys Ser Ser 

SSC Ser Ser Cys 

 

 

Cysteine/serine mutation was chosen because it is considered to be a conservative 

mutation since the two amino acids have very similar R-groups (–SH versus –OH). Also, the 

codons of the two amino acids have only one base different, that is, AGC (serine) and TGC 
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(cysteine). Thus, for the construction of CCC mutant where only the C-terminal serine 453 of 

the wild type was mutated to cysteine, simple mismatch PCR for a terminal mutation was 

used. To construct other D-PhgAT variants i.e. CSS, SCS and SSC whose internal mutations 

were introduced into the gene, at a distance from the protein chain terminus, the PCR-

mediated recombination technique called “overlap extension PCR” was used (Figure 2). In 

this technique, two separate PCRs were run, using primers A and B and primers C and D to 

amplify overlapping sequences of the template DNA. Primers B and C have overlapping 

homologous regions containing the mutation of interest.  

Primer A 

Primer B 

Primer C 

Primer D 

Primer A 

Primer D 

mutation 

PCR 1 

PCR 2 

Overlap extension 

mutant 

AB 

CD

AD 

 
Figure 2.  Site-directed mutagenesis by overlap extension PCR. 

 

 

 

 

Following amplification, both products (AB and CD) were purified and fused together 

in a fusion PCR using the outermost primer A and D. PCR primers used in this study are 

shown in Tables 2 and 3. 
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Table 2.  PCR primers used in the experiments. 

 

Primer  Length 
(nt) Sequence (5�� 3�) Mutagenic site / overlapping region / restriction site 

Nde-N 21 GGA GCT CAT CAT ATG TCG ATC 

                   NdeI site 

     5’-GGA GCT CAT CAT ATG TCG ATC-3’ 

                        Met Ser Ile->

WT-3�end 20 CTC GGA TCC TCA TGA TTG GT 

                          BamHI site

         3’-TG GTT AGT ACT CCT AGG CTC-5’ 

    <- Ser stop

S453C 24 CTC GGA TCC TCA GCA TTG GTT TCC

                           BamHI

    3’-CCT TTG GTT ACG ACT CCT AGG CTC-5’ 

    <- Cys stop

C327S-L 18 CTT CGC GCT AAC ATC GTC 

C327S-R 18 GAC GAT GTT AGC GCG AAG 

                           Ser ->
 C327S-R    5’-GAC GAT GTT AGC GCG AAG-3’ 
 C327S-L    3’-CTG CTA CAA TCG CGC TTC-5’ 
                       <- Ser

C266S-L 19 TTA GCC AGG CTG GTG AGA T 

C266S-R 20 CAG CCG GAT CTC ACC AGC CT 

                                   Ser ->
 C266S-R    5’-CAG CCG GAT CTC ACC AGC CT -3’ 
 C266S-L             3’-TA GAG TGG TCG GAC CGA TT-5’
                               <- Ser

  
 

 

Table 3.  Templates and PCR primers used for the construction of mutant genes of the 

modified D-phenylglycine aminotransferases. 

 

Primers 

D-phgAT variants Template
AB fragment CD fragment 

CCC WT Nde-N, S453C (simple mismatch PCR)

CSS WT Nde-N, C327S-L C327S-R, WT-3�end

SCS WT Nde-N, C266S-L C266S-R, WT-3�end

SSC CSC Nde-N, C266S-L C266S-R, S453C 

CSC CCC Nde-N, C327S-L C327S-R, S453C 

SCC CCC Nde-N, C266S-L C266S-R, S453C 
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Reaction for a simple mismatch PCR or 1o overlap extension PCR (generating AB or CD 

fragment) 

 
          Volume (�l) for 50-�l reaction

Distilled water     37.6 

Pfu DNA polymerase 10X buffer      5.0 

       with 20 mM MgSO4

10 mM upstream primer      2.5 

10 mM downstream primer     2.5 

10 mM dNTP mix      1.0 

20 ng/ml DNA template      1.0 

3 U/ml Pfu DNA polymerase      0.4 
 

 

 

 

Thermal cycling condition: 

 

Step Temperature (oC) Time (min) Number of cycles 

Initial denaturation 95 1:00 1 

   Denaturation 95 0:30  

   Annealing 50 0:30 30 

   Extension 72 2:15  

Final extension 72 5:00 1 

   Soak 4 Indefinite 1 
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Reaction for 2� overlap extension PCR (fusion of AB and CD fragments) 

 
          Volume (�l) for 50-�l reaction

Distilled water     36.6 

Pfu DNA polymerase 10X buffer      5.0 

       with 20 mM MgSO4

10 mM upstream primer      2.5 

10 mM downstream primer    2.5 

10 mM dNTP mix      1.0 

AB fragment       1.0 

CD fragment       1.0 

3 U/ml Pfu DNA polymerase      0.4 
 

 

 

Thermal cycling condition: 

 

Step Temperature (oC) Time (min) Number of cycles 

Initial denaturation 95 1:00 1 

   Denaturation 95 0:30  

   Annealing 50 0:30 20 

   Extension 72 3:15  

Final extension 72 5:00 1 

   Soak 4 Indefinite 1 

 

After each step of amplification, the PCR product was size-verified by agarose gel 

electrophoresis. The corresponding band of full-length PCR product was cut and then eluted 

from the gel. DNA fragment was end-cut with the restriction enzymes Nde I and BamH I and 

subsequently ligated to the vector pET-17b, which was previously cut similarly with the same 

enzymes.  
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3.2 DNA transformation  

Competent E. coli was prepared according to Hanahan’s method (1). DNA 

transformation was carried out following the manufacturer’s instruction. Clones containing the 

plasmid were selected on LB agar plates containing 100 �g ml-1 ampicillin. Plasmid from 

selected clone was then extracted, re-cut with Nde I and BamH I and then size-verified by 

agarose gel electrophoresis to check whether it contained plasmid carrying the desired 

insert.  

 

3.3 Protein synthesis 

The transformed bacteria were cultured to synthesize the protein according to 

Novagen’s instruction. Specifically, 200 ml of LB broth medium containing 100 �g mL
-1
 

ampicillin was inoculated with 0.2 ml of an overnight culture of the transformed E. coli, and 

incubated at 37�C with 200 rpm-shaking until OD600 nm reached 0.8. Then, isopropylthio-�-D-

galactoside (IPTG) was added to a final concentration of 0.4 mM to induce gene expression. 

After additional 3 h of incubation with low speed shaking (100 rpm) at 25�C, the cells were 

harvested by centrifugation at 8000 rpm (Sorvall RC 5C) for 5 min at 4�C. The harvested 

cells were washed twice with 0.85% NaCl solution. Cell aliquots were tested for enzyme 

activity by resuspending in 9X volume of Lysis buffer (0.1 M sodium phosphate buffer pH 

7.6, 1 mM EDTA and 2.5 �M PLP) and incubated with 0.5 mg /ml lysozyme for 20 min.  

Cell disruption was done by sonication (Vibra cell, Sonics & Materials Inc. U.S.A.) on ice in 

cycle of 20-s burst with 20-s intermittent cooling until a translucent mixture was obtained. 

The clarified cell lysate after centrifugation was subjected to activity assay. The residual 

pellet was stored at –20�C for subsequent purification steps. 

 

3.4 Enzyme purification 

Clarified cell lysate was prepared according to the same method described in 

3.3. It was then subjected to two chromatographic purification steps; anion exchange 

chromatography followed by hydrophobic interaction chromatography. For anion exchange 

chromatography, the column was packed with DEAE-Sepharose Fast Flow (Sigma) with a 

bed volume of 50 ml, pre-equilibrated with TEMP buffer pH 7.6 (20 mM Tris HCl, 1 mM 

EDTA, 0.01% �-mercaptoethanol and 2.5 �M PLP). The clarified cell lysate was directly 

passed through the column and the elution was performed at a flow rate of 2 ml min
-1
. 

Initially, the unbound proteins were washed off with 50 ml (one column volume), then a 
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linear gradient of TEMP buffer containing 0.6 M sodium chloride was applied for 150 ml. D-

PhgAT activity in eluted fractions was determined by spectrophotometric assay. The active 

fractions were pooled, concentrated using a centrifugal filter device (Centricon Plus-20 cut off 

at 10,000 Da, Amicon). 

For hydrophobic interaction chromatography, phenylagarose CL-4B (Sigma) 

chromatographic medium was packed in a column XK16/40 (Pharmacia) with a bed volume 

of 60 ml. The column was pre-equilibrated with TEMP buffer pH 7.6 containing 1 M 

ammonium sulfate. The concentrated fraction from anion exchange chromatography was 

added with 4 M ammonium sulfate to a final of concentration of 1 M and then loaded into the 

column. Firstly, one column volume of the same buffer was used to elute the unbound 

proteins at a flow rate of 1 ml min
-1
. Then, the enzyme was eluted with a linear gradient from 

1 M to 0 M ammonium sulfate. The active fractions were pooled and concentrated using a 

centrifugal filter device (Centricon Plus-20 cut off at 10,000 D, Amicon). Upon centrifugation, 

the sample volume was reduced and the salt was eliminated at the same time. The desalting 

step was repeated once to ensure that the enzyme was free from salt. Purified enzyme was 

kept in TEMP buffer with 25% glycerol at 4�C for further use. 

Purity of the enzyme along the purification process was monitored by SDS-

PAGE. Protein bands were visualized by Coomassie Brilliant Blue staining. 

 

4. Enzyme immobilization  

4.1 Enzyme immobilization on Thiopropyl Sepharose 6B 

Enzyme immobilization via disulfide linkage on a commercially available 

Thiopropyl Sepharose 6B was carried out following the manufacturer’s instruction. The 

characteristics for the gel were summarized in Table 4. Initially, dried bead was re-swollen 

and washed three times with Binding buffer (100 mM Tris buffer pH 7.5, 100 mM NaCl and 1 

mM EDTA) that was saturated with nitrogen gas. The enzyme was reduced with Tris[2-

carboxylethyl] phosphine hydrochloride (TCEP) to generate free sulfhydryl group by mixing 

the enzyme with an equal volume of immobilized TCEP disulfide reducing gel (Pierce, 

Rockford, IL, USA) in a microcentrifuge tube at room temperature. After 30 min, the slurry 

was centrifuged at 1000 rpm for 1 min to recover the supernatant containing the reduced 

enzyme. Subsequently, 3 ml of Binding buffer containing 3 mg of freshly reduced enzyme 

was incubated with 3 ml of gel. The reaction was carried out at 4�C for 3 h with gentle 

shaking on a rotary shaker. The suspension was then centrifuged at 1,000 rpm and the 

beads were collected and rinsed with Binding buffer until no enzyme activity was detectable 
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in the rinsing fluid. Finally, the beads were resuspended in Binding buffer with 25% glycerol 

and kept at 4oC. 

 

4.2 Enzyme immobilization on EAH Sepharose 4B and ECH Sepharose 4B 

Enzyme immobilization on EAH Sepharose 4B or ECH Sepharose 4B was 

achieved via the coupling between the amino or carboxyl group on the enzyme to the 

carboxyl group (ECH Sepharose 4B) or amino group (EAH Sepharose 4B) on the support 

accordingly. The characteristics for both gels are shown in Table 6. The reaction was setup 

in a 1.6 ml total volume composed of 500 �l gel, 1 mg enzyme, 0.1 M N-ethyl-N�-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) and distilled water adjusted to pH 6. 

The mixture was mixed gently on a rotary wheel for 6 h at 4�C. Then the product was 

washed thoroughly with distilled water until no enzyme activity was found in the washing 

liquid. The beads were re-suspended in the 25% glycerol and stored at 4�C. 

 

 

Table 4. Summary of characteristics of gels used for enzyme immobilization 

 

Gel Matrix Mr Size range (�m) Spacer Active group 

Thiopropyl 

sepharose 6B 

Agarose 6% 6 x 106 45-165 2-hydroxypropyl, 

4 atoms 

-SH

EAH Sepharose 

4B

Agarose 4% 2 x 107 45-165 1,6-diaminohexane, 

10 atoms 

-NH2

ECH Sepharose 

4B

Agarose 4% 2 x 107 45-165 6-aminohexanoic, 

9 atoms 

-COOH

 

 

5. Characterization of soluble and immobilized enzyme  

5.1 Determination of sulfhydryl group 

Since D-PhgAT contained two cysteine residues on each molecule in which 

they tended to form an intermolecular disulfide linkage and did not react with 5,5�-dithio-bis-

(2-nitrobenzoic acid) (DTNB or Ellman’s reagent), to determine its sulfhydryl content, the 

enzyme was initially reduced to generate free sulfhydryl by incubating with Immobilized 

TCEP Disulfide Reducing Gel (Pierce, Rockford, IL, USA) at room temperature. After shaking 
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the mixture on a rotary wheel for 30 min, the supernate containing the reduced enzyme was 

collected by centrifugation at 1,000 rpm for 1 min.  

The thiol content of the enzyme was quantified by spectrophotometric 

determination of the released 2-nitro-5-thiobenzoic acid (TNB) when the free sulfhydryl group 

of the enzyme reacted with Ellman’s reagent (2). In the assay, 250 �l of the sample 

(previously diluted so that the 250 �l sample had a sulfhydryl concentration less than 1.0 

mM) was mixed with 2.5 ml of reaction buffer (0.1 M sodium phosphate buffer, pH 7.3, 

containing 1 mM EDTA and 6 M guanidinium chloride) and 50 �l Ellman’s reagent. For a 

blank, 250 �l of reaction buffer was added instead of the sample. The reaction was mixed 

and incubated at room temperature for 15 min before subjected to spectrophotometric 

measurement at 412 nm. The net absorbance after subtracting the blank was used to 

calculate the concentration in molar amount of sulfhydryl group in the sample from the molar 

extinction coefficient of TNB (13,700 M
-1
.cm

-1
). 

 

5.2 Determination of protein 

Protein concentrations were determined with the Bradford assay (3) using 

bovine serum albumin as standard. Determination of protein amount bound to the matrix was 

done by calculating the difference between the amount initially added and that left in the 

supernate and in the washing liquids. 

 

5.3 Determination of enzyme activity 

Enzyme activity was determined with two methods. In the first method, a 

spectrophotometric assay was used to determine D-PhgAT activity in the direction of 

benzoylformate and L-glutamate synthesis. The assay was carried out in a 1 ml reaction 

mixture containing 5 �l soluble enzyme or 10 �l immobilized enzyme, 100 mM Tris buffer 

(pH 9.0), 1 mM D-phenylglycine, 1 mM 2-oxoglutarate, 25 �M PLP and 25 mM EDTA. When 

assayed with immobilized enzyme, the reaction mixture was regularly mixed by pipetting up 

and down throughout the assay to prevent the bead sedimentation. The rate of 

benzoylformate formation was measured as a function of time by monitoring the increase in 

absorbance at 254 nm using a Kontron Uvikon 922 spectrophotometer (Kontron Instruments, 

Watford, Bucks, UK). The second method was used for determining D-PhgAT activity in the 

direction of D-phenylglycine synthesis. 100 mM Tris buffer (pH 9.0), benzoylformate, L-

glutamate, 25 �M PLP and 25 mM EDTA were incubated with 100 �l of immobilized 
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enzyme in a 1 ml reaction mixture at 37�C. Aliquots were taken at time intervals, heated in 

boiling water for 2 min and filtered through a membrane (0.45 �m). The clear filtrate was 

subsequently assayed for D-phenylglycine by HPLC. 

 

5.4 Enzyme kinetic study 

The Michaelis constants (KM) of D-PhgAT wild type and variants for D-

phenylglycine and 2-oxoglutarate were determined by assaying the enzyme activity using 

standard spectrophotometric method (D-phenylglycine degradation) except that the reaction 

mixtures contained various concentrations of D-phenylglycine and 2-oxoglutarate in a range 

of 0.8 - 1.25 mM in 100 mM Tris buffer. The substrate mixture in a cuvette was incubated for 

5 min at 35�C before being added with the enzyme and the mixture was mixed well by 

pipetting. Initial enzyme velocities were calculated from the slope of the absorbance-time plot 

at OD 254 nm over 1.5 min- period with the kinetic mode measurement. Double reciprocal plots 

of the initial velocities (Vi) against substrate concentrations were constructed when the 

concentration of one substrate was fixed and the other was varied and KM was determined 

from the second Lineweaver-Burk plots according to the method of Velick and Varva (4).  

 

5.5 High performance liquid chromatography analysis 

Concentrations of D-phenylglycine were analyzed by HPLC using System 

GoldTM The PersonalTM Chromatograph (Beckman Instrument, Inc., Fullerton, CA, USA) or 

HP 1100 series (Hewlett Packard, USA). 20 �l of sample were injected onto a Spherisorb 

ODS2 column (250 x 46 mm) (Waters, Milford, MA, USA) operating at 25�C. Assay 

conditions were; mobile phase: isocratic 50 mM potassium phosphate buffer (pH 7.0) at a 

flow rate of 1.0 ml min-1; UV Abs detection at 254 nm. 

 

5.6 Determination of pH effects on enzyme activity and stability 

Effects of pH on the enzyme activity were examined using the 

spectrophotometric method for activity determination. Initial enzyme activity was measured at 

37�C at a range of pH values between 5 and 12 using 100 mM of the following buffers: 

citrate buffer (pH 5, 6), PIPES buffer (pH 6-8), Tris buffer (pH 7-9) and CAPS buffer (pH 9-

12). Activity measurements were made over a 1.5-min time period to ensure a linear 

product-time profile. 

The effect of pH on the stability of the immobilized enzyme was measured by 

incubating the enzyme at a range of pH values between 7.5 and 9.5, 37oC for 6 h.  At time 
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intervals, aliquots of enzyme were assayed for residual activity using the standard 

spectrophotometric method. 

 

5.7 Determination of temperature effects on enzyme activity and stability 

Effects of temperature on enzyme activity were examined by the standard 

spectrophotometric assay in the range of 20-80�C at pH 8.0. Activity measurements were 

made over a 1.5-min time period to ensure a linear product-time profile. Thermal stability 

was studied by incubating the enzyme in 100 mM PIPES buffer (pH 7.5) at 37, 40, 50 and 

60�C, for 6 h. Then, the heated samples were cooled down to 30�C for 5 min in a 30�C 

water bath before being used as the enzyme sources in the assay for their residual activities 

using the standard spectrophotometric method. 

 

5.8 Determination of the effects of substrate concentration on enzyme activity 

Effects of substrate concentration on the reaction rate were determined by 

incubating 100 �l immobilized enzyme in 100 mM PIPES buffer (pH 7.5) containing 

benzoylformate and L-glutamate at a range of initial concentrations between 50 and 1500 

mM at 37�C. The rate of D-phenylglycine formation was measured over a 30 min reaction 

time. 

 

5.9  Study on storage stability 

To compare long term storage stability, the initial rates of reaction by soluble 

and immobilized enzyme were determined over a period of 28 days. For these studies, the 

enzymes were stored at room temperature or 4�C in the presence or absence of 25% 

glycerol. The residual activity computed by dividing the initial rate of reaction at any day by 

the rate at day 1 was plotted against the number of days and used as the indicator of the 

storage stability of the enzyme. 

 

6. Development of a process for D-phenylglycine synthesis using immobilized enzyme 

 6.1 Determination of equilibrium constant of D-phenylglycine synthesis 

reaction 

  The reactions composed of substrates and/or products of various known 

concentrations ranging from 3.5 to 10 mM were setup in 1-mL tube using soluble enzyme as 

catalyst. After shaking the reaction at 37�C for 18 h to reach the equilibrium, the 
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concentrations of substrates and products were re-analyzed using HPLC. The equilibrium 

constant of the overall D-phenylglycine synthesis reaction was calculated using the equation; 

 

 
benzoylformate  +  L-glutamate             D-phenylglycine  +  �-ketoglutarate 

 
 

 
Keq = [D-phenylglycine][�-ketoglutarate]

       [benzoylformate][L-glutamate] 
 

 

 

6.2 Investigation of the solubility of D-phenylglycine 

The saturated solutions of D-phenylglycine were prepared at pH 5-9 and kept 

at 4, 25, 37�C for 24 h. The clear supernate was carefully taken using 0.45 �m-membrane 

syringe to prevent solid D-phenylglycine contamination and then diluted. The diluted samples 

were then subjected to concentration analysis using the spectrophotometric method. 

 

6.3 Study of adsorption of the substrates and products onto the resin 

Prior to use, 50 g anion exchange resin Amberlite IRA-400 was washed 

sequentially with 100 ml of 1 M HCl solution, deionized water, 1 M NaOH solution, deionized 

water, 1 M HCl solution, deionized water (until the pH equaled 7) and dried at 60�C in a 

controlled temperature oven for 24 h. One gram of the dried resin was added to 10 ml of 30 

mM D-phenylglycine, benzoylformate, L-glutamate or 2-oxoglutarate at pH 5, 7, 7.5, 8 and 9. 

Subsequently, all the samples were incubated in a shaking incubator at 200 rpm, 37�C for 

12 h. The residual (unadsorbed) concentration was measured using HPLC, from which the 

amount of adsorbed compounds (per gram dried resin) was calculated. 

 

6.4 Use of the Amberlite IRA-400 resin-adsorbed benzoylformate in D-

phenylglycine synthesis 

In order to prepare resin adsorbed-benzoylformate, 20 g of the previously 

washed and dried Amberlite IRA-400 resin was added to 40 ml 2 M benzoylformate (pH 7.5) 

at 37�C while agitating at 200 rpm. After 6 h, the adsorbed resin was filtered and dried at 

60�C for 24 h. The amount of benzoylformate released from the resin was investigated by 

shaking 0.5 g benzoylformate-adsorbed resin in 25 ml 100 mM PIPES buffer (pH 7.5) at 200 
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rpm. Periodically, the supernatant was withdrawn and subjected to spectrophotometric 

measurement of benzoylformate. The desorption was repeated using fresh buffer until no 

further release was observed and the results were used to calculate the cumulative amount 

of benzoylformate released. 

Determination on appropriate amount of benzoylformate adsorbed resin 

required in D-phenylglycine synthesis was studied by adding varying amounts of the resin to 

a 1 ml reaction containing 100 mM PIPES buffer (pH 7.5), 1 M L-glutamate, 25 �M PLP and 

100 �l immobilized enzyme. The reaction proceeded at 37�C under agitation at 200 rpm for 

12 h. A control reaction with no benzoylformate adsorbed resin was conducted using 

benzoylformate solution instead at a final concentration of 100 mM. Upon sampling, sufficient 

distilled water was added to the reaction to dissolve the product. Immobilized enzyme and 

Amberlite IRA-400 resin were excluded by using a 0.45 �m-syringe filter and the filtrate was 

diluted with distilled water prior to analysis of D-phenylglycine and benzoylformate 

concentrations by HPLC. 

 

 

----------------------------------------------------------------------------------------------- 
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Results 

 

1. Random immobilization of wild-type D-PhgAT on agarose matrixes 

The wild-type D-PhgAT was immobilized on three different commercially available 

agarose-based matrixes through –NH2, –COOH or –SH. Because there are a number of 

these functional groups scattered on the enzyme molecule, thus, the attachment points 

between the enzyme molecule and the matrixes are in random fashion. It was found that 

after the enzyme was immobilized on EAH Sepharose 4B and Thiopropyl Sepharose 6B, the 

activity of the immobilized enzyme dropped to 15.58 and 19.92 % of that of the free enzyme, 

respectively (Table 5). The wild type enzyme could not be successfully immobilized on ECH 

Sepharose 4B since it was apparently precipitated once EDC was added to the coupling 

reaction. As a result, the enzyme activity was undetectable in the supernate as well as on 

the bead. The drastic decrease in catalytic activity led us to investigate whether or not site-

specific immobilization could yield higher specific activity. 

 

 

Table 5. Immobilization of the wild-type D-PhgAT on agarose-based matrixes. 

 

Matrix

No. of potentially 

active residues per 

one enzyme 

subunit 

Amount of 

bound protein 

(mg/g dry 

matrix) 

Specific activity 
(units/mg protein) 

 Relative 

activity* 

(%) 

No matrix  

(soluble enzyme)  - - 20.73 100 

EAH Sepharose 4B 29 Asp & 21 Glu 30.01 3.23 15.58 

ECH Sepharose 4B 10 Lys Immobilization failed, protein precipitated 

Thiopropyl 

Sepharose 6B 

2 Cys 19.60 4.13 19.92 

 
* Relative activity is defined as the specific activity of D-PhgAT variants related to the specific activity of 

the wild type. 

 

 

 



30 

2. Preparation of modified D-PhgAT  

2.1 Site-directed mutagenesis 

D-PhgAT variants possessing cysteines at various positions were constructed 

using PCR-based site-directed mutagenesis. The amplified D-PhgAT gene with S453C 

mutation constructed by simple mismatch PCR and electrophoretically separated on 0.75% 

agarose gel is shown in Figure 3a. By using the overlap extension PCR, mutations at 

specific points were introduced in order to construct other desired variants. Figure 3b shows 

the amplified primary DNA fragments (AB and CD) and full-length fusion products (AD) on 

1% agarose gel. Sizes of all products observed on the agarose gel were in good agreement 

with that expected. The mutated D-PhgAT was, then, inserted into the expression vector, 

pET-17b, which was then transformed into E. coli BL21(DE3) to express the modified 

enzymes.  

 

2.2 Purification of D-PhgAT variants 

After disruption of the induced cells, the clarified lysate was used as a source 

for enzyme purification using anion exchange chromatography, followed by hydrophobic 

interaction chromatography. The examples of chromatograms representing protein elution 

pattern from each chromatographic step are illustrated in Figures 4 and 5. Along the 

purification process, the purity of the enzyme was monitored using SDS-PAGE. The results 

from SDS-PAGE after Coomassie Blue staining are shown in Figure 6. The purified enzyme 

gave a single band of a protein, satisfactorily for further characterization and immobilization 

purposes.  

 

 2.3 Determination of sulfhydryl groups 

Quantity of sulfhydryl groups of cysteine on each enzyme molecule was 

determined by reducing the purified enzymes with TCEP, then, total sulfhydryl content was 

determined using Ellman’s reagent under the denaturing condition (in the presence of 

guanidinium chloride). From the change in the absorbance at 412 nm, the average number 

of –SH group on each enzyme molecule was calculated (Table 6). Results of the studies 

with the wild-type and mutated D-PhgAT demonstrated that numbers of cysteine residues 

were correctly introduced each D-PhgAT variant. 
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               (a)               (b) 

   1       2                       3          4          5        6         7         8         9        10 

23,130 –
9,416 –
6,557 – 
4,361 – 

2,322 – 
2,027 – 

1,353 –
1,078 –

872 –

603 –

310 –

23,130

6,557
4,361  
2,322
2,027  

1,353 
1,078 
872  

603  

 310  

1,500 –

1,000 –
800 – 
600 – 
500 – 
400 – 
300 – 
200 – 
100 – 

9,416

 
 

Figure 3. Agarose gel electrophoresis of PCR products obtained from site-directed 

mutagenesis of D-PhgAT gene by (a) simple mismatch PCR and (b) overlap extension PCR. 

 

 Lane 1 and 10 : �X174 DNA/Hae III and � DNA/Hind III markers 

 Lane 2 :  D-PhgAT gene with S453C mutation 

 Lane 3 : SibEnzyme	 DNA markers 100 bp + 1.5 Kbp 

 Lane 4 : AB fragment for construction of D-PhgAT (C266S) 

 Lane 5 : CD fragment for construction of D-PhgAT (C266S) 

 Lane 6 : Full-length D-PhgAT (C266S) 

 Lane 7 : AB fragment for construction of D-PhgAT (C327S) 

 Lane 8 : CD fragment for construction of D-PhgAT (C327S) 

 Lane 9 : Full-length D-PhgAT (C327S) 
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Figure 4. Protein elution pattern and sodium chloride gradient of DEAE anion exchange 

chromatography. Shading area represents the D-PhgAT fractions collected for the next HIC 

chromatographic step. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Protein elution pattern and ammonium sulfate gradient of phenyl agarose CL-4B 

hydrophobic interaction chromatography. Shading area represents the D-PhgAT fractions 

collected for desalting and concentration step. 
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              1               2             3               4 

 
Figure 6. SDS-PAGE analysis of D-PhgAT(S453C) from the purification process.  

Lane 1 : Molecular weight markers with their molecular weight indicated 

Lane 2 : Crude lysate after cell disruption 

Lane 3 : Pooled fractions after DEAE anion exchange chromatography 

Lane 4 : Pooled fractions after phenyl agarose HIC chromatography 

 

 

 

2.4 Specific activity and kinetic parameters of soluble D-PhgAT variants 

Specific activity and kinetic parameters of D-PhgAT mutants were compared 

to that of the wild-type enzyme, which was expressed and purified using the same 

procedures. As shown in Table 6, all variants had different specific activities and kinetic 

parameters. Except for D-PhgAT (S453C), they all had lower specific activity and higher 

Michaelis constant (KM) than that of the wild type. The decrease in activity was in line with 

the number of native cysteine residues that was mutated to serine. D-PhgAT (S453C) whose 

only serine 453 was mutated to cysteine while the two native cysteine were still intact, had a 

comparable specific activity and KM to that of the wild type. Thus, it was chosen for further 

immobilization and subsequent studies. 

 

 

 

KDa

116.0

66.2

45.0

35.0

25.0

18.4



34 

Table 6.  Number of cysteines present per enzyme subunit, activity and kinetic parameters of 

D-PhgAT wild type and variants. 

 

KM (mM)

Enzyme

No. of 

cysteines* 

Specific activity 

(units/mg protein) D-phg �-KG 

Wild type (CCS) 1.85 20.73 0.384 1.640 

CCC 2.89 18.23 0.309 1.648 

CSS 0.82 11.45 0.420 1.732 

SCS 0.85 8.00 0.651 1.881 

SSC 0.88 6.28 0.622 1.960 

 
* Number of cysteine residues for each protein subunit determined by using the Ellman’s reagent 

 

 

3. Immobilization of D-phgAT (S453C) onto Thiopropyl Sepharose 6B 

The reduced enzyme was mixed and incubated with Thiopropyl Sepharose 6B for 

various periods of time at 4oC. The immobilization was monitored as a function of activity of 

the unbound enzyme left in the supernate versus the incubation time (Figure 7). The 

reactions containing soluble enzyme in the absence of gel were set up under the same 

condition in order to demonstrate that the decrease in activity was not due to the enzyme 

instability. After approximately 1 h, complete immobilization of D-PhgAT (S453C) onto the 

bead was achieved as indicated by no further reduction of free enzyme in the supernatant. 

In contrast, the immobilization of wild-type enzyme was much slower and did not reach the 

saturation over a period of 12 h. This finding indicated that D-PhgAT (S453C) was much 

more reactive towards thiol groups than the wild type. Similarly, the amount of D-PhgAT 

(S453C) bound to the matrix was found to be higher than that of the wild type (Table 7).  

 The immobilized enzymes obtained from various time of incubation were assayed for 

the activity. The immobilized D-PhgAT (S453C) had approximately twice higher activity than 

that of immobilized wild type (Figure 8). The activity of immobilized D-phgAT (S453C) was 

highest after 1 h of incubation and then slightly decreased afterward. In contrast, the activity 

of bead bound with wild-type enzyme slowly increased with time after one hour of incubation. 
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Figure 7. Time course of the immobilization of D-PhgAT wild type (
) and D-PhgAT(S453C) 

(�), monitored by measuring the activity of the unbound enzyme left in the supernate. 

Open symbols represent the activity of soluble wild type (O) and D-phgAT(S453C) (�) 

incubated in the absence of matrix under the same condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Activity of immobilized wild type (
) and D-phgAT(S453C) (�) obtained from 

various time of incubation. 
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Table 7. Amount of protein immobilized on Thiopropyl Sepharose 6B and the specific activity 

of immobilized enzyme compared to that of soluble enzyme. 

 

Enzyme 
Amount immobilized  

(mg/g dry matrix) 

Specific activity 

(units/mg protein) 

Relative activity* 

(%) 

D-PhgAT(S453C)  

     Soluble  

     Immobilized  

-

34.62 

18.23 

5.53 

-

30.33 

 Wild-type D-phgAT 

     Soluble  

     Immobilized  

-

19.60 

20.73 

4.13 

-

19.92 

* Relative activity is defined as the specific activity of immobilized enzyme relative to the specific activity 

of the soluble enzyme. 

 

 

4. Characterization of immobilized D-phgAT (S453C) 

4.1 Effects of pH on enzyme activity and stability 

To study pH effects on enzyme activity and stability, initial activity was 

measured over a brief period of 1.5 min to negate the effects of any instability, especially at 

extremes of pH. It was obviously found that both immobilized (Figure 9a) and soluble (Figure 

9b) D-PhgAT (S453C) were highly active in alkali conditions with the highest activity at pH 9 

in Tris or CAPS buffer. Differences in enzyme activity were observed when different types of 

buffer were used, in particular, higher enzyme activity was observed in PIPES buffer than 

that in Tris buffer at the same pH. These results were similar to the previously reported 

profile of soluble wild-type enzyme, which was most active at pH 9–10 (5). 

  Despite the increased activity when the pH was raised from 7 to 9, the 

stability of the enzyme was significantly decreased (Figure 10). Immobilized D-PhgAT 

(S453C) which had been incubated at pH above 9 lost all activity in 5-6 h. Interestingly, 

whereas incubation of the soluble D-PhgAT (S453C) enzyme at pH 7.5 over a period of 6 h 

led to nearly 30% loss of its initial activity, its immobilized form could maintain 90% of its 

initial activity under this condition. Consequently, PIPES buffer at pH 7.5 was chosen for 

further D-phenylglycine synthesis experiments.  
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Figure 9. Effects of pH on the activity of D-PhgAT (S453C) (a) immobilized and (b) soluble 

enzyme determined at 37�C in 100 mM different buffers: (�) citrate buffer, (�) PIPES 

buffer, (�) Tris buffer and (�) CAPS buffer. 
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Figure 10.  Effects of pH on stability of D-PhgAT (S453C) (a) immobilized and (b) soluble 

enzyme. Residual activities were determined periodically after incubation of the enzyme at 

37�C at:  (�) pH 7.5 and (�) pH 8.0 in 100 mM PIPES buffer, (�) pH 8.5 and (�) pH 

9.0 in 100 mM Tris buffer and (�) pH 9.5 in 100 mM CAPS buffer. 
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4.2 Effects of temperature on enzyme activity and stability 

Effects of temperature on enzyme activity were investigated by measuring an 

initial activity over a brief period of 1.5 min in order to negate the effects of any instability. 

Above 20�C, enzyme activity of both soluble and immobilized D-PhgAT (S453C) increased 

with increasing temperature. The soluble enzyme showed an activity maximum at 45-55�C 

and then declined severely as the temperature was raised above 65oC (Figure 11). 

However, when the enzyme was immobilized onto Thiopropyl Sepharose 6B, the 

temperature optimum was shift to 50-65�C and a large drop in activity was found when the 

immobilized enzyme was assayed at the temperature higher than 70�C. A range of 37-60�C 

where the immobilized enzyme had good activity was chosen for the study of thermal 

stability over a period of 6 h and the result is illustrated in Figure 12. Results showed that 

high temperature were detrimental for the immobilized enzyme. At 60�C where the 

immobilized enzyme was most active, no residual activity was found after 4-h incubation. 

Therefore, the chosen temperature for carrying out the reaction for all subsequent 

experiments was 37�C.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.  Effects of temperature on activity of D-PhgAT (S453C) (a) immobilized and (b) 

soluble enzyme determined in 100 mM PIPES buffer, pH 8.0. 
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Figure 12. Effects of temperature on stability of immobilized D-PhgAT (S453C). Residual 

activities were determined periodically after incubating the enzyme in 100 mM PIPES buffer, 

pH 8.0 at:  (�) 37�C, (�) 40�C, (�) 50�C and (�) 60�C. 

 

 

 

 

 

 

4.3 Effects of substrate concentration on enzyme activity 

Benzoylformate showed a notable inhibitory effect towards the enzyme 

activity (Figure 13a). By contrast, the reaction rate increased proportionally to L-glutamate 

concentration, up to 1.25 M (Figure 13b). However, at higher L-glutamate concentrations, the 

reaction rate fell sharply indicating that substrate inhibition did occur. 
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Figure 13.  Effects of substrate concentration on the D-phenylglycine synthesis rate. (a) 

Effects of benzoylformate at different L-glutamate concentrations (�) 50 mM, (�) 100 mM, 

(�) 250 mM, (�) 500 mM and (�) 750 mM, and (b) Effects of L-glutamate 

concentrations at 50 mM benzoylformate. 
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 4.4 Storage stability of soluble and immobilized enzymes 

  Since long-term stability of immobilized enzymes is one of the key factors 

that determines their practical applications, it was evaluated over a 28-day period when the 

enzymes were kept under various conditions. Results showed that stability of both soluble 

and immobilized enzyme was superior when they were stored in 25% glycerol at 4�C, with 

about 80% remaining of their original activities after 28 days. Without 25% glycerol, the 

enzymes showed lower stability even when kept at 4�C. Effects of long-term storage and 

temperature were significant when the enzymes were kept at room temperature for 28 days. 

The immobilized and the soluble enzymes maintained their activities after 28 days at 18% 

and 5%, respectively. 

 

Figure 14. Storage stability of soluble and immobilized D-PhgAT(S453C). The soluble 

enzyme was stored at (�) room temperature, (�) 4�C and (�) 4�C in the presence of 25 

% glycerol and compared with immobilized enzyme stored at (O) room temperature,(�) 4�C 

and  (�) 4�C in the presence of 25 % glycerol. 
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5. D-Phenylglycine synthesis and productivity enhancement by resin approach  

5.1 Equilibrium constant of D-phenylglycine synthesis reaction 

The equilibrium constant (Keq) of the overall D-phenylglycine synthesis 

reaction was determined by chemical analysis of all substrate and product concentrations at 

equilibrium as in the equation below. Keq in this study was found to be 0.075 � 0.004. 

 
Keq = [D-phenylglycine][�-ketoglutarate]

             [benzoylformate][L-glutamate] 
 

 

5.2 Solubility of the product D-phenylglycine 

Solubility of D-phenylglycine was investigated as a function of pH and 

temperature. As shown in Figure 15, D-phenylglycine has low water solubility at acidic to 

neutral pH and low temperature. 
5.2 Solubility of the product D-phenylglycine

Solubility of D-phenylglycine was investigated as a function of pH and 

temperature. As shown in Figure 25, D-phenylglycine has low water solubility at acidic to 

neutral pH and low temperature. 

Figure 15. Solubility of D-phenylglycine. The experiment was done by analyzing the 

concentration of saturated D-phenylglycine solution prepared at various pH’s and at (�) 37, 

(�) 25 and (�) 4 �C. 



44 

5.3 Adsorption of substrates and products onto resins 

Amberlite IRA-400 was examined for its capabilities to adsorb the substrates 

and products. This was done in order to find a potential means of controlled-release 

substrates and/or potentially in situ product removal to minimize the substrate and product 

inhibitory effects. It was found that Amberlite IRA-400 showed promising characteristics and 

was most suitable for the system. At pH 7.5 at which the synthesis reaction was conducted, 

the adsorption of L-glutamate as well as the desired product D-phenylglycine onto Amberlite 

IRA-400 was very low even after 12 h of incubation (Figure 16). By contrast, the resin could 

efficiently adsorb benzoylformate, the substrate, whose concentration should be kept low in 

the reaction to minimize the substrate inhibitory effect. 

 

 

 

 

Figure 16.  Adsorption to Amberlite IRA-400 under agitation at 200 rpm, 37�C for 

12 h with 30 mM solution of: (�) D-phenylglycine, (�) L-glutamate, (�) 2-oxoglutarate 

and (�) benzoylformate. 
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Additionally, Amberlite IRA-400 was found to adsorb 2-oxoglutarate relatively 

well, in which it might be employed for removal of this by-product while the reaction was in 

progress. However, as the resin was to be used for adsorbing benzoylformate for the 

substrate controlled-release purpose, if it is to be used for adsorbing 2-oxoglutarate in the 

same reaction a competitive binding should occur. Thus, a study to determine whether there 

was a competitive binding or not was done by adding 0.1 g of Amberlite IRA-400 into 1 ml 

solution containing both 15 mM benzoylformate and 15 mM 2-oxoglutarate. The mixture was 

subjected to continuous shaking at 200 rpm, 37�C for 18 h. Results showed that the resin 

could adsorb both compounds quite well whether or not they were present singly or in 

combination (Table 8). Thus, this showed that the benzoylformate-adsorbed resin, after 

releasing the substrate, could adsorb the by-product 2-oxoglutarate. 

 

Table 8. Adsorption of 2-oxoglutarate and benzoylformate onto 0.1 g Amberlite IRA-400 

when the compounds were present singly or in combination. 

 

Compound and starting amount Amount adsorbed 

)� mole(

 %adsorption  


-oxoglutarate 

       30 �mole alone 

       15 � mole in combination with

       15 �mole benzoylformate 

19.31 

9.37 

64.35 

62.46 

benzoylformate 

       30 �mole alone 

       15 � mole in combination with

       15 � mole
-oxoglutarate 

26.47 

12.22 

88.24 

88.12 

 

 

5.4 Enhancement of D-phenylglycine productivity by benzoylformate-adsorbed 

Amberlite IRA-400 resin  

  Amberlite IRA-400 resin-adsorbed benzoylformate was prepared in order to 

supply substrate via a controlled-release mechanism in the enzyme reaction. One gram of 

the adsorbed resin prepared as previously described released approximately one mmole of 
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benzoylformate at pH 7.5 (Figure 17). When different amounts of the adsorbed resin (0.05-

0.4 g) were used in the 1-ml synthesis reaction, they significantly enhanced both the D-

phenylglycine synthesis rate and yield as compared to that without using the resin (Figure 

18a). When less amounts of the adsorbed resin were used, the initial rate of reaction was 

faster but D-phenylglycine synthesis ceased rapidly, possibly due to the low amount of 

benzoylformate left to drive the reaction. The addition of more benzoylformate-adsorbed 

resin into the reaction at this stage could regain the product formation (Figure 19). When D-

phenylglycine was formed at a concentration greater than 5 mg/ml (approximate aqueous 

solubility of D-phenylglycine at pH 7.5, 37�C), solid product was conspicuously precipitated 

from the reaction mixture (Figure 20). After 6 h, the reaction with 0.1 g benzoylformate-

adsorbed resin yielded the highest D-phenylglycine amount of 10.25 mg/ml (68% yield) while 

the reaction in the absence of the resin (but 100 mM benzoylformate was fed instead) 

yielded only 2.73 mg/ml (16% yield). Similar reaction profiles were obtained from the reaction 

without and with 0.5 g resin, although the initial concentrations of benzoylformate in both 

reactions were 110 and 158 mM, respectively (Figure 18b). 

 

 

 

Figure 17. The release of benzoylformate from Amberlite IRA-400. The experiment was 

done with repeated change of fresh buffer until no further release was observed. 
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Figure 18.  Relationship between the amounts of benzoylformate-adsorbed resin used in the 

enzymatic reaction and the D-phenylglycine produced. (a) D-phenylglycine synthesis using 

various amounts of benzoylformate-adsorbed resin and (b) Amount of benzoylformate 

detected in the supernate. The reaction in one ml contained in addition to varying amounts 

of benzoylformate-adsorbed resin: (O) 0 g, (�) 0.05 g, (�)  0.1 g, (�) 0.2 g, (�) 0.3 g, 

(�) 0.4 g and (�) 0.5 g. 
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Figure 19.  D-Phenylglycine synthesis with an additional supply of benzoylformate-adsorbed 

resin at 6 h. At 0 h, both 1-ml reactions were started with 100 mM Tris buffer (pH 7.5), 1 M 

L-glutamate, 0.1 g benzoylformate-adsorbed resin, 25 �M PLP and 100 �l immobilized 

enzyme. At 6 h, 0.1 g more benzoylformate-adsorbed resin was added to the reaction 

mixture (�), and no benzoylformate-adsorbed resin was added to the reaction mixture 

(�). 

 

 

 

 

 

 

 

 

 

 

Figure 20.  Batch reaction for the synthesis of D-phenylglycine. The left bottle showed the 3 

ml mixture containing 100 mM Tris buffer (pH 7.5), 1 M L-glutamate, 0.1 g benzoylformate-

adsorbed resin, 25 �M PLP and 300 �l immobilized enzyme at time zero (before the 

enzymatic reaction began) and the right bottle showed changes in characteristics of the 

mixture after the reaction was completed with the clearly seen white precipitate of D-

phenylglycine and bead of immobilized enzyme on the top layer above the yellow layer of 

Amberlite IRA-400. 
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Part II 

 

High-Expression of Functional Recombinant D-Phenylglycine Aminotransferase in 

Escherichia coli 

 

Objective 

To improve the yield of functional D-phenylglycine aminotransferase expressed in E. coli. 
 

Materials and Methods 

 

1. Bacterial strains and plasmids 

E. coli BL21(DE3) harboring pEPL which carries the dpgA gene encoding D-PhgAT 

(1). Takara’s chaperone plasmid set was purchased from Takara Bio Inc. 

 

2 Materials 

Restriction enzyme, BamHI was obtained from New England Biolabs. Isopropyl �-D-

thiogalactopyranoside (IPTG), the coenzyme, pyridoxal-5�-phosphate (PLP), D-phenylglycine 

(D-Phg), �-ketogrutarate, L-arabinose, tetracycline, ampicillin and chloramphinicol, were 

purchased from Sigma. Pyridoxine hydrochloride (vitamin B6) and benzyl alcohol were from 

Fluka, and Bradford reagent was from Bio-Rad.  

 

3. Transformantion of chaperone plasmid into E. coli BL21 (DE3) harboring pEPL  

Competent cells of E. coli BL21 (DE3) harboring pEPL was prepared by using the 

Inoue method (2). Transformation of the resulting competent cells with chaperone plasmid, 

pG-KJE8 was performed as described by Sambrook and Russell (2). The positive 

transformants were obtained by plating the transformants on selection plates containing 50 

�g.mL
-1
 ampicillin and 20 �g.mL

-1
 chloramphinicol for pEPL and pGKJE8 selection, 

respectively. Confirmation of the positive clones were done by culturing the selected clones 

in liquid medium supplemented by the same antibiotics at the same concentrations and the 

plasmids of the selected clones were extracted and subjected to restriction enzyme analysis. 

Finally, the retransformed strain harboring both pEPL and pG-KJE8 was obtained and 

verified by agarose gel electrophoresis. 
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4. Culture conditions, expression, and co-expression 

Single colonies of the retransformed strain was inoculated into 3 mL of Luria-Bertani 

medium containing the antibiotics for selection of pEPL and the chaperone plasmid, pG-

KJE8 as described above. The culture was incubated at 37°C until 0.4 OD.600nm was 

reached, then, the culture was added with L-arabinose and tetracycline to the final 

concentration of 0.5 mg.mL
-1
 and 5 ng.mL

-1
, respectively, to induce chaperone proteins 

expression. One h later, IPTG induction of D-PhgAT expression was carried out for 4 h. 

Cells were harvested by centrifugation and DPhgAT activity in the cellular protein extract was 

determined. 

The study on chemical induction of chaperones by benzyl alcohol was done with E. 
coli BL21(DE3) harboring pEPL that was cultured at 37°C until the cell density of 0.4 

OD.600nm was reached. Then, benzyl alcohol was added to a final concentration of 10 mM 

and one h later IPTG at the final concentration of 0.4 mM was added to induce D-PhgAT 

production at 25°C. Similarly, the study on activity gaining by addition of pyridoxine 

hydrochloride to the final concentration of 5 mM, then, one hour later IPTG at the final 

concentration of 0.4 mM was added to induce D-PhgAT production at 25°C. The 

experiments were performed in triplicates. 

 

5. Soluble proteins analysis 

To lyse the cells, the induced cell pellets were re-suspended in a lysis buffer 

containing 100 mM potassium phosphate buffer pH 7.6, 1 mM EDTA, 0.01% �-

mercaptoethanol, and 0.1 mM PLP to a cell density of 7.5 O.D.600nm. The cells were 

subjected to disruption by ultrasonication (Vibra cell, Sonics & Materials Inc. U.S.A.). Sample 

tubes were placed in an ice-bath throughout the process and the disruption was carried out 

in the cycles of 9.9 sec burst with 9.9 sec intermittent cooling. Cell debris was separated by 

centrifugation at 12,000 rpm (Eppendorf centrifuge 5417R) for 30 min at 4°C. Supernatant 

was transferred into new microcentrifuge tube and used as a soluble fraction. The soluble 

fraction was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). 

 

6. D-Phenylglycine aminotransferase (D-PhgAT) activity assay 

D-PhgAT activity of the soluble fractions was determined according to the modified 

method as described by Khampha et al (3). Briefly, the enzyme activity was determined 

using a spectrophotometric enzyme kinetic assay by measuring the amount of 4-hydroxy 
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benzolyformic acid (4-OHBZF) formed upon transamination of D-4-OHPhg using 2-

oxoglutarate as an amino acceptor. The reaction mixture (980 �l) contained 10 mM D-4-

OHPhg, 10 mM �-ketoglutarate, 5 �M PLP, 5 �M EDTA and 50 mM 3-(cyclohexylamino)-

2-hydroxy-1-propanesulfonic acid buffer, pH 9.5. A 20 �l volume of appropriately diluted D-

PhgAT solution was added to the reaction mixture and quickly and thoroughly mixed to start 

the reaction. The rate of 4-OHBZF formation is monitored by recording the increase in UV 

absorption at 340 nm for 180 sec using a spectrophotometer (Unicam He�ios Alpha). One 

unit of D-PhgAT activity was defined as the amount of enzyme that catalyzes the formation 

of 1 �mole of 4-OHBZF min
-1
. Molar absorption coefficient of 4-OHBZF at 340 nm (�340nm) is 

24×10
3
 M

-1
cm

-1
 (4). 

 

Results 

 

1. Transformantion chaperone plasmid into E. coli BL21 (DE3) harboring pEPL 

The transformants carrying both pEPL plasmid which contained dpgA gene encoding 

the D-PhgAT, and pG-KJE8 plasmid which contained molecular chaperone genes, dnaK-
dnaJ-grpE and groEL-groES were selected on culture plates containing 50 �g.mL

-1
 

ampicillin and 20 �g.mL
-1
 chloramphenicol. They were verified by restriction enzyme 

digestion with BamHI and the desired clones having both pEPL and pG-KJE8 corresponding 

bands were selected (data not shown) and used for production of D-PhgAT. 

 

2. Effects of benzyl alcohol, pyridoxine, and DnaK-DnaJ-GrpE and GroEL-GroES co-

expression on active D-PhgAT yield 

After 4-h induction with IPTG, the D-PhgAT activity in cell free extracts from all the 

experiment were as shown in Fig. 1. Compared with E. coli BL21(DE3) harboring pEPL 

plasmid alone (experiment 2), benzyl alcohol addition resulted in only 1.3-fold increase of the 

D-PhgAT activity (experiment 3) while pyridoxine addition showed 2.2-fold increase 

(experiment 4). When both pyridoxine and benzyl alcohol were added, around 2.7-fold 

increase in the enzyme activity was observed (experiment 5). The yield of the enzyme 

obtained with co-expression of DnaK-DnaJGrpE and GroEL-GroES chaperones was 

dramatically increased to around 3,107-fold (experiment 6). When the chaperones co-

expression was done in the presence of added pyridoxine, further improvement to 4,067-fold 

(experiment 7) increase in the D-PhgAT activity yield was obtained. SDS-PAGE profiles of 
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soluble cellular proteins of E. coli from all the experiments with the protein band 

corresponded to D-PhgAT are shown in Fig 2. D-PhgAT was found to constitute nearly 50% 

of total soluble cellular proteins in E. coli cells from experiment 7 (lane 7) which yielded the 

highest D-PhgAT activity.  

 

 

 

 
 

Fig. 1 D-PhgAT activity in cell free extract of E. coli BL21 (DE3) harboring pEPL (1-5) or 

harboring both pEPL and pG-KJE8 (6-7). (1) no induction, (2) induced by IPTG, (3) induced 

by IPTG in the presence of benzyl alcohol, (4) induced by IPTG in the presence of 

pyridoxine hydrochloride, (5) induced by IPTG in the presence of both pyridoxine 

hydrochloride and benzyl alcohol, (6) induced by IPTG, and Larabinose and tetracycline (for 

chaperones), and (7) induced by IPTG, and Larabinose and tetracycline (for chaperones) in 

the presence of pyridoxine hydrochloride. 
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Fig. 2 SDS-PAGE analysis of cell free extract of E. coli BL21 (DE3) harboring pEPL (1-5) or 

harboring both pEPL and pG-KJE8 (6-7). Lane numbers correspond with the experiment 

number in Fig. 1. Proteins in lane M are standard molecular weight markers. 

 

 

Discussion and Conclusion 

 

D-PhgAT is known to form inclusion body in the over-expression host. This resulted 

in low yield of the soluble active enzyme despite the high amount of the protein was 

produced. Treating the cells with benzyl alcohol known to cause changes in fluidity of the 

cell membrane which in turn induced expression of endogenous chaperones showed no 

positive effect. This might be because the chaperones induced were not suitable or not 

sufficient for assisting D-PhgAT folding. The effect of benzyl alcohol was reported to be more 

pronounced when used at higher temperature (30 ºC) (5) so at the temperature of 25ºC 

employed in this study this compound may not be sufficiently effective. The high yield of 

active D-PhgAT was obtained with the co-expression of chaperones, DnaK-DnaJ-GrpE and 

GroES-GroEL, alone or in combination with the addition of pyridoxine hydrochloride 

indicating that the chaperones set was very helpful. The data might also indicate the 

importance of GroES-GroEL over the DnaK-DnaJ-GrpE in the folding of D-PhgAT enzyme 

since the latter set of chaperones did not help in the experiment with benzyl alcohol 

induction (5). It should be pointed out here that the amount of chaperone present 

intracellularly may be important while in this study no quantitation of these intracellular 

chaperones were determined. Optimization of the level of chaperones co-expression may 
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further increase the over-expressed D-PhgAT yield. The co-expression of molecular 

chaperones in the presence of pyridoxine at 5 mM concentration yielded higher amount of 

functionally active D-PhgAT in comparison with the co-expression alone indicating that the 

cofactor plays an important role in the folding. Since there are more chaperones of E. coli 
such as trigger factor (TF), ClpA/ClpB, and IbpA/IbpB (6) which may be helpful in the folding 

of D-PhgAT, therefore, they should be tested either individual or in combination. Other 

chaperones are interesting to be co-expressed with our target proteins because each 

chaperone assists protein folding in different stages (7). As such experiment, appropriate 

chaperones will be used to improve a target protein production with the highest yield. In 

addition, the GroESGroEL as suggested above should be investigated to see whether they 

are alone that give the benefit to D-PhgAT folding. Furthermore, the concentration of the 

coenzyme precursor, pyridoxine, may be optimized to give even a higher yield of the active 

DPhgAT. 
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Part III 

 

High-Expression of Functional Recombinant D-Phenylglycine Aminotransferase in 

Pichia pastoris 

 

Objective 

To construct Pichia pastoris expression system that produce functional D-phenylglycine 

aminotransferase in higher yield than the E. coli system 

 

 

Materials and Methods 

 

1. Strains, plasmids, oligonucleotides, media, chemicals 

The E. coli DH5� and P. pastoris KM71 were obtained from Novagen (Madison, WI, 

USA) and Invitrogen (San Diego, CA, USA), respectively. The Pichia expression plasmids 

pPIC3.5K, pAO815, pGAPZ B and pPICZ B were purchased from Invitrogen. A wild-type 

dpgA gene was codon-optimized for matching to that of the Pichia expression system, and 

then synthesized by GenScript (Piscataway, NJ, USA). Primers for gene amplifying and real-

time PCR were shown in Table 2. Restriction endonucleases, DNA polymerase and T4 DNA 

ligase were supplied from New England Biolabs (Ipswich, MA, USA). Culture media for 

bacteria and yeast cells (e.g. LB, YPD, BMGY, BMMY and MD) were from BD (Franklin 

Lakes, NJ, USA). The antibiotic Ampicillin and Zeocin were from Bio Basic (Ontario, Canada) 

and Invitrogen, respectively. Methanol and all other chemicals were obtained from Sigma (St. 

Louis, MO, USA). 

 

2. Generation of Pichia pastoris strain expressing intracellularly recombinant D-PhgAT  

The synthetic gene encoded for D-PhgAT was amplified by PCR using Pfu DNA 

polymerase and pUC57_D-PhgAT served as a DNA template. Forward and reverse primers 

contained BamHI and EcoRI sites, respectively for cloning into pPIC3.5K and subsequently 

transformed into E. coli DH5�. The resulting plasmid pPIC3.5K_D-PhgAT was linearized 

with SalI and integrated into P. pastoris KM71 by electroporation at 1.5 kV, 25 μF and 200 

�. The transformants were selected on Minimal Dextrose (MD) without histidine plates (1.34 

% YNB with ammonium sulphate without amino acids, 4 � 10-5 % biotin, and 2 % dextrose). 

Then, the pooled transformants was spread on YPD containing 0.25 mg mL
-1
 Geneticin to 
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screen for the strain which contained the multiple copies of D-PhgAT gene. The verification 

of D-PhgAT gene insertion in Pichia chromosome was done by PCR using gene specific 

primer. Eight verified recombinant clones were tested for expression level of D-phgAT and 

the highest expressing clone was applied in this study. The DNA sequencing of expression 

cassette was done to confirm the correctness.  

 

3. In vitro mutimerization of D-PhgAT, GroEL and GroES genes in single plasmid and 

generation the Pichia pastoris strains co-producing D-PhgAT, GroEL and GroES  

The D-PhgAT gene was amplified and cloned into pAO815 at EcoRI site to construct 

pAO_D-PhgAT. The two genes encoded for GroEL and GroES were individually amplified 

using pGro7 as a DNA template and the forward and reverse primers for both genes 

contained EcoRI and XbaI sites, respectively for cloning into pGAPZ B. The plasmid pGAPZ 

B_GroES was cut with BglII and BamHI and the resulted 1.2 kb of GroES expression 

cassette was ligated into the BamHI-digested pGAPZ B_GroEL to generate pGAPZ 

B_GroEL_GroES. Then, the combined expression cassette of GroEL and GroES was cloned 

into the BamHI-digested pAO815_D-PhgAT by the same way as previous to create the 

pAO_D-PhgAT_GAP_ELS. The construction of pAO_D-PhgAT_AOX_ELS was additionally 

done by the similar procedure except that the GroEL and GroES genes were cloned into 

pAO815 instead of pGAPZ B to form the expression cassettes under the control of AOX1 

promoter. Two recombinant plasmids pAO_D-PhgAT_GAP_ELS and pAO_D-

PhgAT_AOX_ELS were linearized with StuI before transformation into P. pastoris KM71. The 

transformants were selected on Minimal Dextrose (MD) without histidine plates. PCR 

analysis using gene-specific primers to detect the presence of sdgpA, groEL and groES 

genes in P. pastoris genome was made. 

 

4. In vivo generation of P. pastoris KM71 containing multiple copies of dpgA, groEL and 

groES genes 

The GroEL and GroES expression cassettes were amplified by PCR method using 

pGAPZ B_GroEL_GroES as a DNA template and forward and reverse primers contained 

XhoI and NotI, respectively for cloning into pPICZ_26s rDNA. The resulting pPICZ_26s 

rDNA_GAP_GroELS was linearized with either SacI or SfoI to integrate consecutively at 

5’AOX1 or 26s rDNA locus in the chromosome of recombinant Pichia KM71 contained 

pPIC3.5K_D-PhgAT. The transformants were primarily selected on YPD plates containing 25 

μg mL-1 of Zeocin. Subsequently, the resistant clones were re-streaked on YPD plates with 



59 

higher concentration of Zeocin (100, 500, 1000, 2000 and 5000 �g mL
-1
) to select for clones 

having that multiple copies of groEL and groES genes. PCR analysis using gene-specific 

primers was made to confirm the gene integration. 

 

5. Real-time PCR 

Quantitative real time-PCR was performed in duplicates using SYBR Green in 20 μL 

reactions. The reaction mixture was composed of 2 ng of genomic DNA and 0.5 μM of each 

primer. The thermal cycling conditions were 15 min at 95°C followed by 40 cycles of 30 s at 

95°C, 30 s at 60°C and 45 s at 72°C. After the amplification, a melting curve analysis with a 

temperature gradient of 0.1°C s
-1
 from 65°C to 95°C was examined to exclude the 

amplification of unspecific products. For correct determination of the starting copy quantity, 

the reference gene actin was also quantified in parallel. The normalized copy number was 

calculated by relative quantification as described by Livak and Schmittgen (1) with following 

formula; n = 2
-��Ct

 where ��Ct = (Ct target sample – Ct reference sample) – (Ct target 

calibrator – Ct reference calibrator). Ct is defined as the point at which the fluorescence level 

rises above the baseline. The P. pastoris KM71 containing pAO_D-PhgAT_GAP_ELS which 

contained single copy of each gene was used as the calibrator.  

 

6. Expression of D-PhgAT and GroEL-ES in P. pastoris KM71 

The single colony of each strain was grown in 100 mL of BMGY (1 % yeast extract, 

2 % peptone, 100 mM potassium phosphate pH 6.0, 1.34 % YNB, 4 � 10-5 % biotin and 1 

% glycerol) medium at 30°C 200 rpm until culture reached an OD600nm of 6. Cells were 

harvested by centrifugation at 2000 � g for 5 min at room temperature and re-suspended 

with 20 mL of BMMY (0.5 % methanol) medium. The incubation was continued to induce the 

expression of the recombinant D-PhgAT and GroEL-ES. At every 24 h, the expression 

culture was harvested and methanol was added to final concentration of 0.5 % in the 

remaining culture.  

 

7. Preparation of cell-free extracts 

Protein extraction was accomplished by using a French Press. Cell pellets were 

washed once and re-suspended with chilled lysis buffer (50 mM sodium phosphate pH 7.4, 1 

mM PMSF, 1 mM EDTA and 5 % glycerol) with ratio of cell wet weight to buffer volume of 

1:4. The samples were applied at 16,000 psi cell pressure for 4 passes. The cell lysates 
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were centrifuged at 12,000 � g for 10 min at 4°C to collect the supernatants for determining 

the D-PhgAT activity. 

 

8. Determination of D-Phenylglycine aminotransferase activity 

The assay was performed in a 1 mL reaction by mixing 20 μL of soluble enzyme 

fraction to a 980 μL of reaction mixture containing 100 mM CAPSO pH 9.0, 10 mM D-4-

hydroxy phenylglycine, 10 mM �-ketoglutaric acid, 25 μM EDTA and 25 μM PLP. The rate 

of benzoylformate formation was measured as a function of time by monitoring the increase 

in absorbance (340 nm) using a spectrophotometer (Biospec-1601, Shimadzu Corp., Japan). 

 

9. SDS-Polyacrylamide Gel Electrophoresis 

The sample was quantified the protein concentration by NanoDrop and, then mixed 

with the sample buffer before boiling for 10 min. The 30 μg protein was loaded into gel which 

was made of 12 % separation gel with a 4 % stacking gel using Mini-Protein II Dual Slab 

Cell (BIO-RAD). Besides, total cell protein was analyzed by preparing the sample as follows 

(2). A 3 mg wet weight of cell pellet was washed once and re-suspended in 0.3 mL of 

distilled water, and then an equal volume of 0.2 M of NaOH is added. Next, cells were 

collected after 5 min of incubation at room temperature, and the supernatant is carefully 

removed. A 70 μL of SDS-sample buffer was added to the pellet, and the cells are re-

suspended by repeated pipetting. The samples are boiled for 3 min and centrifuged briefly. A 

15 μL of the extract was loaded. The gel electrophoresis was run at 150 V for 1 h and the 

gel was stained with Coomassie Brilliant Blue. 

 

 

Results  

 

1. Intracellular expression of recombinant D-PhgAT in P. pastoris KM71 

The inducing condition with 0.5 % methanol was carried out at 30°C for 144 h to 

examine the yield and optimal time for harvesting the D-PhgAT. As we estimated the 

intensity of protein bands, the recombinant D-PhgAT was consistently expressed up to 30 % 

of total cellular proteins at all induction time (Figure 1). However, majority of the expressed 

protein aggregated as inclusion bodies (Figure 2). Soluble protein fraction was found to 

contain D-PhgAT enzymatic activity at 0.00152 U mg
-1
. Several strategies lead to the native 

folding of over-expressed including lower temperature, increase the cellular concentrations of 
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osmolytes and molecular chaperones (3) were attempted in this study. By using 0.5 M 

sorbitol, 0.4 to 4 mM benzyl alcohol and even though 20°C, the solubility of D-PhgAT was 

not significantly enhanced and the inclusion bodies did not obviously alleviated as judged 

from the intensity of protein bands (Figure 3). 

 
Figure 1. Expression of D-PhgAT in P. pastoris KM71 at 30°C. SDS-PAGE analysis of total 

cellular proteins of recombinant P. pastoris. Lane M, molecular mass marker; Lane 1, 24 h of 

induction of P. pastoris KM71 harboring the parent vector pPIC3.5K; Lane 2-7, Induction of 

P. pastoris KM71 harboring pPIC3.5K_D-PhgAT for 24, 48, 72, 96, 120 and 144 h, 

respectively. The molecular mass of D-PhgAT (45 kDa) is indicated. 

 

 
Figure 2. Expression of recombinant P. pastoris KM71 at 30°C for 24 h. SDS-PAGE analysis 

of soluble (S) and insoluble (I) fractions of cells containing the pPIC3.5K and pPIC3.5K_D-

phgAT. Lane M, molecular mass marker. The recombinant D-PhgAT is indicated with arrow. 
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Figure 3. Effect of temperature and benzyl alcohol (BA) on soluble D-PhgAT production. 

SDS-PAGE analysis of soluble (S) and insoluble (I) fractions from P. pastoris KM71 

containing pPIC3.5K_D-PhgAT were induced at 30°C, 25°C, 20°C and the combination of 

20°C with 0.4 mM benzyl alcohol. Lane M, molecular mass marker. The arrow indicates the 

band of D-PhgAT. 

 

 

2. Co-expression of GroEL-GroES chaperones with D-PhgAT in P. pastoris KM71 

As inducing the molecular chaperones in P. pastoris KM71 by addition of benzyl 

alcohol did not assist the native folding of D-PhgAT, the co-expression of bacterial 

chaperonin GroEL-GroES was investigated. Since we previously achieved the noticeably 

high yield of soluble D-PhgAT by co-producing with GroEL-GroES in E. coli system, 

therefore, the in vitro multimerization of single copy gene encoded for D-PhgAT, GroEL and 

GroES was constructed in pAO815 (Figure 4). The D-PhgAT was produced under the control 

of AOX1 promoter whereas GroEL-GroES was that of both GAP and AOX1 promoter to 

examine the effect of former or co- producing of recombinant chaperonin on the quantity of 

soluble D-PhgAT. The expression of recombinant proteins was carried out at 30ºC. 

Strikingly, the functionally active enzyme was found which the highest specific activity was 

reached at 24 h of induction (Figure 5). Moreover, the result was correlated with the absence 

of D-PhgAT inclusion body when compared with the strain without chaperonin co-expression 

(Figure 6). However, there was no significantly increase in the amount of soluble active D-
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PhgAT even though the GroEL-GroES level was elevated and no detectable inclusion body 

in the strain harboured pAO_D-PhgAT_AOX_ELS as determined by SDS-PAGE.  

 

 

Figure 4. The maps of pAO_D-PhgAT_GAP_ELS and pAO_D-PhgAT_AOX_ELS. The D-

PhgAT was under the control of AOX1 promoter. Both GroEL and GroES were under the 

control of the same promoter which is either GAP (a) or AOX1 (b). 

 

 
Figure 5. Specific activity of D-PhgAT from recombinant P. pastoris KM71 co-expressing the 

GroEL-GroES at 30°C. The recombinant strains containing pAO_D-PhgAT_AOX_ELS (white 

circle) and pAO_D-PhgAT_GAP_ELS (black circle) were induced for 3 days with 0.5% 

methanol. 
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Figure 6. Co-expression of GroEL-GroES with D-PhgAT in P. pastoris KM71 at 30°C for 24 

h. SDS-PAGE analysis of soluble (S) and insoluble (I) fractions from 4 recombinant Pichia 

strains harbored parent vector pAO815, pAO_D-PhgAT, pAO_D-PhgAT_AOX_ELS and 

pAO_D-PhgAT_GAP_ELS, consecutively. Lane M, molecular mass marker. The protein 

bands corresponding to D-PhgAT (45 kDa) and GroEL (60 kDa) are arrow indicated. 

 

 

3. Expression of multiple copies of dpgA, groEL and groES genes in P. pastoris KM71 

Although we obtained the functionally active D-PhgAT from the in vitro 

multimerization of single copy gene dpgA, groEL and groES, the high amount of enzyme 

was not achieved even if the GroEL-GroES level was increased under the control of AOX1 

promoter. Therefore, the expression of multiple copy genes was investigated. For the multi-

copy of dpgA gene, the recombinant strain which chromosomally contained pPIC3.5K_D-

PhgAT was used to co-express with the GroEL-GroES. The insertion of pPICZ_26s 

rDNA_GAP_GroELS at 5’AOX1 was made to generate the multiple copies of groEL and 

groES genes in this strain. Furthermore, the integration at 26s rDNA site was also done 

since it is the repetitive and ubiquitous region which possibly provide the numerous copies of 

insert. After screening the transformants on YPD plates containing Zeocin, there were four 

clones showed the resistance up to 5000 μg mL
-1
 of Zeocin and subsequently selected for 

the expression of soluble D-PhgAT. The induction was performed at 30ºC in methanol 

medium for 24 h. Remarkably, four multi-copy strains showed the specific activity of D-

PhgAT ranging from 2 to 12 times higher than that of the former strain which carrying the 
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single copy gene (Table 1). Moreover, an elevated amount of soluble active D-PhgAT was 

obtained whereas no inclusion body appeared in the insoluble fractions from any multi-copy 

strains as judged by the intensity of protein bands (Figure 7). The copy number of dpgA and 

groEL genes was quantified by real time PCR method. We assumed that the copy number of 

groES was equal to that of groEL gene because both genes were constructed in the same 

plasmid pPICZ_26s rDNA_GAP_GroELS (Figure 8). The maximum copy of groEL and groES 

genes was generated when the integration occurred at 26s rDNA locus and resulted to the 

highest yield of active D-PhgAT (Table 1). 

 

 

 

Table 1. Specific activity of D-PhgAT in recombinant P. pastoris clones with different copy 

number of genes 

 

Host strain Integrated
plasmid

Integration 
site

Specific
activity of 
D-PhgAT
(U/mg)

Copy number 

dphgAT    groELS 

KM71 pPIC3.5K_ 
D-phgAT 

HIS4 0.0004 3 0 

KM71 pAO815_ 
D-phgAT_ 
GAP _ELS 

HIS4 0.779 1 1 

 

KM71_D-PhgAT pPICZ_26s_
GAP_ELS 

5�AOX1 

5�AOX1 

26s rDNA 

26s rDNA 

7.697 

6.130 

1.596 

9.288 

4 

3 

1 

2 

2 

2 

3 

10 
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Figure 7. Expression of recombinant P. pastoris KM71 harbored multi-copy genes at 30°C 

for 24 h. SDS-PAGE analysis of soluble (A) and insoluble (B) fractions from 6 recombinant 

strains. Lane M, molecular mass marker; Lane 1, strain harbored pPIC3.5K_D-PhgAT; Lane 

2; strain harbored pAO_D-PhgAT_GAP_ELS; Lane 3-6; 4 recombinant strains harbored 

pPIC3.5K_D-PhgAT which re-transformed with pPICZ_26s rDNA_GAP_GroELS. The protein 

bands corresponding to D-PhgAT (45 kDa) and GroEL (60 kDa) are arrow indicated. 

 

 

 

Figure 9. The map of pPICZ_26s rDNA_GAP_GroELS. Two expression cassettes of groEL 

and groES were inserted behind 5’ AOX1 promoter whereas the 26s rDNA fragment was 

that of AOX1 terminator. 
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Part IV 

 

 

Improving in vitro solubility of D-phenylglycine aminotransferase  

by structure-guided mutagenesis 

 

Objective 

To genetically engineer the molecular structure of D-phenylglycine aminotransferase to 

increase its in vitro solubility 

 

 

Materials and Methods 

 

1. Bioinformatics analyses 

The target residues for molecular modification by site-directed mutagenesis were 

chosen by analysis of the crystal structure for the D-PhgAT (PDB 2CY8) from RCSB Protein 

Data Bank. BetaTPred2 was applied to predict �-turn in the protein structure. GETAREA 

and ArealMol were applied to predict solvent accessible surface area or percentage of 

solvent expose. Analysis of crystal contacts was performed by CryCo server. The residues 

that act as the cofactor-binding, the inter-domain or the inter-subunit residues were excluded 

from the candidates for prevent the damage to catalytic performance and conformational 

structure of the enzyme. 

 

2. Preparation of mutant plasmids 

The wild-type D-PhgAT has been previously genetically modified by inserting hexa-

histidine (H6) and a cysteine (C) residue at the C-terminal using PCR-based mutagenesis. 

Primers for site-directed mutagenesis were ordered from 1st BASE, Singapore. Site-directed 

mutagenesis was performed using QuikChange® Lightning Site-Directed Mutagenesis Kit 

(Stratagene, California, USA). Mini-preps of the mutant plasmids were performed using the 

QIAprep® Spin Miniprep Kit (Qiagen, Hilden, Germany). Sequencing of the mutant plasmids 

was done at BioDesign, Thailand. The genes encoding D-PhgAT mutants were placed under 

a tightly controlled expression system of the pET-11a vector (Novagen®, Darmstadt, 

Germany) and a high stringency expression host, E. coli Tuner (DE3) pLysS (Novagen®, 

Darmstadt, Germany). 
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3. Overexpression and purification of D-PhgAT 

The wild-type D-PhgAT was over-expressed as previously described and purified by 

ammonium sulfate precipitation at 25-45% saturation, followed by chromatography on a 

Phenyl Sepharose 6 Fast Flow (high sub) column (Amersham Pharmacia Biotech, Uppsala, 

Sweden) and a DEAE SepharoseTM column (GE Healthcare, Uppsala, Sweden). For the 

expression of the mutant enzymes, E. coli Tuner (DE3) pLysS cells harboring the mutant 

plasmids were grown with shaking in LB broth supplemented with 50 μg/mL of ampicillin and 

34 μg/mL of chloramphenicol at 37 °C. A final concentration of 0.4 mM IPTG was added to 

the cultures at an A600nm of 0.6 to induce the expression of proteins. The cultures were 

further incubated with shaking at 20 °C for 16 h. The mutant enzymes with hexa-histidine 

and a cysteine tag (H6C) at C-terminal were purified from the cell extracts by a Talon® metal 

affinity column charged with Co
2+

 (Clontech, California, USA). The mutant enzymes without 

the H6C tag at C-terminal were purified by the same method of the wild-type enzyme as 

described above. The combined active fractions were desalted and concentrated using 

Amicon® Ultra-15 centrifugal filter devices (Millipore, County Cork, Ireland). Enzyme purity 

was determined by SDS-PAGE. Purified enzymes were kept in 20 mM Tris-HCl buffer (pH 

7.6) containing 2.5 μM PLP, 1 mM EDTA, and 0.01% �-mercaptoethanol (TEMP buffer) at 

4°C in Protein LoBind tube (Eppendorf, Hamburg, Germany) until use. 

 

4. In vitro protein solubility measurement 

All measurements were performed at room temperature (25°C). The in vitro protein 

solubility was determined by concentration method. The in vitro solubility assay was 

measured at the neutral pH for enzyme storage (20 mM TEMP buffer, pH 7.6) and the 

optimal pH for enzyme activity application (50 mM CAPSO buffer pH 9.5). The enzyme 

solution was concentration in Microcon® YM-30 centrifugal filter devices (Millipore, 

Massachusetts, USA) at 4,000 g until the retained volume remained constant or a phase 

change was observed (precipitations or other solid forms). The enzyme solution was agitated 

regularly during concentration to prevent membrane blockage. The soluble phase was 

collected and centrifuged to remove any solid forms at 16,000 g for 15 min. Enzyme 

quantitation in the soluble phase was determined by NanoDrop® ND-1000 

spectrophotometer (NanoDrop Technologies, Delaware, USA) with the absorption at 280 nm 

and the molar absorption coefficient (�) of 38,055 M
-1
cm

-1
. The measurements were done in 

triplicates. 
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5. Enzyme activity assay 

A spectrophotometric assay was used to determined enzyme activity in the direction 

of p-OHBZF synthesis. The assay was carried out in 1 ml reaction mixture containing 20 μl 

of soluble enzyme, 10 mM D-4-hydroxyphenylglycine, 10 mM �-ketoglutarate, 50 mM 

CAPSO buffer (pH 9.5), 5 μM PLP and 5 μM EDTA. The rate of p-OHBZF formation was 

measured as a function of time by monitoring the increase in absorbance (340 nm) using 

He�ios � spectrophotometer (Spectronic Unicam, Cambridge, UK). Activity measurements 

were made over a 1.5 min time period to ensure a linear product-time profile. The 

measurements were done in triplicates. 

 

6. Determination of pH effect on enzyme activity 

The effect of pH on the activity of enzyme was examined using the same method of 

enzyme activity determination. Enzyme activity was measured at a range of pH values 

between 5.0 and 11.0 using 50 mM of the following buffers: Citrate buffer (pH 5.0-6.0), 

PIPES buffer (pH 6.0-7.5), Tris buffer (pH 7.5-8.5), CAPSO buffer (pH 8.5-10.0) and CAPS 

buffer (pH 10.0-11.0). Activity measurements were made over a 1.5 min time period to 

ensure a linear product-time profile. The measurements were done in triplicates. 

 

7. Circular dichroism spectroscopy 

Far-ultraviolet circular dichroism spectra were obtained by a Jasco J-715 

spectropolarimeter purged with oxygen-free nitrogen (Jasco, Maryland, USA). The instrument 

was calibrated with 1.0 mg/mL (+)-10-camphorsulphonic acid, yielding an intensity ratio 

between 192 and 290 nm more than 2.0. Protein samples in 20 mM TEMP buffer (pH 7.6) 

were measured at protein concentration of 1.5 mg/mL over wavelength range from 190 nm 

to 300 nm, at 25ºC, using 0.02 cm path length cylindrical quartz cuvette (Hellma, Müllheim, 

Germany). Scanning rate was set at a rate of 20 nm/min, 1.0 s response time, and 50 

millidegree sensitivity. All spectra measurement were done in triplicates and subtracted by 

baseline spectra of 20 mM TEMP buffer (pH 7.6). 

 

8. Determination of thermal stability 

Thermal stability values were considered as the melting temperature (Tm) of the 

protein samples which is determined from thermal denaturation curves. The thermal 

denaturation curves were performed using Jasco J-715 spectropolarimeter purged with 
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oxygen-free nitrogen which the protocols utilized for instrument, the cuvette and sample 

concentration were the same as described above. Thermal denaturation curves were 

monitored from 25 to 85 ºC by the ellipticity at 222 nm and the Tm values are determined as 

the temperature at which 50% of protein molecules are unfolded, as measured by that 

ellipticity. All spectra measurement were done in triplicates and subtracted by baseline 

spectra of 20 mM TEMP buffer (pH 7.6).  

 

9. Determination of isoelectric point value (pI) 

The isoelectric point values of the enzymes were determined by application of 2-D 

electrophoresis method. First-dimension isoelectric focusing was performed using 7 cm 

ImmobilineTM DryStrips pH 3-10 NL (GE Healthcare Bio-Sciences, Uppsala, Sweden) and 

running on EttanTM IPGphorTM (Amersham Pharmacia Biotech, California, USA). The 

second-dimension SDS-PAGE was performed using a Mini-Protein II Dual Slab Cell (BIO-

RAD, California, USA) and visualized by silver staining. 

 

 

 

 

Results 

 

1. Construction of plasmids pEPL-N439D-Hc, pEPL-Q444E-Hc, and pEPL-N439D Q444E-

Hc containing genes encoding the engineered D-PhgAT 

 

1.1 Bioinformatics analysis 

Asparagine (N) and glutamine (Q) at �-turn were chosen as the target for 

mutation. Crystal structure of D-PhgAT (PDB: 2CY8) is showed in Figure 1A. The D-PhgAT 

consists of 2 identical subunits. Each subunit can be divided into 3 domains which are N-

terminal domain (residue 2 - 75), cofactor-binding domain (residue 76 - 325), and C-terminal 

domain (residue 325 - 453). The N and Q residues in D-PhgAT are shown in Figure 1B, 1C   

and the positions were in Table 1. 
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A
 

   B     C   

Figure 1. (A) Crystal structure D-PhgAT (PDB: 2CY8). The enzyme consists of 2 identical 

monomers. Each monomer can be divided into 3 domains which are N-terminal domain, 

cofactor-binding domain, and C-terminal domain (B, C) The asparagines (N) colored in red 

and glutamines (Q) colored in green were identified in each subunit. The figure was 

generated using the ICM-Browser 3.6 program. 

 

Table 1. Identification of asparagine (N) and glutamine (Q) residues in D-PhgAT 

Amino acid Position in each monomer 
Total of residues in each 

monomer

N
5, 57, 79, 161, 179, 251, 307, 331, 

342, 351, 370, 439, 447, 451 
14

Q
19, 47, 91, 167, 197, 233, 255, 

261, 301, 335, 415, 444, 452 
13
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A bioinformatics tool, BetaTPred2, was applied to predict �-turn in the D-PhgAT 

structure from the given amino acid sequence. This program predicts �-turns in proteins 

from multiple alignment by using neural network with residue accuracy of 75.5%. The results 

from the prediction are shown in Figure 2.  

 

 
Figure 2. �-turns in D-PhgAT as predicted by BetaTPred2. The residues in the query 

sequence predicted as �-turns are shown as “t” and non-�-turn residues are shown as “n”. 

 

 

GETAREA  and ArealMol were applied to predict solvent accessible surface and 

percentage of solvent expose. Crystal structure of D-PhgAT (PDB: 2CY8) was from the 

Protein Data Bank and the programs were used to compute the percentage of solvent 

expose of each residue. Residues are considered to be solvent exposed if the percent value 

exceeds 50% and to be buried if it is less than 20%. The results, focused only on 

asparagine (N) and glutamine (Q) residues in the D-PhgAT, are shown in Table 2.  
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Table 2. Percent solvent exposed of asparagine (N) and glutamine (Q) in D-PhgAT 

 

Position GETAREA (%) ASAView (%) ArealMol (%) Status 

N5 49.17 53.00 43.00  

N57 28.00 22.40 22.00  

N79 48.49 52.20 44.00  

N161 ND ND ND ND 

N179 30.74 33.40 28.00  

N251 29.37 33.40 28.00  

N307 26.64 29.10 23.00  

N331 25.95 26.70 23.00  

N342 19.12 20.8 16.00 Buried 

N351 46.44 47.30 38.00  

N370 91.52 89.40 80.00 Exposed 

N439 88.11 87.50 77.00 Exposed 

N447 ND ND ND ND 

N451 ND ND ND ND 

Q19 67.75 69.60 59.00 Exposed 

Q47 85.66 96.1 74.00 Exposed 

Q91 58.79 62.40 51.00 Exposed 

Q167 ND ND ND ND 

Q197 67.19 - 53.00 Exposed 

Q233 77.27 64.60 68.00 Exposed 

Q255 0.01 0.3 0.01 Buried 

Q261 61.59 65.00 56.00 Exposed 

Q301 ND ND ND ND 

Q335 52.63 63.30 46.00  

Q415 39.19 32.90 33.00  

Q444 83.42 91.70 79.00 Exposed 

Q452 ND ND ND ND 

ND = “not determine”, because these residues are missing in the current crystal structure 

data of the enzyme. 
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The analysis of crystal contacts was performed via CryCo server. The program 

requires crystal structure of D-PhgAT (PDB: 2CY8) from the Protein Data Bank and analyzes 

crystal contacts both with and without crystal environment according to contact surfaces. The 

results, focused only on asparagine (N) and glutamine (Q) residues in the D-PhgAT, are 

shown in Table 3. 

 

Table 3. Crystal contacts area of asparagines (N) and glutamines (Q) in D-PhgAT as 

predicted by CryCo server 

Position Crystal contacts area (A°2) Status 
N5 0.0 Not crystal contacts residue 

N57 1.9 Crystal contacts residue 
N79 15.7 Crystal contacts residue 
N161 ND ND 
N179 27.9 Crystal contacts residue 
N251 0.0 Not crystal contacts residue 
N307 16.3 Crystal contacts residue 
N331 0.0 Not crystal contacts residue 
N342 0.0 Not crystal contacts residue 
N351 25.2 Crystal contacts residue 
N370 0.0 Not crystal contacts residue 
N439 28.8 Crystal contacts residue 
N447 ND ND 
N451 ND ND 
Q19 30.1 Crystal contacts residue 
Q47 0.0 Not crystal contacts residue 
Q91 83.1 Crystal contacts residue 

Q167 ND ND 
Q197 - ND 
Q233 26.5 Crystal contacts residue 
Q255 0.0 Not crystal contacts residue 
Q261 0.0 Not crystal contacts residue 
Q301 ND ND 
Q335 0.0 Not crystal contacts residue 
Q415 0.0 Not crystal contacts residue 
Q444 67.8 Crystal contacts residue 
Q452 ND ND 

ND = “not determine”, because these residues are missing in the current crystal structure 

data of the enzyme. 
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Only highly solvent exposed N and Q residues predicted to be situated in �-turns 

and involve in the crystal contacts were chosen for mutation. Residues of the substrate 

binding-pocket, active site, inter-domain or the inter-chain interactions were excluded from 

the candidates. From these criteria, there were only 2 residues considered as suitable for 

mutation and they are shown in Table 4 and their positions in 3D-structure are shown in 

Figure 3. 

 

Table 4. Characteristics of the amino acid residues candidates for mutation 

Amino acid Domain �-turn residue 
Solvent exposed 

residue

Crystal

contacts

residue

N439 C-terminal Yes Yes Yes 

Q444 C-terminal Yes Yes Yes 

 

 

 
 

Figure 3. The target residues Asparagine (N) 439 and glutamine (Q) 444 in 3D-structure of 

D-PhgAT. The figure was generated using the ICM-Browser 3.6 program. 
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1.2 Site-directed mutagenesis and protein expression 

Primers for site-directed mutagenesis were designed using QuikChange® 

Primer Design Program based on dpgA gene. According to designed strategy, N439 was 

replaced with aspartic acid (D) using primers N439D and N439D_antisense as forward and 

reverse primers, respectively. The Q444 was replaced with glutamic acid (E) using Q444E 

and Q444E_antisense primers, as forward and reverse primers, respectively. The resulting 

plasmids, pEPL-N439D, pEPL-Q444E, and pEPL-N439D Q444E, were transformed to E. coli 
XL-10 Gold. 

For constructing plasmids that express the mutant D-PhgAT having hexa-

histidine tag at the C-terminus, the same strategies were employed but using the parent 

plasmid having the hexa-His sequence. The resulting plasmids, pEPL-N439D-Hc, pEPL-

Q444E-Hc, and pEPL-N439D Q444E-Hc were transformed to E. coli XL-10 Gold. 

  Examples of variants D-PhgAT expression in E. coli are shown in Figure 4. 

After purification, the D-PhgAt variants were found to be as active as the wild-type enzyme 

Figure 5. 

 

 

 

Figure 4. SDS-PAGE analysis of total cellular proteins of E. coli expressing D-PhgAT-

(N439D)-H6C and D-PhgAT-(Q444E)-H6C. The enzyme variants can be seen as thick protein 

bands at ~ 45 kDa. 
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Figure 5. Specific activity of D-PhgAT-H6C variants which are D-PhgAT-H6C and D-PhgAT-

(N439D)-H6C, D-PhgAT-(Q444E)-H6C), and D-PhgAT-(N439D, Q444E)-H6C, respectively. 

The enzyme activity determinations were performed by spectrophotometric assay in 50 mM 

CAPSO buffer (pH 9.5). 

 

 

1.3 in vitro protein solubility of D-PhgAT variants 

The in vitro solubility measurement was performed at room temperature 

(25°C) by using concentration method with modification. The solubility assay was measured 

at the neural pH (pH = 7.6) and the optimal pH of enzyme activity (pH = 9.5) without any salt 

in the solution. Protein concentration of the soluble phase was determined with the 

absorption at 280 nm and the molar absorption coefficient of 37,930 M
-1
cm

-1
. The in vitro 

solubility values of D-PhgAT with and without H6C-tagged enzymes at the storage pH and 

the optimal working pH are shown in Figure 6 and 7, respectively. 

It can be clearly seen that single mutation at N439D or Q444E could 

significantly increase the enzyme solubility with the Q444E mutation having greater effect. 

Combining the two mutations resulted in further increase in enzyme solubility 5 – 6 folds 

compared with the wild-type enzyme. However, the solubility enhancing effect of these 

mutations was negatively affected by the presence of the hex-histidine tag at the C-terminus 

of the enzyme, especially the doubly mutated variant. These indicated that the positively 

charged hexa-histidine tag might interact with the negatively charged D439 and E444 thus 

diminishing solubility enhancing effect of these mutants. 
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Figure 6. Comparison of in vitro solubility of D-PhgAT variants with and without H6C-tag at 

pH = 7.6 (the storage pH), 25 °C. 
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Figure 7. Comparison of in vitro solubility of D-PhgAT variants with and without H6C-tag at 

pH = 9.5 (the working pH), 25 °C. 
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Part V 

 

 

Spectrophotometric enzymatic cycling method using L-glutamate dehydrogenase and 

D-phenylglycine aminotransferase for determination of L-glutamate in foods. 
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Part VI 

 

 

Sensitive non-radioactive determination of aminotransferase stereospecificity  

for C-4' hydrogen transfer on the coenzyme. 
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An isolated and immobilised aminotransferase cloned
from Pseudomonas stutzeri ST-201 into Escherichia coli
was used to synthesise D-phenylglycine. The reaction
was characterised by an unfavourable equilibrium
constant and substrate inhibition. The use of a
controlled-release system via the use of Amberlite (IRA
400)-adsorbed benzoylformate proved a useful technique
to circumvent these issues. This resulted in a four-fold
improvement in product concentration achievable to
yield a final D-phenylglycine concentration of 10.25
mg/ml.

Keywords: D-Phenylglycine; Resins; Controlled-release biocataly-
sis

INTRODUCTION

Biocatalysis is becoming widely accepted as a
powerful means to complement conventional cata-
lysis in the synthesis of complex molecules. How-
ever, while biocatalysis offers the ability to carry out
reactions in a highly selective way, it is frequently
the case that operation in an industrial context may
be limited by constraints. In particular the effective
supply of substrate is difficult. Recently a number of
isolated reports have demonstrated the potential for
the use of substrate-containing resins as controlled-
release agents to the biocatalytic reaction (D’Arrigo
et al., 1997, 1998; Houng and Liau, 2003; Vicenzi et
al., 1997). This has analogies with work in two-liquid
phase biocatalysis where, under particular condi-
tions, big productivity improvements have pre-
viously been obtained (e.g. Woodley and Lilly,
1992). The principle is to use the resin as a reservoir
for substrate, which is gradually released (via mass
transfer) into solution. The driving force for this

transfer is dependent upon the rate of reaction and
the consequent deviation of the substrate concentra-
tion in solution and on the resin, from equilibrium.
To date, the approach has been used to enhance
asymmetric bioreductions using various types of
yeast (e.g. D’Arrigo et al., 1997; Vicenzi et al., 1997)
and still more recently used with Escherichia
coli (Simpson et al., 2001) for Baeyer-Villiger mono-
oxygenase catalysed synthesis of an optically pure
lactone. These reports are preliminary but it is clear
that there are a number of advantages to such an
approach as a means to operate at high concentra-
tions of substrate in the reactor while maintaining a
low concentration in the region of the biocatalyst. In
particular this could have application to assist those
reactions where there is a need to operate at high
substrate concentration to drive the equilibrium,
while these concentrations are also inhibitory to the
biocatalyst. An excellent illustrative example is the
synthesis of the unnatural amino acid, D-phenylgly-
cine which is used as a side chain for the anti-
infective drugs ampicillin and cephalexin. Industrial
syntheses use classical resolution of a racemate,
which is readily available from the Strecker reaction
on benzaldehyde (Sheldon, 1996) or resolution of DL-
hydantoin, also prepared from benzaldehyde (Aida
et al., 1986). Other totally chemical (Calmes et al.,
1996; Voyer et al., 1997) and chemoenzymatic meth-
ods (Basso et al., 2000; Beard and Page, 1998; Garcia
and Azerad, 1997; Gokhale et al., 1996) have
also been reported. More recently a D-phenylgly-
cine aminotransferase (D-phgAT) was discovered
in Pseudomonas stutzeri ST-201 (Wiyakrutta and
Meevootisom, 1997) and this has now been cloned
and overexpressed in E. coli (Laowanapiban, 2001).
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Both wild type and recombinant enzymes are
pyridoxal-5?-phosphate (PLP) dependent and selec-
tively catalyse the reversible transamination of D-
phenylglycine (or D-4-hydroxyphenylglycine) with
2-oxoglutarate (as the exclusive amino acceptor)
giving L-glutamate. Due to the ‘‘stereo-inverting’’
activity of the enzyme, L-glutamate, which is a cheap
amino donor, together with benzoylformate can be
used to synthesise enantiomerically pure D-phenyl-
glycine in a single reaction (Fig. 1). This route needs
no amino acid racemases to isomerise the L-amino
acid amino donor, as required with typical
D-aminotransferases that accept only a D-amino
acid substrate. Although D-phgAT has appropriate
characteristics to function as a promising biocatalyst,
with a rapid reaction rate and no requirement for
external cofactor regeneration, the reaction has a
low equilibrium constant (0.08), which favours D-
phenylglycine degradation rather than synthesis,
and substrate inhibition. In this paper we report
findings on the characterisation and potential appli-
cation of controlled-release biocatalysis to circum-
vent some of the constraints in this reaction. The
approach using a resin for this reaction is schema-
tically illustrated in Fig. 2. In addition to control of
the substrate concentration the resin also affords a
sink for the a-ketoglutarate byproduct and, since
high levels of product can now potentially be
produced, above saturation concentration the D-
phenylglycine will precipitate out of solution.

MATERIALS AND METHODS

Materials

Thiopropyl Sepharose 6B used for enzyme immobi-
lisation was obtained from Amersham Biosciences
(Uppsala, Sweden). Amberlite IRA-400(Cl) (trialkyl-
benzyl ammonium) strong anion exchange resin was
purchased from Sigma Aldrich (Poole, Dorset, UK).
All other chemicals were obtained from Fluka
Chemie (Buchs, Switzerland).

Enzyme Modification and Immobilisation

D-phgAT modification was previously carried out.
Mutagenic primers were designed to replace a serine
453 with cysteine (S453C). This modification was
proven to facilitate immobilisation on a thiol-con-

taining matrix without any deleterious effect on
enzyme activity (Unpublished data). The gene was
cloned into the pET-17b expression vector and
overexpressed in E. coli BL21(DE3) obtained from
Novagen (Madison, WI, USA). The enzyme purifica-
tion was carried out following the previously
described protocol for recombinant D-phgAT (Lao-
wanapiban, 2001).

To immobilise D-phgAT, the commercially avail-
able Thiopropyl Sepharose 6B was reswollen accord-
ing to the manufacturer’s instructions and washed
three times with binding buffer (100 mM Tris buffer
(pH 7.5), 100 mM NaCl and 1 mM EDTA). Subse-
quently, 3 ml of binding buffer containing 3 mg of
freshly reduced (using immobilised TCEP disulfide
reducing gel from Pierce (Rockford, IL, USA))
modified D-phgAT was incubated with 3 ml of gel.
The reaction was carried out at 4oC for 3 h with
gentle shaking. The suspension was then centrifuged
and the beads were rinsed with the binding buffer
until no enzyme activity was detectable in the
supernatant. Finally, the beads were resuspended
in the binding buffer with 25% glycerol and stored at
4oC.

HPLC Analysis

The concentrations of substrates and products were
analyzed by HPLC using System GoldTM The Perso-
nalTM Chromatograph (Beckman Instrument, Inc.,
Fullerton, CA, USA). 20 ml of sample were injected
onto a Spherisorb ODS2 column (250�/46 mm)
(Waters, Milford, MA, USA) operating at 25oC.
Assay conditions were: mobile phase, isocratic
50 mM potassium phosphate buffer (pH 7.0) at a
flow rate of 1.0 ml/min; UV detection at 254 nm.

Determination of Enzyme Activity

Enzyme activity was determined by two methods. In
both cases the initial enzyme activity was deter-
mined based on a linear progress curve. A spectro-
phometric assay was used to determine D-phgAT
activity in the direction of benzoylformate and
L-glutamate synthesis. The assay was carried out in
a 1 ml stirred reaction mixture containing 10 ml
immobilised enzyme, 100 mM PIPES buffer (pH 8.0),
1 mM D-phenylglycine, 1 mM a-ketoglutarate, 25 mM

  

FIGURE 1 Synthesis of D-phenylglycine from benzoylformate and L-glutamate, catalysed by the stereoinverting D-phenylglycine
aminotransferase.
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PLP and 25 mM EDTA. The rate of benzoylformate
formation was measured as a function of time by
monitoring the increase in absorbance (254 nm)
using a Kontron Uvikon 922 spectrophotometer
(Kontron Instruments, Watford, Bucks, UK). A
second method was used for determining D-phgAT
activity in the direction of D-phenylglycine synth-
esis. 100 mM PIPES buffer (pH 8.0), benzoylformate,
L-glutamate, 25 mM PLP and 25 mM EDTA were
incubated with 100 ml of immobilised enzyme in a 1
ml reaction mixture at 378C. Aliquots were taken at
intervals, heated in boiling water for 2 min and
filtered through a membrane (0.45 mm). The clear
filtrate was subsequently assayed for D-phenyl-
glycine by HPLC.

Determination of pH Effect on Enzyme Activity

and Stability

The effect of pH on the activity of immobilised
enzyme was examined using the spectrophotometric
method of activity determination. Initial enzyme
activity was measured at 378C at a range of pH
values between 5 and 12 using 100 mM of the
following buffers: citrate buffer (pH 5, 6), PIPES
buffer (pH 6�/8), Tris buffer (pH 7�/9) and CAPS
buffer (pH 9�/12). Activity measurements were
made over a 1.5 min time period to ensure a linear
product-time profile.
The effect of pH on the stability of the immobilised

enzyme was measured by incubating immobilised
enzyme at a range of pH values between 7.5 and 9.5,
37oC for 6 h. At intervals, aliquots of enzyme were
assayed for residual activity using the standard
spectrophometric method.

Determination of Temperature Effect on Enzyme
Activity and Stability

The effect of temperature on enzyme activity was
examined by the standard spectrophotometric assay
in the range of 20�/80oC at pH 8.0. Activity measure-
ments were made over a 1.5 min time period
to ensure a linear product-time profile. Thermal
stability was studied by incubating the enzyme in
100 mM PIPES buffer (pH 7.5) at 37, 40, 50 and 60oC,
for 6 h. At intervals, aliquots of enzyme were
assayed for residual activity using the standard
spectrophometric method.

Determination of the Effect of Substrate
Concentration on Enzyme Activity

The effect of substrate concentration on the reaction
rate was determined by incubating 100 ml immobi-
lised enzyme in 100 mM PIPES buffer (pH 7.5)
containing benzoylformate and L-glutamate at a
range of initial concentrations between 50 and 1500
mM at 37oC. The rate of D-phenylglycine formation
was measured over a 30 min reaction.

Study of Adsorption of the Substrates and
Products onto the Resin in Dilute Solution

Prior to use, the anion exchange resin Amberlite
IRA-400 was washed sequentially with 1 M HCl
solution, deionised water, 1 M NaOH solution,
deionised water, 1 M HCl solution, deionised water
(until the pH equaled 7) and dried at 60oC for 24 h.
One gram of dried resin was added to 10 ml of 30
mM D-phenylglycine, benzoylformate, L-glutamate
or a-ketoglutarate at pH 5, 7, 7.5, 8 and 9. Subse-
quently, all the samples were incubated in a shaking
incubator at 200 rpm, 37oC for 12 h. The residual
(unadsorbed) concentration was measured using
HPLC, from which the amount of adsorbed com-
pounds (per gram dried resin) was calculated.

Use of the Amberlite IRA-400 Resin-adsorbed
Benzoylformate as a Contolled-release Substrate

In order to prepare resin adsorbed-benzoylformate,
20 g of previously washed and dried Amberlite IRA-
400 resin was added to 40 ml 2 M benzoylformate
(pH 7.5) at 37oC under agitation of 200 rpm. After
6 h, the adsorbed resin was filtered and dried at 60oC
for 24 h. The amount of benzoylformate released
from the resin was investigated by shaking 0.5 g
resin adsorbed-benzoylformate in 25 ml 100 mM
PIPES buffer (pH 7.5). Periodically, the supernatant
sample was taken and subjected to spectrophometric
measurement of benzoylformate. The desorption
was repeated using fresh buffer until no further
release was observed and the results used to

FIGURE 2 Schematic for the synthesis of D-phenlyglycine from
L-glutamate (fed as solution) and released benzoylformate from
Amberlite IRA-400 resin-adsorbed substrate (1). The reaction is
catalysed by immobilised D-phenlyglycine aminotransferase on
Thiopropyl Sepharose 6B (2) to yield the desired product which is
spontaneously precipitated (3), and the by-product a-ketogluta-
rate which is adsorbed onto the resin (4) to prevent the
accumulation.
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calculate the cumulative amount of benzoylformate
released.
The effect of the amount of resin adsorbed-

benzoylformate on D-phenylglycine synthesis was
studied by adding varying amounts of resin ad-
sorbed-benzoylformate to a 1 ml reaction containing
100 mM Tris buffer (pH 7.5), 1 M L-glutamate, 25 mM
PLP and 100 ml immobilised enzyme. The reaction
proceeded at 37oC under agitation at 200 rpm for
12 h. A control reaction with no resin adsorbed-
benzoylformate was conducted using benzoylfor-
mate solution alone at a final concentration of
100 mM. Upon sampling, sufficient water was added
to the reaction to dissolve the product. Immobilised
enzyme and Amberlite IRA-400 resin were separa-
ted using a 0.45 mm-syringe filter and the filtrate
was diluted with water prior to analysis of D-
phenylglycine and benzoylformate concentrations
by HPLC.

RESULTS AND DISCUSSION

pH Effect on Enzyme Activity and Stability

The pH-activity profile (Fig. 3) shows that the
immobilised enzyme was highly active in alkali
conditions with the highest activity at pH 9 in Tris
or CAPS buffer. Initial activity was measured over a
brief period to negate the effects of any instability,
especially at extremes of pH. Some differences were
observed between the types of buffer used and, in
particular, higher enzyme activity was observed in
PIPES buffer than that in Tris buffer at the same pH.
When the pH was increased from 7 to 9, although
the enzyme activity increased, the stability was
significantly decreased (Fig. 4). Enzyme which had
been incubated at a pH above 9 lost all activity with
in 5�/6 h. Incubation of the enzyme at pH 7.5
maintained 90% of its initial activity over a period

of 6 h. Consequently, PIPES buffer at pH 7.5
was chosen for further D-phenylglycine synthesis
experiments.

Effect of Temperature on Enzyme Activity and
Stability

Figure 5 shows the effect of temperature on enzyme
activity. Initial activity was measured over a brief
period in order to negate the effects of any instabil-
ity. Above 20oC, enzyme activity increased with
increasing temperature reaching a maximum at
50�/65oC. It then declined severely as the tempera-
ture was raised above 70oC. A range of 37�/60oC
where the enzyme was most active was chosen for
the study of thermal stability over a period of 6 h
and the result is illustrated in Fig. 6. Higher
temperatures led to enzyme inactivation. At 60oC

FIGURE 3 Effect of pH on the activity of immobilised enzyme
determined at 37oC in 100 mM of citrate (m), PIPES (%), Tris (j)
and CAPS (") buffer.

FIGURE 4 Effect of pH on the stability of immobilised enzyme.
Residual activities were determined periodically after incubation
of the enzyme at 37oC at pH 7.5 (m) and 8.0 (%) in 100 mM PIPES
buffer, 8.5 (j) and 9.0 (") in 100 mM Tris buffer and 9.5 (') in 100
mM CAPS buffer.

FIGURE 5 Effect of temperature on the activity of immobilised
enzyme determined in 100 mM PIPES buffer (pH 8.0) containing 1
mM D-phenylglycine and 1 mM a-ketoglutarate.
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where the enzyme was most active, no residual
activity was found after incubation for 4 h. There-
fore, the optimal temperature to carry out the
reaction is 37oC, and this was used for all subsequent
experiments.

Effect of Substrate Concentration on Enzyme
Activity

In order to select a suitable substrate supply method,
the effect of substrate concentration on enzyme
activity was studied. At low concentrations, ben-
zoylformate showed a notable inhibitory effect
towards the enzyme activity, while L-glutamate
showed an increase in reaction rate up to 1.25 M
(Fig. 7). At higher L-glutamate concentrations, the
reaction rate fell sharply indicating inhibition.

Adsorption of the Substrates and Products onto the
Resin

Various ionic and non-ionic resins were examined
for their capability to adsorb the substrates and
products, as a potential means of controlled-release
biocatalysis and/or potentially in-situ product re-
moval (Lye and Woodley, 1999). Of those resins
tested, Amberlite IRA-400 showed promising
characteristics and was the most suitable for the
system. At the pH at which the synthesis reaction
was conducted (pH 7.5), the adsorption of L-gluta-
mate as well as the desired product D-phenylglycine
onto Amberlite IRA-400 was very low even after
12 h of incubation (Fig. 8). By contrast, the resin
can efficiently adsorb benzoylformate, the subs-
trate whose concentration should be kept low in
the reaction to minimise the substrate inhibi-
tory effect. In addition, Amberlite IRA-400 adsorbs
a-ketoglutarate well, which may thus simulta-

neously help remove this by-product while the
reaction is in progress (as a form of in-situ product
removal).

FIGURE 6 Effect of temperature on the stability of immobilised
enzyme. Residual activities were determined periodically after the
incubation of enzyme in 100 mM PIPES buffer, pH 8.0 at 37 (m), 40
(%), 50 (j) and 60oC (").

FIGURE 7 Effect of substrate concentration on the D-phenylgly-
cine synthesis rate. (a) Effect of benzoylformate at 50 (m), 100 (%),
250 (j), 500 (") and 750 mM (') L-glutamate concentrations. (b)
Effect of L-glutamate concentration at 50 mM benzoylformate.

FIGURE 8 Adsorption to Amberlite IRA-400 under agitation at
200 rpm, 37oC with 30 mM solution of D-phenylglycine (j),
L-glutamate (m), a-ketoglutarate (") and benzoylformate (%).
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Use of the Amberlite IRA-400 Resin-adsorbed

Benzoylformate as a Controlled-release Substrate

Amberlite IRA-400 resin-adsorbed benzoylformate
was prepared in order to supply substrate via a
controlled-release mechanism to the enzyme in the
synthesis. Using the previously described methods,
one gram of adsorbed resin releases approximately
one mmole of benzoylformate at pH 7.5. The effect
on D-phenylglycine synthesis was studied when
different amounts of adsorbed resin were used.
Clearly the addition of 0.05�/0.4 g benzoylformate-
adsorbed resin in a 1 ml reaction enhanced both the
D-phenylglycine synthesis rate and yield, compared
to the reaction without the resin (Fig. 9). When
smaller amounts of adsorbed resin were used, the
initial rate of reaction was faster but D-phenylglycine
synthesis ceased earlier, possibly due to the low
residual benzoylformate which was needed to drive
the reaction. The rate of release is such that the
benzoylformate concentration in solution is con-
trolled. This does not necessarily imply ‘slow-

release’ of the substrate as observed by some other
workers (e.g. Houng and Liau, 2003). The amount of
benzoylformate in solution is entirely dependent on
the intrinsic rate of release from the resin and the
rate of reaction. This is clearly seen in Fig. 9b where
adjustments to the rate of release (via resin loading
per unit volume) at constant enzyme concentration
affect the amount of benzoylformate in solution and
hence reaction rate (Fig. 9a). Hence the rate is a
function of the amount of resin added passing
through an optimum at 0.05 g. The yield is also a
function of the amount of resin added and passes
through an optimum at 0.2 g. At higher values the
rate is reduced and therefore the reaction may not
have reached the endpoint in the 12h of experimen-
tal measurement. Similarly results have been ob-
served for yeast reductions in the presence
of varying amounts of resin-adsorbed substrate
(D’Arrigo et al., 1998). Whenever D-phenylglycine
was formed at a concentration greater than 5 mg/ml
(approximate aqueous solubility at pH 7.5, 37oC),
solid product conspicuously precipitated in the
reaction mixture, acting as a spontaneous in-situ
product removal. After 6 h, the reaction with 0.1 g
resin-adsorbed benzoylformate gave the highest
D-phenylglycine amount of 10.25 mg/ml (68% yield)
while the reaction in the absence of resin yielded
only 2.73 mg/ml (16% yield). Thus, the addition of
adsorbed resin can be used to reduce the inhibitory
effect of benzoylformate. Similar reaction profiles
were obtained from the reaction with 0.5 g-resin
added and without resin, although the initial con-
centrations of benzoylformate in both reactions were
158 and 110 mM, respectively.

CONCLUSIONS

Amethod has been proposed to overcome the severe
substrate inhibition of benzoylformate on a recom-
binant D-phenylglycine aminotransferase. Without
optimisation, using a resin-adsorbed substrate, a
four-fold improvement in product concentration
obtainable was achieved. This confirms previous
reports of the usefulness of resins in the controlled
release method of supplying substrates to improve
biocatalytic productivity.
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FIGURE 9 Effect of the amount of resin-adsorbed benzoylfor-
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Abstract

This report describes a new spectrophotometric method capable of determining low levels of l-glutamate. The assay is based on sub-
strate cycling between l-glutamate dehydrogenase (GlDH) and the novel enzyme d-phenylglycine aminotransferase (d-PhgAT). In this
system, GlDH converts l-glutamate to 2-oxoglutarate with concomitant reduction of NAD+ to NADH. The 2-oxoglutarate is recycled to
l-glutamate in a transamination reaction catalyzed by d-PhgAT using d-4-hydroxyphenylglycine as an amino donor, which is converted
to 4-hydroxybenzoylformate. Both NADH and 4-hydroxybenzoylformate strongly absorb UV light at 340 nm (ε340 nm = 6.22 × 103 and
8.90 × 103 l mol−1 cm−1, respectively). The signal amplification effect of the cycling reactions is thus further enhanced by the combined
absorption of the two accumulating reaction products. The standard calibration curve for l-glutamate was linear from 0.2 to 20 �M, with a
detection limit of 0.14 �M. Food samples can be significantly diluted before subjected to the assay, thus reducing the effects of interfering
substances. Because of the unique substrate specificity of d-PhgAT, l-glutamate could be selectively determined in the presence of other
common amino acids at relatively high concentrations. The assay was satisfactorily applied to measure l-glutamate in various kinds of food
products. The procedure is simple, rapid, accurate, and should be easily automated.
© 2004 Elsevier B.V. All rights reserved.

Keywords: d-Phenylglycine aminotransferase; Enzymatic substrate cycling assay; Food; Glutamate

1. Introduction

Seasonings that are rich in free l-glutamate have, due
to their appetite-enhancing effects, a long history of use in
foods since the time of Greek and Roman civilizations and
ancient Asia. At present, the purified monosodium gluta-
mate (MSG), a sodium salt form of l-glutamic acid, is used
worldwide as an additive to enhance the flavour of many
foodstuffs. l-glutamic acid as a component of a mixture of
amino acids and small peptides obtained from acid- or en-
zymatichydrolysis of proteins is also used for the same pur-
pose. Nevertheless, there is an ongoing debate whether MSG
is responsible for a complex of symptoms initially described
as Chinese restaurant syndrome [1] (CRS). More recently
it is referred to as MSG symptom complex as it is known

∗ Corresponding author. Tel.: +66 0 2201 5536; fax: +66 0 2644 5411.
E-mail address: scsvy@mahidol.ac.th (S. Wiyakrutta).

to occur in certain groups of people after ingestion of food
containing high amount of MSG. In addition to the MSG
symptom complex, ingestion of MSG has been alleged to
cause or exacerbate numerous conditions, including asthma,
urticaria, atopic dermatitis, ventricular arrhythmia, neuropa-
thy and abdominal discomfort [2]. However, the US Food
and Drug Administration (FDA) has classified MSG as gen-
erally recognized as safe (GRAS) and the acceptable daily
intake (ADI) for MSG is not specified.

In Thailand and other Southeast Asian countries, large
volumes of fish sauces are produced for local consump-
tion and for export each year. Accurate determination of
l-glutamate to monitor the fermentation process and as an
essential part of the quality control of fish sauce products
has proved to be difficult. The presence of relatively large
amounts of other amino acids and the high salt concentration
usually interfere with l-glutamate assay methods currently
commercially available. Thus, the development of an im-
proved selective, sensitive, and simple assay for measuring

0003-2670/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2004.05.044
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l-glutamate is of importance to the fish sauce industry. It
will as well benefit other food industries where the free
l-glutamate content in the products needs to be quantified.

Among several methods for the determination of
l-glutamate that have been published, those based on the
enzymatic recycling of the substrate (l-glutamate) have
been shown to be superior in terms of enhanced sensitivity
[3,4]. These assays have been performed in different mea-
surement modes and assay formats, e.g. spectrophotome-
teric methods [3], fluorometric methods [4], enzyme based
electrode [5,6], and flow injection analysis (FIA) [7–9].
Substrate cycling assays have also been applied for the de-
termination of other amino acids such as l-phenylalanine
where the sensitivity was reported to be improved 50-fold
[10]. It should however be noted that in these methods there
is only one accumulating reaction product (usually NADH)
that yields the analytical signal, which is measured either
directly or coupled to an auxiliary enzyme reaction in order
to generate a measurable product [3,4].

In the present paper, we report the development of a new
l-glutamate assay method that operates on the substrate cy-
cling principle and generates two accumulating products,
which strongly absorb UV light at the same wavelength. The
signal amplification effect of the cycling reactions is thus
further enhanced.

2. Experimental

2.1. Chemicals and reagents

The following reagents were of the highest grade from
Sigma (St. Louis, MO): l-glutamic acid, monosodium salt;
�-NAD+; pyridoxal-5′-phosphate (PLP); d-phenylglycine;
d-4-hydroxyphenylglycine; 2-oxoglutaric acid; tris(hydro-
xymethyl) aminomethane (Tris); benzoic acid; and potas-
sium sorbate. Methyl-p-hydroxzybenzoate and l-glutamate
dehydrogenase (GlDH) (EC 1.4.1.3) from bovine liver were
from Fluka. The l-glutamic acid assay kits were from
Boehringer Mannheim. d- and l-amino acids used in the
interference studies were from Sigma. d-phenylglycine
aminotransferase (EC 2.6.1.72) was purified from a re-
combinant E. coli expressing the cloned gene encoding the
d-PhgAT from Pseudomonas stutzeri ST201 as previously
described [12]. Molar absorption coefficients at 340 nm
(ε340 nm) of NADH and 4-hydroxybenzoylformate in 0.1 M
Tris–HCl pH 7.5, determined from the appropriately di-
luted solutions of each compound, were 6.22 × 103 and
8.90× 103 l mol−1 cm−1, respectively.

2.2. d-Phenylglycine aminotransferase (d-PhgAT)
activity assay

d-PhgAT activity of the purified enzyme preparation
was determined using a spectrophotometric enzyme kinetic
assay by measuring the rate of benzoylformate formation

upon transamination of d-phenylglycine with 2-oxoglu-
tarate as an amino acceptor. A reaction mixture con-
taining 0.1 M Tris–HCl pH 7.5, 10 mM d-phenylglycine,
25 mM 2-oxoglutarate, 5 �M PLP, and 5 �M EDTA was
pre-incubated at 30 ◦C in a water bath. A 980 �l aliquot
of the mixture was added into a standard 10 mm quartz
cuvette equilibrated at 30 ◦C in a temperature controlled
cell compartment of a spectrophotometer (BioSpec-1601,
Shimadzu). The reaction was started by adding 20 �l of an
appropriately diluted d-PhgAT solution and rapidly mixed
with the reaction mixture. The rate of benzoylformate for-
mation was determined by monitoring the increment of UV
absorption at 254 nm for 180 s and the initial linear rate
of the reaction was calculated. One unit of the d-PhgAT
activity was defined as the amount of enzyme capable of
producing one micromole of benzoylformate per minute
under the defined condition.

2.3. Determination of l-glutamate by the enzymatic
cycling assay

GlDH and d-PhgAT working solutions were freshly
prepared and their activities were determined shortly be-
fore use. The reagent mixture solution for the cycling
reaction was composed of 0.1 M Tris–HCl pH 7.5, 8 mM
d-4-hydroxyphenylglycine, 2 mM NAD+, 2 U ml−1 GlDH,
0.1 U ml−1 d-PhgAT, and l-glutamate (standard or sam-
ple). The solution containing all the components except
NAD+ was equilibrated at 30 ◦C in a standard 10 mm
quartz cuvette in a temperature controlled spectrophotome-
ter (BioSpec-1601, Shimadzu). The reaction was started by
adding NAD+ to the pre-warmed reaction solution with
rapid mixing, and this also brought all the components of
the solution to their final concentration as stated above.
The time course of the increment in the UV absorbance
at 340 nm due to the continuous accumulation of the reac-
tion products, NADH and 4-hydroxybenzoylformate, was
recorded. The slope of the progress curve was estimated
by the least square linear regression analysis of 21 data
points using the kinetics software program of the spec-
trophotometer. The overall reaction velocity was calculated
as the rate of absorbance change per unit time (�A min−1).
The l-glutamate concentration range suitable for preparing
a standard calibration curve was determined.

2.4. Measurement of l-glutamate in food samples

All food products tested in this report were obtained
from grocery stores in Bangkok. Fish sauce and soy sauce
samples were diluted with sterile distilled water before sub-
jected to analysis. Ready-made seasoning cubes, which are
in solid form and are composed of fats, were pre-treated
to completely dissolve l-glutamate from the matrix. One
gram of the samples was accurately weighed and dis-
solved in a measured volume of distilled water, then heated
at ∼70 ◦C for 10 min, cool to room temperature and the
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solution was clarified by filtering through a filter paper
(Whatman no. 1).

For the determination of l-glutamic acid content using
the Boehringer Mannheim l-glutamic acid assay kit which
is based on a spectrophotometric end-point analysis [13],
samples were diluted to contain estimated amount of 70 mg
l-glutamic acid per liter (∼0.48 mM) before submitting to
the assay according to the manufacturer’s instructions. The
same set of the samples was further diluted 10-fold to con-
tain an estimated amount of 7 mg l-glutamic acid per liter
(∼48 �M) and submitted to the determination of l-glutamic
acid content using the GlDH/d-PhgAT substrate cycling
assay method. The assay was carried out as described in
Section 2.3. The cycling reaction solution was freshly pre-
pared on a daily basis and the same batch was used for both
preparation of a standard calibration curve and assay of
the samples. Results obtained from the two methods were
compared.

3. Results and discussion

3.1. The GlDH/d-PhgAT substrate cycling system

The GlDH/d-PhgAT substrate cycling system for the de-
termination of l-glutamate is shown in Fig. 1. The analyte
l-glutamate is first converted to 2-oxoglutarate and ammo-
nia by the action of GlDH with a concomitant reduction
of NAD+ to NADH. The 2-oxoglutarate is recycled back
into l-glutamate in the transamination reaction catalyzed

Fig. 2. Comparison between cycling and non-cycling reactions for the l-glutamate assay. The cycling assay was performed using the standard cycling
reaction mixture (for details, see text). In the non-cycling system, d-4-hydroxyphenylglycine was omitted.

Fig. 1. Reaction scheme of the GlDH/d-PhgAT substrate cycling system
for the determination of low levels of l-glutamate. Each turn of the cycle
generates one molecule each of NADH and 4-hydroxybenzoylformate.
These two continuously accumulating products strongly absorb UV light
at 340 nm.

by d-PhgAT using d-4-hydroxyphenylglycine as an amino
donor, which itself is converted to 4-hydroxybenzoylformate.
Both NADH and 4-hydroxybenzoylformate strongly absorb
UV light at 340 nm. By this method, the signal amplifi-
cation effect of the cycling reactions is further enhanced
by the combined absorption of the two continuously ac-
cumulating reaction products. Additionally, in each round
of the cycle, one molecule of ammonium ion produced
in the GlDH reaction was neutralized by one molecule of
4-hydroxybenzoylformate formed in the d-PhgAT reaction
thus keeping the pH of the reaction medium relatively
constant.

To demonstrate the degree of signal amplification of the
system, the absorbance–time courses obtained from the de-
termination of 5 �M level of l-glutamate using the cycling
and the non-cycling systems were compared. The cycling
assay was performed as described in Section 2.3. The
non-cycling assay was carried out similarly but in the ab-
sence of d-4-hydroxyphenylglycine, thus only the GlDH re-
action was in effect. The latter assay system was essentially
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the end-point method in which the reaction was allowed
to proceed until all the l-glutamate was consumed and an
equal amount of NADH that gave rise to the analytical sig-
nal was produced. As shown in Fig. 2, the absorbance in the
non-cycling system increased slowly, reaching a plateau af-
ter 20 min where almost all the l-glutamate was consumed
and a limited total absorbance change could be measured.
By contrast, the cycling system gave much higher signal in
a much shorter period of time. The system quickly attained
a steady state where the GlDH and d-PhgAT reactions pro-
ceeded at a constant rate (in the opposite direction). This
was demonstrated by the linear absorbance–time curve that
began promptly after mixing in the last substrate and it
persisted until the absorbance change (�A) reached 0.3 AU.
The slope of the curve during this period was proportional
to the reaction rate at the steady state and thus to the
amount of l-glutamate in the system. For the l-glutamate
concentration of 5 �M the linear period persisted for 7 min
before the �A of 0.3 AU was reached. Because the slope
of the curve, and not the absorbance end-point, was taken
for calculation, we found that monitoring the absorbance
for 3 min gave satisfactory assay results for l-glutamate
concentration at this level.

3.2. Optimization of the cycling reaction

The enzymatic cycling assay method was first optimized
to establish the suitable substrate concentrations for the
system. Varied concentrations of d-4-hydroxyphenylglycine
from 0 to 25 mM were tested, with the NAD+ and
l-glutamate concentrations fixed at 2 mM and 5 �M, re-
spectively. The result is shown in Fig. 3A. Increasing the
d-4-hydroxyphenylglycine concentration in the sub-mM re-
gion resulted in a sharp rise in the cycling reaction velocity
reaching a maximum at the d-4-hydroxyphenylglycine of
1 mM. At higher d-4-hydroxyphenylglycine concentrations
the reaction rate slowly decreased, possibly due to substrate
inhibition effect on the d-PhgAT. d-4-hydroxyphenylglycine
at the concentration of 8 mM was selected because fluc-
tuation of concentration around this value did not affect
the cycling reaction rate. For NAD+, its concentration was
varied from 0 to 8 mM, with the d-4-hydroxyphenylglycine
and l-glutamate fixed at 8 mM and 10 �M, respectively.
The result is shown in Fig. 3B. The concentration of 2 mM
NAD+ was chosen since it gave a relatively high reaction
velocity while the background absorption of the reaction
solution was not too high (<0.5 AU).

Optimal ratio between the GlDH and d-PhgAT as well
as optimal amounts of the two enzymes for the reaction
were investigated using the reaction mixture that contained
8 mM d-4-hydroxyphenylglycine, 2 mM NAD+ and 5 �M
l-glutamate. Under this condition, the GlDH:d-PhgAT ac-
tivity ratio of 20:1 was found to be the combination that
gave the maximum cycling reaction rate (data not shown).
Using GlDH and d-PhgAT at the concentrations of 2 and
0.1 U ml−1, respectively, resulted in a satisfactorily rapid re-

Fig. 3. Effect of substrate concentration on the rate of the cycling reaction:
(A) d-4-hydroxyphenylglycine, (B) NAD+ (see Section 3.2 for details).

action rate, and a large absorbance change could be obtained
within 3 min.

The GlDH/d-PhgAT l-glutamate cycling activity was
favoured by alkaline pH. However, at pH 8.0 or higher,
the background UV absorption at 340 nm of the reaction
mixture was undesirably high. At pH 7.5, the background
absorption of the solution decreased significantly to an ac-
ceptable limit while the reaction rate was still high. A pH
of 7.5 was thus chosen as optimal for this assay method.

3.3. Linear range and sensitivity of the assay

Fig. 4 shows the sensitivity and linearity of this enzy-
matic cycling system for the determination of low levels of
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Fig. 4. Cycling assay standard calibration curve for l-glutamate; conditions as described in Section 2.3. Each point is the mean value from triplicate
assays; the error bar represents the standard deviation.

l-glutamate. Using the cycling reaction condition as men-
tioned in Section 3.2, excellent linear relationship (r2 =
0.999) between the reaction rate and the concentration of
l-glutamate over the range of 0.2–20 �M was obtained.
The lower limit of detection for l-glutamate, calculated
as a signal-to-noise ratio of 3, was found to be 0.14 �M
with a relative standard deviation of 5.1 (10 replicates).
By contrast, the l-glutamic acid assay kit from Boehringer
Mannheim is useful for measuring l-glutamate in the range
of 1.36–48 �M and the detection limit is 1.36 �M [13]. Thus
the GlDH/d-PhgAT cycling assay is ∼10 times more sen-
sitive than the Boehringer Mannheim method. The lower
limit of detection and sensitivity of this cycling assay can
still be further improved by using higher amounts of the
cycling enzymes in the reaction or by extending the reac-
tion time, or both. The reaction mixture of the present cy-
cling assay contained 2 U GlDH and 0.1 U d-PhgAT per ml,
and the progress of the reaction was monitored for 3 min.
In comparison, 1 ml of the Boehringer Mannheim assay re-
action contained 9 U GlDH and 0.1 U diaphorase while the
reaction time was approximately 15 min. Theoretically, if
the amounts of GlDH and the d-PhgAT in the cycling assay
are increased to 9 and 0.45 U, respectively, and the reaction
time is extended to 15 min, we would expect 22.5 times fur-
ther improvement in the sensitivity of this method, making
it 225 times more sensitive than the Boehringer Mannheim
method. The present cycling system can hence be flexibly
adjusted to obtain the required degree of sensitivity suitable
for particular applications, providing that the progress curve
during the course of measurement is within the linear range.

Thus, this method should be readily adaptable for measuring
l-glutamate at sub-micromolar levels such as in biological
and clinical samples [4]. Using more enzymes or extend-
ing the reaction time will not improve the lower limit of
detection or sensitivity of the Boehringer Mannheim assay
method since it is based on the end-point measurement.

The reproducibility of the assay method was evaluated by
15 replicate measurements of solutions containing 10 and
2 �M l-glutamate. The relative standard deviations were
found to be 1.8 and 2.7%, respectively.

3.4. Specificity and interference

Recovery analysis was carried out in order to study
the specificity of the assay and the possible interference
from other l- and d-amino acids commonly present to-
gether with l-glutamic acid in foods. A solution containing
10 �M l-glutamate and 10 �M of the amino acid in ques-
tion was subjected to the cycling assay for l-glutamate.
The analytical signal obtained was compared with the
signal obtained when the solution containing only 10 �M
l-glutamate was assayed. As shown in Table 1, very lit-
tle interference from all the d- and l-amino acids tested
was observed indicating a high degree of specificity of the
method. Regarding interference from other amino acids,
the GlDH/d-PhgAT cycling assay for l-glutamate has a
better specificity than the cycling methods using glutamate
oxidase with glutamic-oxalacetic transaminase [14], glu-
tamate oxidase with glutamic-pyruvic transaminase [3,4],
and GlDH with glutamic-pyruvic transaminase [4]. The
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Table 1
Effects of d- and l-amino acids on the GlDH/d-PhgAT cycling assay for
l-glutamate

Amino acid Recovery (%)a Amino acid Recovery (%)a

Glycine 97.94 ± 1.47 d-Glutamate 98.61 ± 0.63
l-Alanine 99.80 ± 1.92 d-Alanine 95.21 ± 0
l-Arginine 101.69 ± 2.21 d-Arginine 98.98 ± 0.62
l-Aspartate 101.77 ± 0.72 d-Aspartate 98.75 ± 2.32
l-Histidine 97.94 ± 1.47 d-Histidine 100.29 ± 1.97
l-Isoleucine 101.45 ± 2.96 d-Isoleucine 95.965 ± 0.21
l-Leucine 96.66 ± 1.45 d-Leucine 97.49 ± 3.33
l-Lysine 96.66 ± 0.53 d-Lysine 97.98 ± 1.30
l-Methionine 105.45 ± 0.76 d-Methionine 96.91 ± 0.91
l-Phenylalanine 102.06 ± 0.96 d-Phenylalanine 98.83 ± 2.46
l-Serine 99.80 ± 1.72 d-Serine 99.62 ± 1.92
l-Threonine 98.50 ± 1.56 d-Threonine 99.91 ± 3.53
l-Tyrosine 100.12 ± 2.55 d-Tyrosine 101.81 ± 0.90
l-Valine 98.98 ± 1.57 d-Valine 97.40 ± 2.39
l-Proline 102.54 ± 2.77 d-Asparagine 99.06 ± 1.97
l-Cysteine 98.67 ± 1.68 d-Glutamine 103.11 ± 2.30

d-Tryptophan 99.56 ± 2.39
a Analytical signals from the assay of 10 �M l-glutamate in the ab-

sence (S0) and presence (S) of 10 �M of the tested amino acid were
measured. Recovery was calculated from (S/S0)× 100. The values given
are from triplicate determinations presented as mean ±SD.

improved specificity of the present method is due mainly to
the highly substrate specific property of the d-PhgAT [11]
whose substrate is d-4-hydroxyphenylglycine, the d-amino
acid rarely encountered in nature. The method should be
useful for determination of l-glutamate in samples that con-

Fig. 5. Comparison of l-glutamate levels in nine food samples as determined by the GlDH/d-PhgAT cycling method and the Boehringer Mannheim
l-glutamic acid assay kit. Each point is the mean value from triplicate assays; the error bar represents the standard deviation. (�) Ready-made seasonings;
(�) soy sauces; (�) fish sauces.

Table 2
Effects of commonly used food additives on the GlDH/d-PhgAT cycling
assay for l-glutamate

Substance Recovery (%)a

100 �M NaCl 101.30 ± 1.49
10 �M Benzoate 101.18 ± 1.41
10 �M Sorbate 98.03 ± 0.93
10 �M l-Ascorbic acid 103.35 ± 2.41
10 �M Succinate 99.42 ± 1.53
10 �M Citrate 97.38 ± 0.62
10 �M Acetate 96.07 ± 2.47
10 �M Methyl paraben 99.13 ± 0

a Analytical signals from the assay of 10 �M l-glutamate in the ab-
sence (S0) and presence (S) of the tested substance at the stated concen-
tration were measured. Recovery was calculated from (S/S0)× 100. The
values given are from triplicate determinations presented as mean ±SD.

tain other amino acids in comparatively high concentrations
such as protein hydrolysates and particularly the fish sauces
produced in Southeast and East Asian countries [15].

Effects of the commonly used food additives and preserva-
tives on the assay method were also investigated. As shown
in Table 2, no significant interference was observed.

3.5. Application to analysis of food samples

Samples of fish sauces, soy sauces, and ready-made sea-
sonings were subjected to the assay for l-glutamate content
by both the present GlDH/d-PhgAT cycling method and the
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Boehringer Mannheim l-glutamic acid assay method. As
shown in Fig. 5, the results obtained from the two methods
were in good agreement (r2 = 0.998).

Because the GlDH/d-PhgAT cycling method has a work-
ing range at 0.2–20 �M of l-glutamate concentration,
average food samples can be diluted several folds before
subjected to the assay. In the case of Thai fish sauces that
contain around 14.89 g l−1 [15] or 80 mM of free gluta-
mate, the sample could be diluted 1000-fold. This has an
advantage since the substances that contribute to the back-
ground absorption or potentially interfere with the assay
reaction were significantly diluted out thus minimizing their
interfering effects.

4. Conclusions

The convenient utilization of the novel enzyme d-PhgAT
in combination with GlDH gave rise to a substrate cycling
assay for l-glutamate with improved performance. The pro-
posed assay provided an alternative mean for l-glutamate
determination with some advantages as compared with the
previous substrate cycling methods [3,4,14]. Firstly, the sen-
sitivity of the method was enhanced because two instead
of normally one accumulating products of the cycling reac-
tion, NADH and 4-hydroxybenzoylformate, strongly absorb
UV light at 340 nm. This means that less amount of the cy-
cling enzymes and/or less measurement time is required to
obtain the desired level of analytical signal. Secondly, the
GlDH/d-PhgAT cycling assay was shown to be more spe-
cific than in the previous methods with respect to interfer-
ence from other amino acids commonly present in foods.
This could be achieved because of the high substrate selec-
tivity of the d-PhgAT [11]. Lastly, this method is simple us-
ing only two cycling enzymes without the need for a third
coupled enzyme and the chromogenic or fluorogenic sub-
strates to generate the measurable analytical signal from the
product of the cycling reaction like in the previous meth-
ods [3,4,14]. Consequently, the first together with the last
advantage mentioned above might have significant effect in
reducing the cost of manufacturing of an assay kit based on
this proposed method.

The GlDH/d-PhgAT cycling assay was successfully ap-
plied to analyze l-glutamate in food products yielding the

results in good agreement with the current commercially
available assay kit. The method should be particularly use-
ful for determination of l-glutamate in samples that con-
tain large amounts of other amino acids. Adaptations of this
method into automated assay formats such as flow injection
analysis and enzyme chips are under investigation.
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a b s t r a c t

A sensitive non-radioactive method for determination of the stereospecificity of the C-40 hydrogen trans-
fer on the coenzymes (pyridoxal phosphate, PLP; and pyridoxamine phosphate, PMP) of aminotransfer-
ases has been developed. Aminotransferase of unknown stereospecificity in its PLP form was incubated
in 2H2O with a substrate amino acid resulted in PMP labeled with deuterium at C-40 in the pro-S or
pro-R configuration according to the stereospecificity of the aminotransferase tested. The [40-2H]PMP
was isolated from the enzyme protein and divided into two portions. The first portion was incubated
in aqueous buffer with apo-aspartate aminotransferase (a reference si-face specific enzyme), and the
other was incubated with apo-branched-chain amino acid aminotransferase (a reference re-face specific
enzyme) in the presence of a substrate 2-oxo acid. The 2H at C-40 is retained with the PLP if the amino-
transferase in question transfers C-40 hydrogen on the opposite face of the coenzyme compared with the
reference aminotransferase, but the 2H is removed if the test and reference aminotransferases catalyze
hydrogen transfer on the same face. PLP formed in the final reactions was analyzed by LC–MS/MS for
the presence or absence of 2H. The method was highly sensitive that for the aminotransferase with ca.
50 kDa subunit molecular weight, only 2 mg of the enzyme was sufficient for the whole test. With this
method, the use of radioactive substances could be avoided without compromising the sensitivity of
the assay.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Aminotransferases are ubiquitous in nature and play important
roles in amino acid metabolism in all living organisms. They are
pyridoxal-50-phosphate (PLP) dependent enzymes that catalyze
the reversible amino group transfer from amino acids to oxo acids.
In the key step of the transamination reaction, the a-hydrogen is
abstracted from the substrate amino acid and transferred to C-40

of the bound coenzyme. This process is characteristic of enzymatic
transamination and the stereochemistry of the hydrogen transfer
to or from C-40 of the coenzyme has been determined for many
aminotransferases [1]. Most of the L-amino acid aminotransferases
transfer the hydrogen stereospecifically on the si-face at C-40 of the
coenzyme moiety of the external Schiff base while D-amino acid
aminotransferase and branched-chain amino acid aminotransfer-
ase transfer the hydrogen on the re-face (Fig. 1). PLP-dependent en-
zymes play important roles in various metabolic pathways in all
living organisms. To date, more than 300 PLP-dependent enzymes

have been described [1] and stereochemistry of the reactions they
catalyze has been a subject of much interest. The availability of
sensitive and effective methods for stereospecificity characteriza-
tion will facilitate the study to understand the mechanisms of
catalysis of these enzymes.

Originally, the method for determining the stereospecificity of
the C-40 hydrogen transfer of aminotransferases involved the use
deuteriopyridoxamine by subjecting it to an enzyme catalyzed
transamination and detecting the loss or the retention of the 2H
with the coenzyme by nuclear magnetic resonance (NMR) spec-
troscopy [2]. This method is time consuming and requires a large
quantity of the aminotransferase. A more sensitive method was
developed which use the PLP specifically labeled with 3H at the
C-40. The labeled PLP is incubated with the apoenzyme and its sub-
strates. The PMP formed is isolated, dephosphorylated with an
alkaline phosphatase to become pyridoxamine (PM). The PM is
subjected to transamination with pyruvate and pyridoxamine-
pyruvate transaminase which specifically removes the pro-S pro-
ton of the PM. The radioactivity retained in the pyridoxal formed
indicates that the enzyme catalyzes hydrogen transfer on the same
(si) face as the pyridoxamine-pyruvate transaminase does [3]. This
method is lengthy and generates radioactive waste. More recently,
a simple method based on aspartate aminotransferase and D-amino
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acid aminotransferase which are known to catalyze the proton
transfer at C-40 on the si-and re-face of the coenzyme, respectively,
was described [4]. However this method utilizes 3H2O which re-
quires special laboratory and facility for handling radioactive sub-
stances. We report here the development a highly sensitive
method for determining the stereospecificity of the hydrogen
transfer at C-40 of the coenzyme in aminotransferase catalyzed
reactions by using 2H2O as a labeling agent and detect the release
or retention of deuterium on the cofactor by means of LC–MS/MS
spectrometry.

2. Materials and methods

2.1. Materials

Branched-chain amino acid aminotransferase (BCAT, EC
2.6.1.42) and D-amino acid aminotransferase (D-AAT, EC 2.6.1.21)
with hexahistidine tagged at the C-terminus (BCAT-H6 and D-
AAT-H6) were prepared from the ilvE gene [5] and the dat gene
[6], respectively, cloned into pET-11a vector (Novagen), expressed
in E. coli Tuner (DE3) pLysS and purified from the cell extracts by
immobilized Co2+ affinity column (BD Talon�, BD Biosciences)
chromatography. D-phenylglycine aminotransferase (D-PhgAT) of
Pseudomonas stutzeri ST-201 [7] was purified from E. coli BL
21(DE3) harboring the recombinant plasmid pEPL carrying the
dpgA gene encoding D-PhgAT as previously described [8]. Porcine
heart aspartate aminotransferase (AspAT, EC 2.6.1.1), porcine heart
L-alanine aminotransferase (AlaAT, EC 2.6.1.2), malate dehydroge-
nase (MDH, EC 1.1.1.37), lactate dehydrogenase (LDH, EC
1.1.1.27), L-aspartic acid monopotassium, L-cysteinesulfinic acid,
2-oxoglutaric acid disodium, L-glutamic acid monosodium, sodium
4-methyl-2-oxovalerate, pyridoxal-50-phosphate, NADH, oxaloace-
tic acid, D-phenylglycine, deuterium oxide (99.9 atom% 2H), sodium
deuteroxide (40 wt.% solution in 2H2O, 99.5 atom% 2H) were ob-
tained from Sigma Chemical Co. (St. Louis, USA). Enzymes were
purified to electrophoretic homogeneity prior to use.

2.2. Aminotransferase activity assays

AlaAT activity was assayed spectrophotometrically by the
method of Segal and Matsuzawa [9]. AspAT activity was assayed

using the MDH-coupled reaction as described by Karmen [10].
Activity of BCAT was measured by the coupled enzymatic assay
of Schadewaldt [11]. D-AAT activity was assayed using a coupled
reaction with LDH [12]. D-PhgAT activity was determined using
the spectrophotometric enzyme kinetic assay previously reported
[13].

2.3. Preparation of apo-AspAT and apo-BCAT-H6

AspAT or BCAT-H6 was incubated with 10 mM L-cysteinesulfi-
nate [14] in 20 mM Tris–HCl (pH 8.5) at 30 �C for 24 h. The reaction
mixture was applied into an Amicon Ultra-15 10 K filter device and
centrifuged at 3500 rpm, 4 �C for 15 min (Hettich Rotina 380R Cen-
trifuge, UK). The retentate was washed 3 times with 10 mL of
20 mM NaH2PO4, pH 5.0 (for AspAT) or pH 6.5 (for BCAT-H6), then
with 50 mM HEPES, pH 8.2 and transferred into a fresh tube. The
resulting apo-AspAT or apo-BCAT-H6 was verified by checking for
theabsenceofUVabsorptionpeakof thecoenzyme,aswell as thede-
void of their transaminase activities which could be restored upon
addition of 10 lM PLP coenzyme.

2.4. Preparation of fully PLP-bound AlaAT, D-AAT, and D-PhgAT

Two milligrams of purified AlaAT, D-AAT, or D-PhgAT was incu-
bated with 100 lM PLP and 10 mM 2-oxoglutarate in 50 mM
HEPES buffer pH 7.4, 50 mM HEPES buffer pH 8.2, or CAPSO buffer
pH 9.5, respectively, at room temperature for 30 min. Excess sub-
strate, coenzyme and product were removed by using a HiTrap™
desalting column (Pharmacia, Sweden). High molecular mass frac-
tions containing the desired PLP-enzyme eluted at the void volume
of the column were pooled and dehydrated by lyophilization.

2.5. 2H transfer to PLP catalyzed by the test aminotransferases

The lyophilized fully PLP-bound enzymes were incubated with
10 mM of their respective amino group donor substrates in buf-
fered 2H2O. The AlaAT was incubated with L-alanine in 50 mM
HEPES p2H 7.4 at 37 �C for 10 h [15]. The D-AAT was incubated with
D-alanine in 50 mM HEPES p2H 8.2 at 37 �C for 10 h. The D-PhgAT
was incubated with D-phenylglycine in 50 mM CAPSO p2H 9.5 at
35 �C for 3 h. The [40-2H]PMP formed was released from the en-
zyme by heat denaturation of the protein (70 �C, 5 min) and sepa-
rated by ultrafiltration (Amicon Ultra-15 10 K centrifugal filter
device). The ultrafiltrate containing [40-2H]PMP was subjected to
anion-exchange chromatography (UNO™Q6R 12 � 53 mm, Bio-
Rad; Agilent LC 1100 HPLC system) at ambient temperature. The
column was pre-equilibrated with water at 1 mL min�1 flow rate.
After injecting the sample, the column was washed with water
for 6 min then an ascending gradient of 0.2 M CH3COOH from 0%
to 50% was applied at 2 mL min�1 during the following 3 min,
50–100% 0.2 M CH3COOH in 6 min, and isocratic 100% 0.2 M
CH3COOH until the desired peak was eluted. A UV–Visible photodi-
ode array detector was set to monitor the absorbance at the wave-
length of 290 and 330 nm with the online absorption spectra
recorded to facilitate the identification and purity evaluation of
the separated compounds. Fractions containing [40-2H]PMP were
pooled and a 50 lL aliquot was submitted for analysis by liquid
chromatography–tandem mass spectrometry (LC–MS/MS, Esquire
HCT, Bruker Daltonics) operated in the positive ion mode, [M + H]+.

2.6. Stereochemistry of the C-40 hydrogen abstraction from PMP during
half reactions by the reference enzymes AspAT and BCAT-H6

The reaction mixture (5 mL) contained 2 lM [40-2H]PMP, 1 mM
2-oxoglutarate, 4 lM of apoenzyme, and 50 mM HEPES pH 8.2. The
reactions were carried out at 37 �C (for apo-AspAT) or 30 �C (for

Fig. 1. A planar intermediate external Schiff base complex formed between the
coenzyme and the substrate amino acid. The re-face is above the plane, the si-face is
below the plane. Examples of enzymes that catalyze the C-40 hydrogen transfer on
either the re-or si-face are given with their active site lysine positioned on the re-or
si-face, respectively. (AlaAT, alanine aminotransferase; AspAT, aspartate amino-
transferase; BCAT, branched-chain amino acid aminotransferase; D-AAT, D-amino
acid aminotransferase; PSAT, phosphoserine aminotransferase; SHMT, serine
hydroxymethyltransferase).
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apo-BCAT-H6), for 10 h. Either [40-2H]PLP or [40-H]PLP was formed
after the C-40 hydrogen or deuterium was abstracted from the
[40-2H]PMP during half reaction by AspAT and BCAT-H6. The
enzyme-bound PLP was isolated from the excess substrate and
product by ultrafiltration (Amicon Ultra-15 10K centrifugal filter
device). The retentate (250 lL) contained only the enzyme-bound
PLP was treated with 0.1 N NaOH to release PLP from the enzyme
protein [16]. The PLP released was separated from the denatured
protein by ultrafiltration as the above. The filtrate containing PLP
was neutralized by adding 0.3 N HCl, and a 50 lL aliquot was sub-
mitted for analysis by LC–MS/MS (Esquire HCT, Bruker Daltonics).

2.7. Liquid chromatography–tandem mass spectrometry (LC–MS/MS)

A series 1100 HPLC system (Agilent Technologies) equipped
with an autosampler was used for solvent delivery and sample
introduction. The HPLC system was coupled to an Esquire HCT,
Bruker Daltonics mass spectrometer outfitted with an electrospray
ion source. The HyStar 3.2 and DataAnalysis 3.4 softwares (Bruker
Daltonics) were used for data acquisition and analysis, respec-
tively. The neutralized PLP solution (20 lL) obtained in the previ-
ous section was loaded by means of an autosampler onto a
Hypersil GOLD C18 HPLC column (particle size: 3 lm;
150 � 4.6 mm) equipped on the HPLC system. The mobile phase
used was 650 mM acetic acid at a flow rate of 0.5 mL min�1. The
analytes eluted from the column were subjected to electrospray
ionization with source parameters were as follows: �2.5 kV of cap-
illary volt, 25 psi of nebulizer gas, 7 L min�1 of dry gas, and 300 �C
of dry temperature. The generated ions passed through the glass
capillary to the transport and focus region to go into the ion trap
mass analyzer which were controlled by typical setting through
the Esquire Control software (109.6 V of cap exit, 40 V of skimmer,
12 V of octopole1 DC, 1.7 V of octopole2 DC, 142.1 V of octopole RF,
�5 V of lens 1, �60 V of lens 2, and 33.4 trap drive). For efficient
trapping and cooling of the ions generated, helium gas was intro-
duced into the ion trap. Analyte ions were analyzed in positive ions
mode, [M + H]+. Multiple reaction monitor (MRM) was applied to
analyze simultaneously the [M + H]+ of both [40-H]PLP and
[40-2H]PLP which might be present in the mixture, and to deter-
mine the fragmentation pattern of parent masses. The instrument
was thus set for parent m/z of 248 and 249, with the isolation
width of 1 mass unit to detect the [M + H]+ of [40-H]PLP and
[40-2H]PLP, respectively. Fragmentation amplitude was 0.5, and
fragmentation cutoff was set to 27% of the m/z of the precursor ion.

3. Results

3.1. 2H transfer to PLP catalyzed by the test aminotransferases

AlaAT and D-AAT, the known si-face and re-face specific amino-
transferases, respectively, were subjected to the test to validate the
method developed in the present study. First, the two aminotrans-
ferases were prepared in the fully PLP-bound form. Next, the PLP-
enzymes were incubated in 2H2O with one of their respective sub-
strate amino acid. Upon binding to PLP-enzyme, the amino acid
causes a transaldimination forming an external Schiff base. The en-
zyme then abstracts the a-hydrogen from the amino acid moiety of
the external Schiff base complex. The abstracted hydrogen is ex-
changed rapidly with the solvent 2H. Thus with 2H2O as a solvent,
instead of the hydrogen abstracted from the substrate amino acid,
2H from the solvent 2H2O is transferred to the PLP in the subse-
quent step and finally yielding the PMP labeled with one 2H at
the C-40. The stereochemical configuration of this 2H on the C-40

of the resulted [40-2H]PMP is governed by the stereospecific nature
of the aminotransferase that catalyzes the reaction. The extent of

PMP formation could be estimated by monitoring spectrophoto-
metrically the increase in UV absorption at 325 nm and the con-
comitant decreased at 418 nm (Fig. 2).

The [40-2H]PMP coenzyme released into the solution was iso-
lated from the enzyme protein by ultrafiltration and was purified
by anion-exchange chromatography. The identity, purity, and quan-
tity of the of the [40-2H]PMP could be determined using MS/MS.
Mass spectra of the [40-2H]PMP formed by labeling the PLP with
2H in the transamination half reaction catalyzed by AlaAT and D-
AAT are shown in Fig. 3A and B, respectively. Only the parent ion
(m/z = 250) and the product ion (m/z = 233) corresponding to the
PMP labeled with one 2Hwere evidence in both cases indicated that
the [40-2H]PMP obtainedwas in a pure form free from the unlabeled
PLP, the excess substrate amino acid and the oxo acid product
which, if present, could interfere with its use in the next step.

3.2. Abstraction by the reference aminotransferases of the C-40

hydrogen from the [40-2H]PMP formed by the aminotransferase under
investigation

The AspAT and the BCAT were used as the reference si-face and
re-face specific aminotransferases, respectively. The [40-2H]PMP
generated by the aminotransferase under investigation (AlaAT and
D-AAT)was incubated in aqueous solutionwith apo-AspAT andwith
apo-BCAT in the presence of their amino acceptor oxo acid,
2-oxoglutaric acid. The reconstituted AspAT catalyzed the transfer
of the pro-S hydrogen from the C-40 of the PMP whereas the BCAT
abstracted the hydrogen from the pro-R position. The PLP generated
from these half reactions imparted yellow color to the solution. The
completeness of the conversion of PMP to PLP could be assessed by
monitoring the disappearance of the absorbance at 325 nm and the
increase in the absorbance at 418 nm. Most of the PLP formed
remained enzyme-bound and could be released by hydrolysis with
0.1 N NaOH. The PLP isolated was subjected to mass analysis by
LC–MS/MS. With the system used in this study, the PLP was eluted
from the LC column with a retention time of ca. 5 min. The PLP in
which the labeled 2H at the C-40 was not retained gave rise to a
parent ion and a product ion with the m/z values of 248 and 150,
respectively. The PLP the 2H of which was retained yielded a parent
ion and a product ion with the m/z values of 249 and 151,
respectively. Parent ion-product ion mass spectra of the coenzymes
analyzed by LC–ESI-MS/MS in this study are shown in Fig. 3.

When the [40-2H]PMP generated from the AlaAT catalyzed reac-
tion was subjected to C-40 hydrogen abstraction by the reference
si-face specific enzyme AspAT, the resulted PLP mass spectrum
indicated the loss of the 2H from the coenzyme (Fig. 3A-1). When
this same [40-2H]PMP was subjected to C-40 hydrogen abstraction

Fig. 2. Absorption spectrum change used for monitoring the extent of the
conversion of PLP to PMP in an enzyme-catalyzed transamination reaction.
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by the reference re-face specific enzyme BCAT, the resulted PLP
mass spectrum corresponded with the retention of the 2H
(Fig. 3A-2). These results confirmed each other that AlaAT cata-
lyzed the C-40 proton transfer on the same face as that of the AspAT
which is the si-face, but on the opposite face to that of the BCAT.

In the case of [40-2H]PMP generated from D-AAT reaction, upon
subjecting it to the transaminase half reaction catalyzed by the ref-
erence si-face enzyme AspAT, mass spectrometric analysis showed
that the 2H was retained (Fig. 3B-1). But when the D-AAT generated
[40-2H]PMP was incubated with the reference re-face enzyme
BCAT, the mass spectrum of the resulted PLP showed that the 2H
was removed from the coenzyme (Fig. 3B-2). These results indi-
cated that D-AAT catalyzed the C-40 proton transfer on the opposite
face to that of the AspAT but on the same face as that of the BCAT
which is the re-face.

This method thus correctly determined the AlaAT as a si-face
specific enzyme and the D-AAT as a re-face specific enzyme. It
was applied to study the stereo-inverting D-PhgAT [7] an amino-
transferase of unknown stereospecificity for C-40 proton transfer.
With D-phenylglycine as the amino donor substrate, mass spectra
of the coenzymes obtained from the reactions (Supplementary
Fig. S1) suggested that C-40 proton transfer in the transamination
half reaction of the D-PhgAT on D-phenylglycine took place on the
si-face of the coenzyme.

4. Discussion

Since the coenzyme constitutes a minute part of the holoen-
zyme (ca. 1 in 200, for an aminotransferase with 50 kDa subunit),

relatively large amount of the enzyme protein is required in order
to obtain a sufficient quantity of the coenzyme from the experi-
mental process for analysis. To be able to measure and analyze
the coenzyme present in low quantity, the methods for determin-
ing stereospecificity of the aminotransferase usually involve the
use of radioactive substances to label the coenzymes or the sub-
strate amino acids [1–4]. Methods using non-radioactive labeling
with 2H were also employed. The labeled or de-labeled coenzymes
resulted from the transamination reactions need to be isolated and
analyzed by proton NMR spectrometry. In the latter methods
though the use of radioactive chemicals could be avoided, the sen-
sitivities were comparatively lower than the radioactive-based
methods and thus larger amounts of the enzyme were required
for the experiments.

The method reported in this communication is based on label-
ing the PLP coenzyme with 2H by the aminotransferase under test,
de-labeling with the reference si-face and re-face specific amino-
transferases, and the LC–MS/MS analysis for the presence or ab-
sence of the labeled 2H in the coenzyme. Stereochemistry path of
the coenzyme during the test follows scheme A or B in Fig. 4 if
the aminotransferase in question is a si-face or re-face specific en-
zyme, respectively. Only one experimental scheme (either A or B)
consisting of three reactions is involved for testing each subject en-
zyme. By this method, there is no need to prepare the enzyme un-
der test in the apo form. This is particularly suitable for the enzyme
whose apo form is difficult to prepare or the apo form is unstable.

Incorporation of the LC–MS/MS to this test gave rise to several
advantages. First, the LC–MS/MS instruments available at present
are highly sensitive being able to analyze compounds down to

Fig. 3. Positive ion ([M + H]+) ESI-MS/MS MRM mass spectra of the [40-2H]PMP purified after the coenzyme was labeled with 2H in the transamination reaction catalyzed by
AlaAT (A) and by D-AAT (B). Both spectra show a parent ion with m/z = 250 and a product ion with m/z = 233 indicating that the PMP was labeled with one 2H. Positive ion
LC–ESI-MS/MS MRMmass spectra of the PLP coenzyme generated after the [40-2H]PMP from the AlaAT reaction was subjected to transamination by AspAT (A-1) and by BCAT
(A-2). Positive ion LC–ESI-MS/MS MRMmass spectra of the PLP coenzyme generated after the [40-2H]PMP from the D-AAT reaction was subjected to transamination by AspAT
(B-1) and by BCAT (B-2). The respective parent and product ions with m/z of 151 and 249 indicating retention of the 2H with the PLP while the parent and product ions with
m/z of 150 and 248 indicating removal of the 2H from the coenzyme.
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the femtogram level. This translates to the requirement of only a
small amount of the aminotransferase sample for the test. Around
2 mg sample of an aminotransferase with a subunit molecular
weight of ca. 50 kDa is sufficient for the test to give reliable results.
This amount of the enzyme is similar to that required by the radio-
active-based method [15]. Second, with the use of LC–MS/MS oper-
ated in the multiple reaction monitoring mode, the analyte
coenzyme can be positively identified from the signals of both
the parent ion and its characteristic product ion which are shown
together in the mass spectrum (Fig. 3). Additionally, if contamina-
tion between PLP and PMP occur e.g. from the incomplete conver-
sion during the reaction with the reference enzyme, this will be
readily detected. Third, with the LC–MS/MS the samples of PLP
from the transaminase reaction need not be highly purified since
the LC– part of the system will separate the coenzyme in a peak
of pure compound before passing it to the MS/MS for mass analy-
sis. Fourth, the time required to analyze the coenzyme sample from
the reaction by LC–MS/MS was 15 min per sample. This is much
shorter than the time for purifying the coenzyme from the reaction
mixture and analyzing it with 1H NMR spectrometry as required by
the NMR-based methods, and the time to complete the radioactiv-
ity counting in the radioactive-based assay [4,15].

In summary, the LC–MS/MS method for determining the stereo-
specificity of the coenzyme C-40 hydrogen transfer of the amino-
transferases is as sensitive as the previously reported
radioactive-based methods [15] and with additional advantages.
The method was satisfactorily verified with a known si-face spe-
cific and a known re-face specific aminotransferases. It was suc-
cessfully applied to determine the stereochemical mechanism of
a novel enzyme D-PhgAT which accepts both L-amino acid and D-
amino acid with different R-group as substrates [7]. The D-PhgAT
was found to catalyze transamination of D-phenylglycine by trans-
ferring the C-40 hydrogen on the si-face of the coenzyme. This is in
contrast with D-AATs which catalyze the re-face specific hydrogen
transfer upon acting on their substrate D-amino acids. The method
developed in this study should be useful for characterization of ste-
reospecific nature of not only the aminotransferase group of

enzymes as demonstrated in the present study but also other
pyridoxal-50-phosphate dependent enzymes that catalyze various
biologically significant reactions such as aldol condensation, decar-
boxylation, a,b-elimination, b,c-elimination of amino acids, and
oxidation of amines [1].
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