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Abstract: The gene of phenylalanine aminomutase (pam) was cloned from Pantoea agglomerans and the
expression vector was constructed for heterologous expression in E. coli. The electrophoretically pure
recombinant phenylalanine aminomutase (PaPAM) obtained by affinity chromatography was used to
synthesize f-phenylalanine. The results showed that the gene pam with 1626 bp encoding 541 amino acids
of PaPAM was successfully cloned. The expression vector pET28a-pam was constructed and transferred
into E. coli BL21 for induced expression using isopropy-f-D-thiogalactoside (IPTG). The product of
f-phenylalanine was characterized by MS and NMR. The enzyme activity reached 2.5 kU/g under the
optimum conditions of 30 °C, pH 9.0 and 1.5 mol/L NH,". The enzyme exhibited high stability at 30~
50 °C and pH 8~10. Metal ions Na", Mg2+, Ca”" and Fe*" had little effect on the activity of PaPAM, while
surfactants SDS and Triton 100 had strong inhibitory effect on PaPAM. Under the optimal reaction
condition, the conversion of a-phenylalanine reached 92%.
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1.1 ##
L1l Ak, Atz ifih

Escherichia coli BL21. Escherichia coli IM109
W H AR TR KRGS A PR F]; selE ik pMD18-
T MZFA#AK pET28a (+) I H EE Invitrogen
INE] . SEES T R SR RN Luria-Bertani (LB )
R,

1.1.2 EZRXA =L E

|G V173 i =l IR & =W =3 I & Il w2
Y TREA R A BRI FR N VIR EcoR | 1 Hind
IT. A B Marker. DNA R4 . TADNA % i
VI HEAY TR (KiE) BRAHE; HTE%
Mr Yl a- R IN AR . SR ARG H Sigma 2
m) L, HAIRGR A E ) AR,

FEHP L (PCR 1Y, 3EE Bio-Rad 2AH] );
LCMS-8030 — F PUM AT F i . LC-20 Rl
4%, HZ Shimadzon /A ; Bruker Ultrashield 400
PLUS BB RE IR 3%, 5[ Bruker A H]; A
TR, 35 [E Branson A ) ; AKTAprime 25
HafifkiY, 2£FE GE Healthcare /A7]; Z326K A
VRO, fEE Hermle 24 F] .

1.2 Fik
1.2.1 AR AR

4 GenBank ML) P agglomerans KN4,
TRAZFEZ NI FFIEEH (pam ) JFF (AY192157.1), %&
Fo LAY TRAR A BIEHE pam, FH46 A SR
& pUC18T-pam v, 73 R4 19 35y 5 | A BR il 14 A% iR
NYIEF EcoR 1 A1 Hind MAEFVINL S . R EcoR
I #1 Hind 10 [E &% pUCI8T-pam F 3 35 2 4%
pET28a (+) #EAT XY, FIWE ik H 3L A B
Ml pET28a (+) #hfk; RJE, WWEGEDI =4 ( HIW
HIW) 5#dk pET28a (+) T 16 CFabi%E#H:, #
BB YEE A E.coli IM109 H, & & RIPE R

(50 mg/L) By LB “FHl, F 37 °CHiz, FHPEEH
T RAE PCR FUTUROBU VI #4755 5, % LifgAE
RN RN S PN WA 1| B B =3 RS =S v iR TA 2
pET28a-pam,

122 ETWEEEKXR S B

¥ pET28a-pam ¥ A E.coli BL21 1, IR i &H
FABE R (50 mg/L )Y LB ¥4, T 37 °CH; 3% 12 h,
PRHCAR 752 5 mL (19 LB 553, T 37 CHE 5%
10 ho B 5 mL B389 £ 500 mL (%) LB B53R3E
T 37 CEFEEWOCE(E (ODgoo) A 0.6 B, JIMA
LHPE N 0. 4 mmol/L Y T3 5 N HL-4-D-Hi /0
FUBEE (IPTG ), T 26 CiEFEE 12h 5, B0k
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PR 8 R A7 Tl ) T TR AE T - R TR IR - 451 -

HEHR L A (20 mmol/L #f24M+0.5 mol/L NaCl+
5 mmol/L WKW, pH 8 ) HE A, #AME (Y%
250 W, A 1s, [HEK 3 s, 3£ 15 min) JFAHE L,
W gE s K IEWCR ] His-Trap TM/FF ZEflJZ
Mt aeir oy e aiifh, FH B W (20 mmol/L HEfR4M+
0.5 mol/L NaCl+250 mmol/L WK®E, pH 8 ) #Ef746
Vet , WG PERS 4, SR SDS-PAGE £ I fiff 5
4,
1.2.3 B N R 3 H F 5N

BUE BORER S 400 pL =3 W 5L o 5L W bt
( Tris ) -Eh MR 22 #P ¥ (25 mmol/L, pH 9 ) Fl 100 pL
W) - RN BRI A, BB R 500 pL, F
30 °C /2 10 min 5 HIIA 500 pL JEoK FFEEZE 1| K0 .
I C18 A i 4E (150 mmx4.6 mm, 5 pm ) A&
B-ARRER, T EE (0~15 min, HIEEAR
YR 20%3E R 50% ), #ERE 20 pL,
1 mL/min, FEi# 30 °C, KK 245 nm, FE§G R
BLRE L2 30 °CF B BRI 1 pg 1Y a- RN R 5
BB 1 AEEE AL (U ),

FEVAK FCH B (K ) PG H R (Koo ) 1 5E
e 1) AN ) ¥ BE 1) - A TR BRI W, 0 i) 5 T
7E 30 °C. pH 9 AT RN, MERERNER, SR
Ja i oK K7 2, >R Lineweaver-Burk 1 B iE 6 &
B Kin 2 Vinax 1B, BRI AT Kea= Vina/ B L, 3K
AT Ko F Keago
124 BaR&sEmE

it 2 11 5 2 1 5% ) Bradford 3E 0 & 1S,
1.2.5 ﬁ&%ﬁ W T R AE
1.2.5.1 78 X i % P A 52 i)

1€ pH 9.0, 15~45 °C Rl BEE S, 5 e il
I F 3T T B o SRS Wl AR E 1, A3 iR AE 40
50, 60 °C PRI 0.5~3.0 h J5 il E FR A EIS 11, I LU
FE 30 °C i %E B IS 718 100%3 AR X B 15 7 o
1.2.5.2  pH XFEEEGPE R 5200

1E 30 °C'F, rAfEARFZ AR (pH 5~7,
25 mmol/L BEFRENZE ik ; pH 7~9, 25 mmol/L Tris-
52 ; pH 9~10, 25 mmol/L BRIRNEZE M ) il &
FitE TG 1, A AR AL SN B Fhcil pHLo K T 0 01 s it
FATH pH ZE AR (pH 7~9, 25 mmol/L Tris-
PR pH 9~10) HIFIR¥F 4~24 h, BEFE 4 h BUEN
SEFIAEE 7, UL pH 9 FIE MBS 118 100%1
BT BETE 1, DARA RE A pH AR E T
1.2.5.3 4 ) B B 3% IR0 3t A 70 %o G 2 140 52 i

TR RFAHMANENEES T
(1 mmol/L, Na", Mg*", Fe’". Ca*", Cu*", Zn*",
Mn*") FIE M E MR (1 mmol/L, Triton 100, Tween
80, SDS. CTAB), fE 30 °C. pH 9 Fill&EEE 17,

DA AN 42 i 8 1 e 3% 11 1 791 5 g AR 2R 00 A5 £ il
718 100% 5540 X WG 77, AR5 T il 0 4 1Y)
E/ Hm
1.2.5.4  NH ¥ B XF B M4 19 52 i)
TE RN AR ZR T In ALK BE R 0.05~2.5 mol/L
%ﬁm AW, RIS FHERRR RS pH, TERGERIE .
& pH Tl SE NH R P 0 5200

2 HERESN

2.1 RIEHREHE

1.2 R FRB AR pET28a-pam #AT
EcoR 1 #l Hind TUWEGFYISUE, SR WHEE R B Uk 45
AN 1 TR, 7E 1600 bp Ze 47 3 H AYFE R 4641,
SIS 2, KR ERILEAR pET28a-
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HFE) (AY192157.1) 4 —3,
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M: DNA marker; ¥kif 1 1 2 {8 EcoR I Fl Hind T ALEGY] &
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Fig. 1 Identification of recombinant pET28a-pam digested

with EcoR | and Hind

2.2 EAEMHRIEF4L

B IR BAR pET28a-pam ¥ A E. coli BL21, #k
PEHH T T 37 °CHEFEZE ODegoo N 0.6 A IPTG,
fifi IPTG &HkFEN 0.4 mmol/L, T 26 CiESH; 5%
12 he BLOWCHETEMR, A A M S 250, 203
B 38 VRN UL T8 AT b e 7 T ) 8 T s e e
WEHL YK ( SDS-PGAE) #ailll, Z55RanE 2 s,
2 AT, A pET28a-pam [ EH T1E IPTG 55
TSI T 25k, 78 60 kDa W EE AT A RN H 895
H&a, NS ENSE—E, pam TEKIGFF
B T mRkis . i —25 R A His Trap TM/FF
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SE MR X BESEAT 70 25 4lifk, SDS-PGAE Hi ik 4> 23 EHBEATMSHT

Mraifer=4y, RIS IKAERYE LM, Bk ik 2 £ 500 pL Tris-#h R 2% i (25 mmol/L, pH 9 )
2.8 g/L, HOMA 10 mmol/L JIK# oK P 24 iR 138 et 1Y) il 2

H, T30°CKRM 1 hJEHMA 500 pL JoKHEEZ R

a 1 2 3 4 5 b6 7 M

< 1;173*1 o HPLC. MS H1 NMR A6 I s 4 F it fi 1k 1 7
Ba - 2 W HORIE3 PR R RTTAMAAKTIA
2= ) &b - FRARFEY HPLC H gt (R,) 432 16.2 min Al
- - » 14.1 min (& 3a 1 3b), JEY) - KN AR BHEAL
”3 il ) BB T h R, AE 14.1 min HBL— 08 (] 3b), R
: il 2 AL B 2l A~ B AR, FIH MS F1 NMR i
29 PR, MS 2 A
ALE DI m/Z((M+H]HF R 166.05 ([l 3¢ #1 3d),

&4 * - 144 NMR Z5 53R B, IR 16.2 min AZRERAESS

K RIEY a- A NEM (K 3¢) [ 'THNMR 400 MHz,
M: protein marker; Y 1 M2 (AR IPTG B MEMEEIEL  p o 5:7.51~7.35 (m, 5SH) , 4.38~4.33 (dd, J=7.6.
SEE . ey > - > A B 2 S 7O VE . e

W VKB 3ARERAM IPTG S I AH W wiE 1EW; kil 4 2.0 Hz, 1H) . 3.43-336 (dd, J=14.8. 9.2 Hz, 1H)

A5 AR IPTG S A AL BORLAY E. coli BL21 BRI 11 PN,
Wis UKiE 6 A1 7 A His Trap TM/FF 3 Al (4 40 (L5 () 7 41 il 3.30~3.22 (dd,J=14.4, 6.8 Hz, 1H) ], HI&RfE] N

B2 EAENERRE LA (a) LA His Trap 14 1min P9 8% R 6 1F 25 1 32 WA 7= 4 2 B- R TH 4 TR
TM/FF 4ii{L ) SDS-PAGE & (b ) ('THNMR 400 MHz, D,O, J: 7.46~7.43 (m, 5H) ,
Fig. 2 SDS-PAGE of recombinant enzyme expressed in E. 4.68~4.64 (m, 1H) ,2.97~2.93 (d, J=8.0Hz, 1H)

coli BL21 (a) and purification of the recombinant .
enzyme using His Trap TM/FF (b) 2.92~2.88 (d,J= 6.4 Hz, 1H)] (&l 3d ).

5 o Inten (x10.000.000)
60 a e . [M+H]* 166.05
 Hg
815 X No- HPCL R=16.2 min
5 40 a-phe g \ /"
= g ~ H* NH,
S <10+
o
20 | 2 t 1
=
& i, o
0.5 74706.66258545046423.8343.0
o0k ]
1 L 1 1 L 1 1 L 1 L 0 o A ||| .i |'||].i '[ll! |l' T— |"|'[1 L 1 |I‘||I .
-2 0 2 4 6 8 10 12 14 16 18 20 0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240
t/min miZ
Inten (x10.000.000)
60 b Tl d M-+H]* 166.05
Ny, By M
g 15 |- \é P HPCL R=14.1 min
40 B-phe .g OA/ d
% : e P
IS} a-phe < 1.0 |-
20+ S J He, He
= He *
& 05 |- 4 A
74706.66258545.046423.8343.0
or 5
L . L L L L L L L 1 L Lowoull o e b | L | L L | |

-2 0 2 4 6 8 10 12 14 16 18 20 00 15 30 45 60 75 90 105120 135150 165 180 195210 225240 255270
t/min miZ
a— iKW o- R RIR Y HPLC & ; b—HrfEf SR AR HPLC &5 c—JKY - RN E R MS &, H 'HNMR #fi A7E MS Elth; d—Ti
AL F= ) MS B, H "THNMR i ATE MS E i R, N Hi R A]
K3 EEELRY A=Y R HPLC . MS #1 "THNMR &
Fig. 3 HPLC, MS, and NMR charts of enzyme-catalyzed substrate and product

24 EAMHMR M, 455 ULIE 4a, MK 4a FTZ0, Bl RS FHES,
241 R EAEREEG A Wi 6 P B W AR . 7 30 °C I I PR 3k B B K(E

16 pH 9 N %4 T X H 4] PaPAM 151 152 (2.1 kU/g), RBEARSEThim, W& PR T REE S,
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RIeT, He AT B AR TN 2 R i o7 il ) P 3 i B T 5 1 - TR R - 453 -

¢ W ) B 3B Y BE 30 °C o i — R ST 1 B AR TR
e, 43901 40, 50 Fi1 60 °C R AL B 0.5~3.0 h
Je, DERIAEEG S, S5 RILE 4b, G5RERY, &
2 PaPAM 7E 40~50 °C FALFE 3.0 h A g 14 PR 45
90%LA I, 7F 60 °C AL EEANHE 3.0 h 55 EL A 2 40%
R 71 (K 4b), RUAMMREEHES, 5K
V5T S. maritimus WK N R TR L Z A ( SmPAM )
LA AL A A P R e i I T, R TR T A
W) T chinensis BTN & R 2 F 7 A1 ( TePAM ) 1Y
WEYERGEIRE A 15 °C, #ik 30 CHrEZERM T
it G (AR P I A s R R R ) 1O,
22 WA ok 5 A B AE A5 T B~ TR 2 R ) T S 3
Tk
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Fig. 4 Effects of temperature on the activity (a) and
stability (b) of enzyme

2.42  pH *TEEE M0 %R
1E 30 °C F %27 pH X} PaPAM 5% PE R,
gEIRL LI S, MRS T, EERYERGE pH oA 9, TS
ik 2.1 kU/g ( & 5a ), #E5307E pH8. 9. 10 T4k
P 4~24 h, BERG 4 b BOREIE ARG ST, S5O
[ 5b, HIE 5b AT, BEAE pH 8~10 W, I
PARFFIE 98%LA L.
243 4B TR K@ EE R TSR G Y
&)@ B AR MR (1 mmol/L ) Xf PaPAM
TEPERREZ AN E 6 Frn. M 6a AT UL, Na', Mg™",
Ca*" \Fe’'7E 1 mmol/L By E T X PaPAM HYIE 1 5%
WL/ Mn®, Zo® BORZ AR K, B A T Y

WEPE, M Cu R A S, R R
34%, JMEIEETEPEILE] 66%., HE 6b Al UL, fE
1 mmol/L AY¥EEE T, SDS Al Triton 100 X i 3% P
MR, i Tween 80 Fl1 CTAB ISR /)N,

2.5
a
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Fig. 5 Effects of pH on PaPAM activity (a) and stability (b)
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2.4.4 NHy R B ;B & 630

TE VAR R H A BIIIN AW EE N 0.05~2.5 mol/L
H2K, FERRRIA% pH 9, 254N 7 B, 4
BB KT 1.5 mol/L B, Xof A AL 15 714 BH i e ik
fE. WAE PaPAM ALV L2, PaPAM B FofiEfl
T o- A BRI o-2 3%, B =4 [l XA
FERR RN 851, T8 B IRVRE R e B8 115 SR 45 PR AE
BEEETCy, SRS PaPAM W8k BRI AL 386 25 vh ] 7
YR RAETR Y B LB R T, T =9 B- RN R -
TE VAR 28 R s — 2 W BE 1 4 25 7+, mTREA Al T
SRS 1) H B - TS R BRI T [ # 8, AT
FE SN R 28 R S NG 5 A R O M 0 s, (R
B HeFE T 1.5 mol/L I, W] Al 5 e il A 1A FEL AT
PRI, S SO ) A o S 54 K A s, AT
il TR ) 96

3.0

N
n

| e

ﬁ—§/§

Enzyme activity/(kU/g)
5 & B

o
W

| | 1 | |
0.5 1.0 1.5 2.0 2.5
¢(NH;)/(mmol/L)

PR 7 i 1 JRE X S P 1) i)
Fig. 7 Effects of NH, concentration on the activity of
recombinant PaPAM

S
(=]

2.4.5 RERRRFRBR AL T LB 0GR E
HRAE AN H e B 55 A S DG R, e EOK
K7, SRk H Lineweaver-Burk fEEI%, K & 4§
TR H B, 458 % 1 iR, PaPAM [ Kn N
0.0199 mmol/L, K. N 2.2x107* s, KoK A 11.2%
107 mmol/(L-s), S. maritimus 1 T. chinensis IR HY
N 2 PR LB ALY KoK 53 51 H 7.19%
10~ mmol/(L-s)F1 3.8x10~* mmol/(L-s), =MW EY
R PR AL AR ] 0 e T AR AR U e, )
H PaPAM HIHEALSIUR ( Ko/ K ) G, W PaPAM
Lt SmPAM 51 H i Il 5%

1 RNARRAIE LN B0 1428

Table 1 Kinetic parameters of phenylalanine aminomutase
Enzyme Ko chgt /,1 (,fcm/Km)/ Ref
/(mmol/L) (x107s™") [ x10~ mmol/(L-s))
PaPAM  0.0199 0.220 11.20 This work
SmPAM  0.0220 0.159 7.19 [13]
TcPAM 0.0340 0.013 0.38 [17-18]

Pa, Sm, Tc are P. agglomerans, S. maritimus and T. chinensis,
respectively.

24.6 [RF RS

A 50~250 mmol/L XY o- KN R FRAY Tris
R ZE vpy P (25 mmol/L, pH 9) M A 10 U RYE D
PaPAM, T 30 °C FAEfk 22 h ML ENEAR, 45
AN 8 fizR . JEYA 50 mmol/L i, 10 h #4b%
I 92.1%, HeJE N 100 mmol/L i, £ext 22 h K2
FeA IR E] 92% , MY 150 mmol/L B},22 h
AR 65% 44T, Mt 150 mmol/L B, #4b %A%
T 60%. FTRESE WM AR S 8O L3R T R
FrLL, 5l PRI BE A 100 mmol/L. A HRiIE &5
FAEF=YHMEI S, 1154 100 mmol/L JEEY - A
ZR VTR BN A 100 mmol/L 1Y S-A AR , il
Ak 22 h, MERY) - RN AR AR, IKY o
KINBRRENUH 40% 4, BT ARENE
RN ATRET R, RVIELE P HiI 4 .

100 |
90 |
80 |
x
B 70 t
860 |
850t
Sa0l
2
§ 30 |
207 = S0mmll ashe —o-l00mmol] ke
10 t —=-250 mmol/L a-phe
0 100 mmol/L a-phe+100 mmol/L S-phe
0 2 4 6 8 10 12 14 16 18 20 22 24
t/h
El 8 M4l PaPAM fEILIEY a- KN EIR & AR TN A TR
BuRH

Fig. 8 Synthesis of f- phenylalanine from - phenylalanine
catalyzed by the recombinant PaPAM

LU R T PaPAM 1 K W AT TR 26 3k A
pET28a-pam, 1E E.coli BL21 HH3ZHL T EAER1A, Rk
FHRAZ AT B 7 ¥R ) 4t H VK 26 ) PaPAML, HE
#H PaPAM BEWS A1k o- BN AR , AL AE A4
MR, (BN R oM Al b SRl SN R R

(30°C., pH 9. 1.5 mol/L NHy ), 28§ 1% Pk
RE] 2.5 kU/g, HAHMREATEEREN pH fE
P, TR AT, HAARIA3] 96%, KT
P. agglomerans WA MR 2 75 il ELAT B0 1) 1o
FHHTSE, R JE SRk — 20 A 77 BTN 2R B Hfilh

SE

[11  Jin M, Fischbach M A, Clardy J. A biosynthetic gene cluster for the
acetyl-CoA carboxylase inhibitor andrimid[J]. Journal of the
American Chemical Society, 2006, 128(33): 10660-10661.
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