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Mutation of a key amino acid residue of meso-diaminopimelate
dehydrogenase enhances the catalytic activity toward alkyl
substituted 2-keto acids

CHENG Xin-Kuan'? CHEN Xi* FENG Jin-Hui® WU Qia-Qing > ZHU Dun-Ming >
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Microbiology; College of Biotechnology, Tianjin University of Science & Technology, Tianjin 300457, China

2 Tianjin Biocatalysis Technology Engineering Center; National Engineering Laboratory for Industrial Enzymes;
Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin 300308, China

Abstract: [Background] Efficient biosynthesis of D-amino acids is highly desired. Meso-diaminopimelate
dehydrogenase (DAPDH) synthesizes D-amino acids from 2-keto acids and ammonia. [Objective] To
increase the catalytic activity against the alkyl substituted 2-keto acids. [Methods] Based on structural
analysis and mutation results from previously selected sites, the saturation mutagenesis was carried out at
the amino acid residue H227 of DAPDH from Symbiobacterium thermophilum (StDAPDH). The resulting
mutant library was subjected to screening using D-alanine, D-2-aminobutyric acid, D-norvaline, and
D-glutamic acid as substrates. [Results] The mutants H227Q and H227N were obtained. Mutant H227Q
was found to have 10.9-, 11.5-, 8.6- and 7.6-folds improved enzyme activity toward pyruvic acid,
2-oxobutyric acid, 2-oxovaleric acid and 2-ketoglutaric acid, respectively, compared to that of wild-type
enzyme. The kinetic parameters indicated that mutant H227Q increased the turnover number of the
enzyme and the affinity of the enzyme for the substrate simultaneously, so that the catalytic efficiency
(keat/ Kin) of pyruvic acid was 9.4 folds higher than that of wild-type enzyme. Molecular modeling analysis
of interaction between mutant H227Q and product amino acid, indicating that glutamine at position H227
forms a hydrogen bond with the carboxylic acid of the amino acid, so that the distance between the
a-hydrogen atom of product amino acid and C4 of coenzyme nicotinamide ring was shortened.
[Conclusion] Directed evolution technology has been successfully used to improve the catalytic activity of
DADPH for alkyl-substituted 2-keto acids, which is helpful for the development of new high-efficiency
biocatalysts. These efforts also provide guidance for our future engineering of this enzyme about more
challenging D-amino acids.

Keywords: Alkyl substituted 2-keto acid, Meso-diaminopimelate dehydrogenase, Saturation mutation,
Molecular docking, D-amino acids
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() LG5 BT, X EE W 5T 12 FH TR T AR Pk
e IR AYERED Y D-NE IR AT T A R T
sk, T R 4E4E K B6 (vitamin B6)HY
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RIS B 45 R 2 Ml SRR
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S NIRAERIE S AT AR BE %, AR A E &
B D-Z 350 5 Y HAT A SR 3

R AR A PHEAE G B D-ZE R T 7
T 2R 228 Bilan, D-ZIEMR AL
fiti . D-Z IBENREG . 222 R IE e . N-I L It
PR e . L-2a LR N 2l . A N 24 IR 24 22 ik Tl
219231 gk e A Ak 1 8 2 s D I AP AE R )
MELLERTS . s Wl /A B Ak
T S SR . B R AN, R
AR TEAYMEIE T, NI IE-— 2 5L B R
% B (meso-diaminopimelate
DAPDH) Al i Ak, 2l /2 i 25 24 A B D-24 LR
(K 1), 5 EdREYfEZEAHL, DAPDH AJ L5
i 3R . DAPDH ANMYAT DAy B e £k b A Ak
DT e - — 2 3 BE R 1Y) D-F- L e A L-2-5
H-e- A0 IRPY i B E ARB TR
FFAER) D-24 JE IR SUME > 4 e , DAPDH 5 1Y
AL HE A A T D-2IE IR 1A Ao

FI ] DAPDH f#fk 2-BiliR A i D-24 JE iR
238 2o R IR T A E R R R T (Corynebacterium
glutamicum)(*) DAPDH (CgDAPDH) M S2 9 14128
2012 4f Toshihisa Ohshima [ A FIAS 236 %5 43 1) &
T ORE T vE IR IR ZF M FF B (Ureibacillus
thermosphaericus strain A1)i) DAPDH (UtDAPDH)™
ok I8 T g R O3E R AT R (Symbiobacterium
thermophilum)f¥] DAPDH (StDAPDH)P"4 i D-4
MR 5 CgDAPDH il UDAPDH 75 84 Hpk A 78k
WA RS W D-ZU AN F 1, AL fiiE n)
StDAPDH A HA W AF e, I+ AT
oy g AT DA v S A R b 3 i A e i 2R

dehydrogenase ,

(0] NH,

)]\ DAPDH
' N

NADPH NADP’

+H,0
COOH

NH==

+
COOH

Bl 1 DAPDH i&[RRZ 1Y 2-BRER & AL D-EEER
Figure 1  2-keto acid was reductived amination to
produce D-amino acid by DAPDH

WR A5 BT I A D-Z LR, i 33 %) StDAPDH 47
AL RAY , HAH W GP: fH Nicotinamide adenine
dinucleotide phosphate (NADPH)#%7% 41 Nicotinamide
adenine dinucleotide (NADH)®!", 7E & &4t i# 1
DAPDH Z %, StDAPDH A D ik ki LBt 2-
fifg, JoHENEIRR(2.87 Umg)PY, Rid HA g
RIS BRI T DAPDH A9 — 0 A . Ib4h,
DAPDH FEZ5H S INREZ RIS R, JLH R
IR IR HT A P I A AL e = TR AT
DAPDH X} %5t JEIUF 2 R ()AL T3 14 2 Bl A A
FE 5 — %, StDAPDH F S A2 1) O 25 1 i
B2, e s T DA g L KA B O A R A
2-F R % 13 A gk A T 4R
StDAPDH X ke BEEUA 2-H g Ji 4 (AL 6 11, JF
M2 AT GG 1 B AR AL, DU LUS 1
W TAESR AL AT S A4 H0E

1 MRS

11w
L1.1  EHRFIRAL
JRZ MM Escherichia coli BL21(DE3)F15&

KRR pET-32a(+) M ik pET-32a-stdapdh ¥JH A%
1.1.2 EFE

T AR R EEFR BN Terrific-Broth (TB)
RSO, BRI 12.00 g, BEEHRIY 24.00 g,
Hih 4.00 mL, KBFKEZRZE 900mL, 1x10° Pa
FEKEE 30 min, RHZE 60 °C LUTFH, %N
100 mL JCBA B R EE 5 W (2.31 g KH,PO,4 F
12.54 g K,HPO,), FEAMLEEFRIEA LB Kigf
F(g/L): BEEAM 10.00, BERHZEUW 5.00, NaCl
10.00, 1x10° Pa % K 30 min.

113 EZIRFFLEE
DNA R4 KOD Plus, TOYOBO A#]; K&

TN YIRS Dpn 1, New England Biolabs 23 ] ; 4
Mok Bic el i NADP 1 NADPH, %' [C/\ 7] ; GeneRuler
1 kb DNA Ladder, Thermo /A#]; ki3 BGRAR &
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MAZ IR aiA il &, Omega N Hl; AN HHR
(AMP)Fl 5 N 2 -B-D-fit A2 LB H (IPTG), 4 T
A TARC )y A R R 5 2-FRER R4 L R L
A B2, Sigma 28 F] 5 514 A RIEH A H]
Ao FEAIEML, b KRB RH A R A A
EAAL, BB Bk BERER
X, Bio-Rad A+]; MEHRL, FAFFAUER(EE)
AR HE]
1.2 Fi&
1.2.1 HMBERTIRE

B ok U8 F Symbiobacterium  thermophilum
IAM14863 [} DAPDH ZutS 3L K 1E K H LA, L
SEG AR Z WM EE Y pET32a-stdapdh JFoRVE AR ,
LA NNK 1R # %S T, #&ihs 193 DX H227
fr 47 E AU A %€ 48, F B QuickChange
Mutagenesis 3, F| H & 32051 NNK A] L) b
20 FhEFERR A, 1k 227 RIBRA B (A Z R4,
A LAZRAE Ry A 19 Fh gz BEmR b i AFfo]—Ff . PCR
JZ WA Z2 (50 pL): ANTPs (2 mmol/L) 5 uL, 10xPCR
ZZ 0 5 uL, MgSOy4 (25 mmol/L) 3 L, #ilk DNA
(50-100 ng) 1 pL, k. Fi#E514(100 pmol/L)4%
1 uL, KOD PLUS DNA EAT#(1 U/uL) 1 uL,
ddH,0 33 uL. PCR S 45fF: 95 °C 5 min; 95°C
30's, 63°C30s, 68°C7min, 20 MEH; 68 °C
20 min. f5#|# PCR 7= 4 { Fi R il o Py 1) il
Dpn1F 37 °C i1k 3 ho #iH L)Y PCR =44k
G #ALE E. coli BL2I(DE3)Z 45, WAifE &
4 100 pg/mL AMP i) LB 4k |, 88 T 37 °C 53
FRAATPRR I

R1 BIARTRERRASY

Table 1 Primers for mutant libraries

GIE/ B4 519751 PN

Primers name Primers sequence (5'—3") Size (bp)

227F GCTGATGGACGTTGGTNNKGGT 31
GTTGTTATG

227R GTTCCATAACAACACCMNNACC 32
AACGTCCATC

Note: Bold letters represent degenerate bases; N: A/G/C/T; K:
G/T; M: A/C.

122 RTIKERYTFIE

M LB ) AMP HitE VA F BRI, 4%
96 MNEATH KA B 5 400 uL TB 1537 2 (AMP,
100 pg/mL)) 96 FLICHIRFLAR T, BliJHF 96 fLAR
1£ 37 °C.800 r/min J¥ & 1555 12—-16 h fE W Fh Tk -
FEFN TR LA 2% 1 42 i 422 80 5 A7 4 R 0P 1Y
800 uL TB 55k, HFIM 21 T 3R E ODegoo
210 0.4-0.6, BWHIE 25 °C J&, BINKHKEN
0.5 mmol/L /1 IPTG #1715, 25 °C. 800 r/min %
% 12 h RIFEH. BEFEREEN 96 fLIRTE
4 500 r/min 250 F B0 20 min WK, WHES
A TR AT A 2N EEASFLES I 200 uL 547 2 mg/mL %
HERY Na,CO3-NaHCOs 2% 1% (200 mmol/L, pH
9.5), HET 37 °C. 800 r/min %7 2 h LABEFE4H
J, BB 7E 4 °C .4 500 r/min 254 F 250> 20 min,
P32 Y 1T VR Ao € T 2R A 7 5 A R 2 1) il
i 3% .

1.23 THEixFH*

“}y StDAPDH nJ 4 fk, D-28 5L PR A A 2 A6 A
XiF 1% 2-FRR , [ 4 NADP ik J5 ) NADPHPY,
TE Wy 1 £ B2 HH 5 (phenazine methosulfate, PMS,
0.01 mg/mL)fEFERI 2544 T, lililf NADPH 2 554k
fit§ Bt W5 PO Mk (tetranitroblue tetrazolium chloride ,
NBT, 0.15 mg/mL);" A= 48 {6 iy 12535 il ] i3
AT % . AR DAPDH Ak XU i) 2 #a 3 A4H 7]
IS, e 3RS D-24 LRI Ui 2 A A A
AL 2-F R A B Y. D-ZERR AT 1. BHE
AR Y TAEZHG th AR RS BRA R T o
124 BHEAMFRRXTABHFRIERDAL

V5 B A TR RIS ) B 1 S AR AR ) A D VR R A
A 100 pg/mL AMP () LB B3:3E, 37 °C,
200 r/min Z51F F 1595 12-16 h, BfiJ5 DL 2% 35
HEMZE 800 mL F A MHFE MM LB BigRst,
[FIFESRAT T 592 2 ODgoo 29 0.4-0.6 I IS N2k JiE
43 0.5 mmol/L ) IPTG, 3T 25 °C. 200 r/min %%
RS #K5 20 h J5, 5000 r/min B0 20 min U
LA,
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W 5 AR R % 10 mmol/L BK Mg 1)
Tris-HCI (20 mmol/L, pH 8.0)%% tifk # & FH A 4H
Wi, 2 )5 F i e ST TR L o ARAS A
F 4 °C, 10 000 r/min B.[> 20 min YL FIEH,
WA IS Z 0.45 pm 8RR I8 5 A 28 (A 46
A TR AR AL

W 4lifb )5 i 1122 SDS-PAGE A& 1E 4 ) )
A1 10 kD AR B B4 Na,CO5-NaHCO; (pH
9.0, 100 mmol/L)Z& M gty B sk 1, JFFIH
BCA e glifb 5 B 98 A
1.2.5 BEIENBONE

P30 °C 2514 T H:43 510 #E 1 pmol NADPH fit
o I E SO 1 ARG SAL(U) . I8 5 AR Ty )
W EBY, 20 mmol/L 2-fid 2, 0.5 mmol/L
NADPH, 200 mmol/L NH4Cl, 1-2 pL (10—30 pg/uL)
2, 100 mmol/L Na,CO5-NaHCOs (pH 9.0)%% it
W, WARFL 0.2 mL, A 340 nm ALY
NADPH WS AR AR SRAE BTG o BERW S RECH
6.22 L/(mmol-cm)., MK EL 3 K.,

Bl 12 S R00 I R  EE  E SRR AR ], 2-
22 PO S e FE 2 %8 5—200 mmol/L, BEANHRFE
W 3 AT o FIAH ORIGIN B A AR A1 1
TR HH S AR TRURIAT £ R AR A 2-F R A 1) Ko DA KC
Vinax > FE38 32 00 22 1) 8 PV BE B30 6T 1 Kecaco
1.2.6 FFABIFASRITIRAT 5 F 8

Discover studio /&2—3FE TR AEYY: . A
P e S 2 L I NI e ai { = D i
PRI AR5 B A5 RS L) R 1 i 5 /N
A A AU, 2 18 1) A A R U 2R B o
BEAEIE-G . FIH Discover studio 4.1 {419
Design protein 3 (BIHIFIR T8 1 5T 45 44 (R4
P, T HUEE T SR G MR S AR ) b
AT H227Q ARG EEH . ALY AR (4
FJ5, fEBIT Flexible docking 5k, FfRFIERIA
WEMTEASKY ST D-NARRXTE, W
Ve AR . Z S iR TG P O AL
HFIFH Structure-Monitor-Distance 23 1AL I 25 DA f

Non-bond interactions 4314 HEAFEH 71
2 HR554

2.1 AL S AR EE K BT R E R I S AN
BATRIAMF R R, H227 X IRYE 1 B A
JEH EEEERRY, PRI A 2B IR Ak T
VETGAIE T H227 AR m AT 1 i e o 5.
Iy IR D-NERR . D-2-2 0 TR . D-1E8 &R |
D-B A BRNERIEY), Xt H227 {3 27 M o8 s 1A g
TR EG IR 1),

HET S AR R T 96 FLARIEAT B (L
AR min N, BEFRSONE ODsgo) FiR 2 A8 {4
A B B 5 o 4 S JRAR R PR A3 21 i PR AR TR 2
HE IR B2 w0 Jo 1 o R 98 AR 2 R L 36 2,

¥ 2 RETA IR UE A AR IR, Zead %
2-M BRI e TG M I, e 2R LU e SR e T
H227Q Fl H227N RPN EL R 2284, X 4 A
BRI 1) H 3G S 35 5 A B S v A T, AN ) 28738
VAR A 3] 1) BA A 58 A8 I AR X 7 2Rl 2 ot T 149 L
MEERILE 2,

2.2 StDAPDH B94E 1L & BEE M R 5

1 A 5 A2 R 25 5 1 AR AR 1) 28 AR R 1A T 2 ik 4l
b, 4tk )5 & 4 SDS-PAGE (I8 3)K il J5 17
it T R AR 5

FIH A AY 275K H227Q . H227N FISZH %
EAIRARR H2271 et AL B i 1 B 4R
FHZEAR R W121L/H2271 X R . 2-484¢ TR
25 AR NIR | 2 R I HE IS 1 EATIN AE (6 3).

F2 THIRGRRPAMRTERNFSER

Table 2 Sequencing results of positive mutants from
mutant library

D-INEfE D-2-2H T D-IESZE R D-4 &R
D-alanine D-2-aminobutyric acid D-norvaline D-glutamic acid
H227N H227N H227N H227N

H227Q  H227Q H227Q H227Q
H227T  H227T H227T H227T
H227S  H227S H227S
H227M  H227A H227A
H2271  H227V H2271

H227C
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A bl Pyruvic acid B ol 2-ketobutyric acid
1 b
10+ 10f I _} E3
= =
€ g8t - € 8t .
5 g
§ 6' § 6_
g 7 g "
2 [ 2 -
\? & & a S ) > Q
SN A A A NS AT AR
ARV SR USRI R
C L D
2-oxovaleric acid 2-ketoglutaric acid
12r 12}
10 B 10 -
= =
tg 8— 99- 8_
= =
(5} Q
g 6 5 6r
= =
£ £
Gl G|
2F Sk
S QS 4D Ad D aC 0
™ A2 D WT H227N H227Q H227T
ng,’f’/ RO AN R Lt
B2 RENKBERSELMILRER
Figure 2 Comparison results of enhanced fold of activities for mutant enzyme compared to wild-type
E: A AEEL; B: 2-%4MTHR; C: 2-5MUNKIR; D: 2-fIL .
Note: A: Pyruvic acid; B: 2-ketobutyric acid; C: 2-oxovaleric acid; D: 2-ketoglutaric acid.
kb M 1 2 3 ® 3 FEAMRTAMGEERNK2-MRERENLED
légg_ 0 (k& 71, U/mg)
L me———
Table 3 Specific activity of wild-type and mutants on
alkyl substituted 2-keto acids (specific activity, U/mg)
45.0— wan Y k4 TR
350 -— - - Substrate Strains
Wild-type H227Q H227N WI121L/H2271
25.0— - Pyruvic 2.94+0.08 32.03+2.19 23.43+0.74 31.35+1.24
14.4— S amd

2-ketobutyric 1.62+0.09 18.57+0.50 18.18+0.99 32.16+1.84
acid
Bl 3 SDS-PAGE # BRI MRTRMNGELER

2-oxovaleric 1.25+0.13 10.80+1.67 10.14+0.38 30.55+1.24
Figure 3 Analysis of wild-type and mutant enzymes by

acid
SDS-PAGE ;
Ve M BRMERE 14 Ty 1 BPAETY, 2. H227Q; 3: H227N 2-ketoglutaric 0.81+0.04 6.19+0.58 2.95+0.22 0.44+0.03
Note: M: Protein marker; 1: Wide-type; 2: H227Q; 3: H227N. acid
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gEIRRH, H227Q LUK H227N X L LT 2-
Tl F8 JES 40 8¢ B 1 BU A R 9 O, D HR
H227Q, XTNERER M LTS 18 32.0342.19 U/mg,
X 2 )3 R ) IS 714 6.19+0.58 U/mg, 18 EL
B W B TS, IF B HASR S DAPDH X
A S W B & T 9 (0.47040.029  U/mgBe 7,
0.025 U/mg* iy 68 151 247 5 . SIEM B0t I5 T
BOZ B InE] 5 ARkET, 598K H227Q F1 H227N
(6 BB R, 8RR H227Q X 2-A %R
(R HL & TN BRI 33%; 24 2-URIRHY 5-
FH AR MR IEERT, BRI ELTE I FRE T 37%. %7
& W121L/H2271 WX ERfR . 2-48040 TR 2-4
RO = AR TS T, R SRR 2-F %

TRETETE T RET 98%.

FPAERLY H227Q ZASRN ) 12 S EE R
(FHEY, NHETHAD 2-BIRIEY, YIEY AN
MR A, H227Q Y Ko SEEFAE R 3.3 65, [FIHT Aew
BT 2.8 4%, AR AL RO (ke Ki) B 5 T 9.4 45
2 245 ART R 2R N 2 [ — RRAE N IR )
mF, H227Q M HC T EF A Y Ko, (i H 3088, Ak 7%
TIHIEE R koo BE M ZE R, H B SIS )
(LT .

23 SFESEERIELTE D

¥ D-TN R 7501 5 B A= R 58 A8 (R H227Q X
BJa, RS D-INARRTEE AR R L K H227Q RIIRY)
SEA X AT BERUR B (] 4). 3l ad X5 R mT LA

F4 FHEAFMRTH H227Q MIEEBK 2-FIEE 13 H ¥ 5K
Table 4 Kinetic parameters of wild-type and mutant H227Q on alkyl substituted 2-keto acids

JRY) Wild-type H227Q

Substrate K (mmol/L)  kcat (1/5) kcat/ K (L/(mmol-s)) K, (mmol/L) keat (1/5) keat/ K (L/(mmol-s))
Pyruvic acid 15.62+2.04 7.78£0.28  0.50+0.14 4.73+0.95 22.30+0.72 4.71+£0.78
2-ketobutyric acid 7.96£1.04 2.96+0.07  0.37+0.07 15.87+3.17 16.09+0.86 1.01+0.27
2-oxovaleric acid 8.07+1.29 0.724£0.02  0.09+0.02 28.62+2.36 7.15+£0.21 0.25+0.09
2-ketoglutaric acid 12.63+2.40 0.62+0.03  0.05+0.01 27.85+5.93 6.54+0.53 0.23+0.09

4 D-REBMHEMEIFERNMREAREGNRIES

s

Figure 4 D-alanine were docked into the substrate-binding site

H: A: D-HAMRAET AR A E; B: D-NEARLE H227Q ARG A E. SEMILIIR D-WEARN o- R T H 4
Tk 4l NADP 1 C4 JEF 2 (MR RS , B /K AH B P AU s R AR

Note: A: D-alanine posited in wild-type enzyme; B: D-alanine posited in mutant H227Q. Green line is distance between a-hydrogen atom of
D-alanine and C4 of nicotinamide mononucleotide (NADP"); Hydrophobic interactions and hydrogen bonds are shown as dotted lines.
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F i, BT 227 67 S A BTN AR R R L
(R TE i U5, D-TN 2R i F e 1) R A T ik
A5, D-INAPRIT o-H 5 HEERBER R C4 J5F = [h]
AOFEES B AE AR 3.40 A (K 4A)4%E N 2.97 A
(%l 4B).

H227Q AR & ME AT RE IR R, 4
P e FIRC T FR R b PR i ST Jl SV, el AR IS P 1
FMEEE I W21 fei, RlE LSS 1) 24
W21 {57 5 B4 BEASON 8B S . (Rl 7E H227 {if
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