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Thermal stability improvement for phenylalanine
hydroxylase by site-directed mutagenesis

Shuangshuang Ye, Li Zhou, and Zhemin Zhou

School of Biotechnology, Jiangnan University, Wuxi 214122, Jiangsu, China

Abstract: In proteins of thermophilic bacteria, Gly is tend to be replaced by Ala and Lys is tend to be replaced by Arg to
adapt the high temperature. In order to improve the thermal stability of phenylalanine hydroxylase (PAH) from
Chromobacterium violaceum, all the Gly on PAH were mutated to Ala and Lys to Arg. Positive mutant enzymes with
improved thermal stability were selected, followed by combined mutation and characterization. The results revealed that
half-lives of K94R and G221A mutants at 50 °C were 26.2 min and 16.8 min, which were increased by 1.9-times and
0.9-times than the parent enzyme (9.0 min). The residual activity of K94R/G221A mutant was improved to 65.6% after
keeping at 50 °C for 1 h, which was 6.6 time higher than the parent enzyme (8.6%). Circular dichroism (CD) spectroscopy
revealed that T, values of the parent enzyme, K94R, G221A and K94R/G221A were 51.5 'C, 53.8 °C, 53.1 'C and 54.8 C,
respectively. According to the protein structure simulation, the two mutations were located on flexible loop. In the K94R
mutant, the mutated Arg94 on the surface of the enzyme formed an extra hydrogen bond with 11e95, which stabilized the
located loop. In the G221 A mutant, the mutated Ala221 formed hydrophobic interaction with Leu281, which could stabilize
both the loop and flexible area of the C-terminus of G221A. The results not only provided a reference for protein
modification on thermal stability, but also laid the foundation for application of phenylalanine hydroxylase in the field of
functional foods.

Keywords: phenylalanine hydroxylase, thermal stability, site-directed mutagenesis, alanine mutation, arginine mutation

(Phenylalanine hydroxylase PAH

EC 1.14.16.1)
(] Chromobacterium violaceum
( Phenylketonuria PKU) (CvPAH) 7
(8]
2] pH
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CvPAH Gly Lys
Ala  Arg
1 ®HE57®
11 #H
1.11
Escherichia coli JM109
E. coli BL21 (DE3) Novangen E. coli
BL21 (DE3)/pET24a-pah Bl
LB (g/L) 10 5
NacCl 10 20 ( )
2YT (g/L) 16
10 NaCl 10 20 ( )
1.1.2
DNA Marker  Protein Marker
«C )
PCR ( )
Oxford
IPTG
1.2 A&
1.2.1
Ala
Gly Arg Lys
CvPAH Gly Lys Ala
Arg GenBank CvPAH
(Gene ID AF146711) pET24a-pah
Primer 5.0 (D
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#1 AXHTHIIMEFT

Table 1 Primers used in this study

Primer name

Primer sequence (5'-3")

Size (bp)

G19A up CACCCGCAAGAATGTCGCCCTGAGCCACGAC 31
G19A down TGGCGTCGTGGCTCAGGGCGACATTCTTGCG 31
G57A up ATGCAAGCTGCTGCCCGCCCGCGCCTGCGAC 31
G57A down ACTCGTCGCAGGCGCGGGCGGGCAGCAGCTT 31
G66A up CGACGAGTTTCTGGAAGCCCTGGAGCGCCTG 31
G66A down CTTCCAGGCGCTCCAGGGCTTCCAGAAACTC 31
G92A up GCTGATGGCCGCCACCGCCTGGAAGATCGTC 31
G92A down CCGCGACGATCTTCCAGGCGGTGGCGGCCATC 32
G100A up GATCGTCGCGGTGCCGGCCCTGATTCCCGAC 31
G100A down CGTCGTCGGGAATCAGGGCCGGCACCGCGAC 31
G142A up GTTCCACGACCTGTTCGCCCACGTGCCGCTG 31
G142A down TCAGCAGCGGCACGTGGGCGAACAGGTCGTG 31
G160A up TTACCTGGAGGCCTACGCCAAGGGCGGGGTG 31
G160A down CCTTCACCCCGCCCTTGGCGTAGGCCTCCAG 31
G162A up GGAGGCCTACGGCAAGGCCGGGGTGAAGGCG 31
G162A down CCTTCGCCTTCACCCCGGCCTTGCCGTAGGC 31
G163A up AGGCCTACGGCAAGGGCGCCGTGAAGGCGAAG 32
G163A down GCGCCTTCGCCTTCACGGCGCCCTTGCCGTAG 32
G170A up GAAGGCGAAGGCGCTGGCCGCGCTGCCGATG 31
G170A down CCAGCATCGGCAGCGCGGCCAGCGCCTTCGC 31
G186A up GTACACGGTGGAATTCGCCCTGATCAATACTC 32
G186A down CCGGAGTATTGATCAGGGCGAATTCCACCGTG 32
G193A up GATCAATACTCCGGCCGCCATGCGCATCTAC 31
G193A down CGCCGTAGATGCGCATGGCGGCCGGAGTATTG 32
G198A up CGGCATGCGCATCTACGCCGCCGGCATCTTG 31
G198A down TGGACAAGATGCCGGCGGCGTAGATGCGCATG 32
G200A up GCGCATCTACGGCGCCGCCATCTTGTCCAGC 31
G200A down ACTTGCTGGACAAGATGGCGGCGCCGTAGATG 32
G221A up CAGCCCCAACCGCGTCGCCTTCGACCTGAT 30
G221A down TGCGCATCAGGTCGAAGGCGACGCGGTTGGG 31
G272A up CGACGCGCAACCGTGGGCCGCCGGCGACATC 31
G272A down GCGCGATGTCGCCGGCGGCCCACGGTTGCGC 31
G274A up GCAACCGTGGGGCGCCGCCGACATCGCGCCG 31
G274A down CGTCCGGCGCGATGTCGGCGGCGCCCCACGG 31
G286A up CCTGGTGCTGAATGCCGCCGACCGCCAAGG 31
G286A down CCCATCCTTGGCGGTCGGCGGCATTCAGCAC 31

http://journals.im.ac.cn/cjben
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G290A up
G290A down
K16R up
K16R down
K53R up
K53R down
K82R up
K82R down
KS86R up
K86R down
K94R up
K94R down
KI161R up
K161R down
K165R up
K165R down
K167R up
K205R up
K205R down
K239R up
K239R down
K248R up
K248R down

TGCCGGCGACCGCCAAGCCTGGGCGGATACC
CTTCGGTATCCGCCCAGGCTTGGCGGTCGC C
CCGACATCACCACCCGCCGCAATGTCGGACTG
GGCTCAGTCCGACATTGCGGCGGGTGGTGATG
GTACCAGCGCCAATGCCGCCTGCTGCCCGGC
CGCGGCCGGGCAGCAGGCGGCATTGGCGCTG
GGTGCCGGACTTCAATCGCCTCAACGAGAAG
TCAGCTTCTCGTTGAGGCGATTGAAGTCCGG
CAATAAGCTCAACGAGCGCCTGATGGCCGCC
CGGTGGCGGCCATCAGGCGCTCGTTGAGCTT
GGCCGCCACCGGCTGGAGGATCGTCGCGGTG
CCGGCACCGCGACGATCCTCCAGCCGGTGGC
CCTGGAGGCCTACGGCCGCGGCGGGGTGAAG
TCGCCTTCACCCCGCCGCGGCCGTAGGCCTC
CGGCAAGGGCGGGGTGCGCGCGAAGGCGCTG
CGCCCAGCGCCTTCGCGCGCACCCCGCCCTTG
GGGCGGGGTGAAGGCGCGCGCGCTGGGCGCG
CGGCATCTTGTCCAGCCGCTCGGAATCCATC
AGTAGATGGATTCCGAGCGGCTGGACAAGATG
GATCGACACCTTCCAGCGCACCTACTTCGTC
CGATGACGAAGTAGGTGCGCTGGAAGGTGTC
CGTCATCGACAGCTTCCGGCAGCTGTTCGAC
TGGCGTCGAACAGCTGCCGGAAGCTGTCGATG

31
31
32
32
31
31
31
31
31
31
31
31
31
31
31
32
31
31
32
31
31
31
32

The mutation sites are underlined.

122

PCR 10 pL 5%PrimeSATAR
Buffer (5 mmol/L Mg”" plus) 4 uL dNTPs
(2.5 mmol/L each) 1 pL (10 mmol/L)
1 uL (10 mmol/L) 1 pL
pET24a-pah 0.5 uL PrimeSTAR HS DNA
Polymerase 50 uL

PCR 95 C 5min 98 C

I min 58 C 30s 72 C 6.5 min
25 72 C 10 min

Dpn 1 PCR ( 37 °C

1 h)

® 010-64807509

E. coli JIM109
(50 mg/L)

E. coli BL21 (DE3)

(50 mg/L) LB

37 'C 200 r/min 1 mL
100 mL (50 mg/L)
37 ‘C 200 r/min
ODgpp = 0.6 0.6 mmol/L

24 h
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20 mmol/L
Tris-HCI (pH 7.5)
( 3s 7s)
0.45 pym
1 mL DEAE FF  AKATA pure
[9] Bradford

(12000 xg 4 ‘C 30 min)
HiTrap ™

[10]

1.24 CvPAH
CvPAH 0.5 mg/mL 50 puL
250 pL 100 mmol/L HEPES (pH 7.5)
50 pL
(L-phe) 50 pL
DTT 50 uL 50 umol/L
2 mmol/L DMPH, 37 C
500 puL 15 000 xg
0.22 um
HPLC B
CvPAH 2
1.25

10 mmol/L  L-
50 mmol/L
FeSO4 50 uL
10 min

30 min

2
20 C 30 'C 35 C 40 C 45 C
50 C 60 C 10 min
50 C

15 min 30 min 45 min 60 min 30 min

% 2 CvPAH BgiE M E &M A&
Table 2 Reaction system for activity determination
of CvPAH

Composition Volume (puL) Fmal.
concentration
HEPES 250.0 50.0 mmol/L
FeSO, 50.0 5.0 pmol/L
DTT 50.0 5.0 mmol/L
L-phe 50.0 1.0 mmol/L
CvPAH 50.0 0.05 mg/mL
DMPH, 50.0 0.2 mmol/L

http://journals.im.ac.cn/cjben

2
37 C 10 min
1.2.6 Tm
Tm
35-70 'C 0.1 mg/L
20 mmol/L Tris-HCI (pH 7.5) 222 nm
Origin 8.0
1.2.7
(0.2 0.4 0.6 0.8 1.0 mmol/L)
L-phe 37 °C pH7.5
3 min
GraphPad Prism 5
(VMmax K Keat  Kea/Kin)
1.2.8
0.2 mg/mL 20 mmol/L
Tris-HC1 (pH 7.5)
190-250 nm

CvPAH (PDB ID 1LTZ)
SWISS-MODEL
Pymol

2 ER5AW

21 REMARTHESH
CvPAH Gly Lys

(hPAH) Chlamydomonas reinhardtii
(CtPAH)  CvPAH
(D CvPAH 19
Gly 7 92 100
142 160 186 198 200 11 Lys
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CvPAH:
hPAH:
CrPAH:

CvPAH:
hPAH:
CrPAH:

CvPAH:
hPAH :
CrPAH:

CvPAH:
hPAH:
CrPAH:

MNDRADFVVPDITTREN-VGLSHDANDFTLPQPLDRYSAEDHATWATLY QRQCKLLPGRACDEFLEGLERLE———-VDAD

DADHPGFEDPVYRARRRQFADIAYNYRHGQPIPRVEYMEEERKTWGTVFRTLKSLYKRTHACYEYNHIFPLLEKYCGFHED

AEDHPGFHDPAYRQRRAWLAEMAKTHRIGTPIPDVEYSPAEVATWDAVLEELSGLLPQHACREYLRCLTLFD————-FREG
v

RVEDFNEKLNERLMAATQWKIVAVPELIPDDVFFEHLANRRFPVTWWLREPHQLDYLQEPDVFHDLFQHVPLLINPVFADY
NIPQLEDVSQFLQTCTFRLRPVARLLSSRDFLGGLAFRVFHCTQYIRHGSKPMYTPEPDICHELLGHVPLFSDRSFAQF
RVEQLEEMNTVLRSTTQWIVRPVAGLMHPRHFLAGLAFKHFHSTQYMREPSKPSYTPEPDVVHELIGHVPLLADPAYARL

vy
LEAYQRGGVEARALGALPMLARLYWYTVEFGILINTPAGMRIY ILSSKSESIYCLDSASPNRVGFDLMRIMNTRYRID

q
SQEIQLASLGAPDE-YIERLATIYWFTVEFELCKQGDSIRAYGRGLLSSFGELQYCLSERK-PRLLPLELERKTAIQNYTVT
IQTIQLASLARDDRK-QIWHLTEVYWHTVEFEVVREGDQVEAFGREILSSYGELAEMASGA-AALERLDPFRPQPRMAYRD

TFQKTYFVIDSFRQLFDATAPDFAPLYLQLADAQPWGAGDIAPDDLVLNAGDHQGWADTEDV——————————
EFQPLYYVAESFNDAKEKVRNFAATIPRPFSVRYDPYTQRIEVLDNTQQLKILADSINSEIGILCSALQKIK
GFQRKRYFVLDSFAEGSELLSSYAASLGLPESLRGDASVA-—————————————————————————————————

1 K&EHE PAH 5 AFMEE PAH S EBRF I b3
Fig. 1 Alignment of amino acid sequences for the PAH from C. violaceum, human and Chlamydomonas reinhardtii.
Red boxs indicated conserved amino acids. Triangles indicated amino acids around the active center.

20 EESARE 15 min 30 min ) 3
( 2 A B) Lys G221A K94R
Arg K86R G221A K94R K94R/G221A
45.5%
50% Gly Ala  CvPAH
G100A GI198A  G200A Gly 19 57 92 100
10.4% 24.4% 28.1% 170 186 193 198 221 272 274 286
( ) G198 290 66 142 160 162
G200 163 200 a- 19 92 170
G100 193 221 272 274 286 290
(6,7-dimethyltetrahydropterin DMPH,) Lys
94 167 239
Gly Ala 50% -
Lys Arg
( 50 °¢C
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Fig. 2 Relative activity of mutant enzymes. Relativity activity of mutant enzymes that mutated from Gly to Ala is
show in figure A. Relativity activity of mutant enzymes that mutated from Lys to Arg is shown in figure B. The error
bars show standard deviations calculated for three replicate experiments.
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Fig. 3 Thermal stability of mutant enzymes. Thermal stability of mutant enzymes that mutated from Gly to Ala is

show in figure A. Thermal stability of mutant enzymes that mutated from Lys to Arg is shown in figure B. The error
bars show standard deviations calculated for three replicate experiments.

23 RLMHEFMR 294.3 U/mg (562.7 U/mg)
2.3.1 15.8% 26.5% 47.7%
DEAE ( 5

SDS-PAGE ( 4 40 C

35 kDa K94R/G221A
2.3.2

K94R G221A ( 6 50 C
K94R/G221A 473.8 413.6
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15 min
25.1% K94R G221A
K94R/G221A 65.5% 53.4%
80.2% K94R G221A 50 C
26.2 min 16.8 min (9.0 min)

1.9 0.9 K94R/G221A 50 C
1 h 65.6%
(8.6%) 6.6

kDa M 1 2 3 4 kDa

200
116
97.2

66.2
443

29.0 33

20.1

14.3
6.5

B4 REBALER

Fig. 4  SDS-PAGE analysis of purified mutant
enzymes. M: protein marker; 1: parent enzyme; 2:
K94R; 3: G221A; 4: K94R/G221A.
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Relative activity (%)
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Temperature ('C)

Bl 5 REMERERMNEE

Fig. 5 Optimum temperature of the mutant enzymes.
Enzymes reacted at different temperatures (20 C,
30 C, 35 C, 40 C, 45 C, 50 C, 60 C), and
residual activities were determined. The error bars

show standard deviations calculated for three replicate
experiments.
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100 —WT -« G221A
90 r ——K94R —&- K94R/G221A

& 0N I X
(= ReNeNeNe)

Relative activity (%)

—_— DN W
S OO

0 15 30 45 60
t (min)
6 REMAREMER
Fig. 6 Comparison of thermostability of the mutant
enzymes. Enzymes were heated at 50 ‘C for increasing
times. Then residual activities were determined taking

L-phe as substrate. The error bars show standard
deviations calculated for three replicate experiments.

2.3.3 Tm
K94R G221A
K94R/G221A Tm
7 Tm 51.5 C
K94R  G221A K94R/G221A

538 'C 53.1 C 548 C

20,
o1l
_22l
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—26l
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—28t
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=31
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Temperature ('C)

4
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— G221A
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Fig. 7 The melting temperature of the mutant
enzymes measured by CD spectroscopy.
Temperature-induced unfolding profile of parent
enzyme and mutant enzymes derived from data
monitored by changes in ellipticity at 222 nm.
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2.34 195 nm 216 nm
L-phe K94R G221A
3
Vmax
K94R/G221A  Viax 5.8 umol/(L-s)
K 9 94 o-
K94R L-phe K, 119.3 umol/L B- Lys
Arg 11e95
kcat
(Keat/Kin)
Arg -
>IN Q:E [24]
24 HEBRIGHDH
8 10 Gly221
- 208 nm 222 nm B- C- Gly
*3 RLWMHHFESH
Table 3 Kinetics parameters of the mutant enzymes
Enzymes Vinax (umol/(L-s)) K (umol/L) Keat (571) Keat/ K (L/(s'mmol))
WT 10.2+0.2 163.1£1.5 5.2+0.1 319.6+£3.2
K94R 6.4+0.1 119.3£1.2 2.8+0.1 230.5+£2.7
G221A 7.6+0.3 130.4+1.3 3.240.2 247.7+4.3
K94R/G221A 5.8+0.1 128.9+1.3 2.7+0.1 211.8+3.5
20 ¢ A B
16 & — WT
—~ 121 \ — K9%4R N =
o0 —_— ), . _—
é 81 \ géillzl/\Gzzl A Lys T i 11@95
~ 4 L ~ . | —
z , , , , y ‘ : I hgllé
3 G402 210 220 130 250 A 114‘%“3 %
S 4t g | A \
= ' i rg114
m gl Do 2
—12t 2,
_16 - kY g = _— N
Wavelength (nm) 9 fiI&m 94 RTH (A) & (B) =H#EMEN

M8 REM-REM
Fig. 8 Secondary structure of the mutant enzymes.
The circular dichroism spectrum of the mutant enzymes
was not dramatically different from that of parent

enzyme.
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Fig. 9 Simulated three-dimensional structure prior (A)
and after (B) residue 94 mutation. The red dotted line is
hydrogen bond. In the parent enzyme, Lys94 (A) forms
hydrogen bonds with Argl14 and Phell6, respectively.
Arg94 (B) forms an extract hydrogen bond with I1e95
in K94R.
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- Leu28l

‘ Gly221 \ ‘ Ala221 o

Bl 10 fim 22 REHE (A) 5 (B) =4LhiEl
Fig. 10 Simulated three-dlmenswnal structure prior
(A) and after (B) residue 221 mutation. The green
dashed ball is hydrophobic group. The Ala221 (B) has
a bigger hydrophobic group, forming hydrophobic
interaction with Leu281.

Ala
( ) C- Leu28l
Leu281 ( 10)
[25-26]
C-
3 &%
Gly Ala Lys Arg
2 K94R  G221A
0.9 1.9
K94R/
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K94R
G221A
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