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Abstract: In industrial application of NAD(P)H-dependent dehydrogenases, NAD(H) has the advantages over NADP(H)
in higher stability, lower price and wider recycling system. Recently, a meso-2,6-diaminopimelate dehydrogenase from
Symbiobacterium thermophilum (StDAPDH) has been found to be a useful biocatalyst for the production of D-amino acids,
but it requires NADP(H) as co-enzyme. To switch the co-enzyme specificity from NADP(H) to NAD(H), we studied the
effect of Y76 on the co-enzyme specificity of StDAPDH, because the crystal structural analysis indicated that residue Y76
is near the adenine ring. The mutation of Y76 exerted significant effect on the co-enzyme specificity. Furthermore, the
double mutant R35S/R36V significantly lowered the specific activity toward NADP', and the combination of R35S/R36V
with some of the Y76 mutants resulted in mutant enzymes favorable NAD" over NADP". This study should provide useful
guidance for the further development of highly active NAD"-dependent StDAPDH by enzyme engineering.

Keywords: amino acid dehydrogenase, meso-diaminopimelate dehydrogenase, co-enzyme preference, mutagenesis
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VEF B9 A R35 Fil R36., Xf T StDAPDH H
Y76 X 4 O G- A R R T T R AR
AN, XIS R NADP' bR 5L 45 1 3
YEFE) R35/R36 (it i AT T 28 A 2438, 31 Y76
(R 43 2 AR T HEAT T LA A8 MR . AR SCHR
SR FE 25 5 .

Tablel Summary of NAD(P)(H) cofactor engineering studies

Enzyme Mutation Specificity change
2,5-diketo-D-gluconic acid reductase A R238H NADPH—NADH!®
Xylose reductase K2708/S271G/N272P/R276F NADPH—NADH!"!
Alcohol dehydrogenase G223D/T2241/H225N NADPH—NADHP"
Xylose reductase E272G, D273G, S274D NADPH—NADHP!
Short side dehydrogenase Gox2181 Q20R/D43Q NADH—NADPH??
Glutathione reductase R198M/K199F NADPH—NADH?
15-hydroxyprostaglandin dehydrogenase QI15K/W37R, Q15R/W37R NADH—NADPHP!
Alcohol dehydrogenase N15G/G37D/R38V/R39S NADP'-NAD 1>}
Ketol acid reductoisomerase R58D, S61D, S63V NADPH—NADH?"
Xylitol dehydrogenase K21A/N272D NADPH—NADH?"
Mannitol 2-dehydrogenase E68K/D69A NADH—NADPH?*
1,5-anhydro-D-fructose reductase A13G NADPH—NADH?
Nitrate reductase S920D/R932S NADPH—NADHP"
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Thermo A ) ; #.0:HLK Eppendorf 23 7] 5430R;
MJ Mini PCR ¥ ; ¥R . EFAHIKRGE LKL Gel
Doc™ XRBEIE % R Gi ¥ H Bio-RAD A ;
SS-325 KA H H 4 Tomy Kogyo A Hl .
12 ik
121 EBRARE
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Table2 Sequencesof mutagenic primers

Mutation Primer sequence (5-3")
Y76W
5'-Primer ~ TTCTGTTCCGGAATGGGCGGAAGCGAT
3'-Primer ATCGCTTCCGCCCATTCCGGAACAGAA
Y76F
5'-Primer TTCTGTTCCGGAATTTGCGGAAGCGAT
3'-Primer ATCGCTTCCGCAAATTCCGGAACAGAA
Y76E
5'-Primer ~TTCTGTTCCGGAAGAAGCGGAAGCGAT
3'-Primer ~ ATCGCTTCCGCTTCTTCCGGAACAGAA
Y76H
5'-Primer TTCTGTTCCGGAACATGCGGAAGCGAT
3'-Primer ATCGCTTCCGCATGTTCCGGAACAGAA
Y76R
5'-Primer ~TTCTGTTCCGGAAAGAGCGGAAGCGAT
3'-Primer  ATCGCTTCCGCTCTTTCCGGAACAGAA
Y76M
5'-Primer TTCTGTTCCGGAAATGGCGGAAGCGAT
3'-Primer ATCGCTTCCGCCATTTCCGGAACAGAA
Y76V
5'-Primer TTCTGTTCCGGAAGTCGCGGAAGCGAT
3'-Primer ATCGCTTCCGCCAGTTCCGGAACAGAA
Y761
5'-Primer TTCTGTTCCGGAACTCGCGGAAGCGAT
3’-Primer ~ATCGCTTCCGCGAGTTCCGGAACAGAA
R35S/R36V
5'-Primer  TGGTGTTGTTAGCGTGAAAGTTCTGG
3'-Primer CCAGAACTTTCACGCTAACAACACCA
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k30 s, 68 CHEM 7 min, HH%E A FHMY
HAEFR 20 K, ZJ5 T 68 CHE{H 20 min, PCR
PR AT UK UE . X RG ok 0y B B R B
frolge s, Dpn I F 30 Cifk 2 h,
FHHAL T AL = KB AF R Topl10 2452 2541 i
R RS E N E &R D LB AR SR AL i
i iE R, PRI R VE R 2 3 mL WK IA& LB
R, B R S0 BRI SE TR
FERE BRI Y B UE , K 3 50 TR A 00 PR Ak
KIGFFH BL21 (DE3) J&sz38 , #4175 2ekik
afifb T4
1.2.2 AR EHAL

RAFMG R F IR L gl b Ty R0 B A B g 2
AN, o Sk 3 B 3R AR TR A % ]
FERP 2 000 mL 15100 pg/mLZ 75 55 & MK
LBIiFEEE, T37 C. 200 r/minf% 55 % ODgoo
291.005, A58 7 8 55 -B-D-f A C itk g~ 7.
PETT (IPTG) ZZHKE}0.5 mmol/L, 25 C,
200 r/minZk 2215512 h, 4 °C. 5000 r/min& >
30 minlUBEFIA, BWIAHZMA (20 mmol/L
Tris-HCI, pH 8.0, 500 mmol/L NaCl, 5% i) =
B, RESTRME, B T4 °C . 14 000 r/min
25030 min, WA B RAE DB, &
0.22 pm¥E M I8 S5 A TER AT SR FZHT . B AT
HEUE B A 64T P A A BRI FH 2% MR ATEA T 11
R S % vl R A Agso 52 AN IR T B LR
T 15% HL 51 19 2% 0B (20 mmol/L Tris-HCl,
pH 8.0, 500 mmol/L NaCl, 5% H i, 500 mmol/L
k) PRI EE 1, B T 50% LA 9 22 vhi
By H & AL IR A T VR, 81 FH Amicon
Ultra-15 #UE%E (M7= 10kDa) #1788
WEAdE, BEHZ PR EZ WK C (20 mmol/L
Tris-HC1, pH 8.0, 50 mmol/L NaCl) Fik—#
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1 umol NAD(P)H Frifs Z il i

XA TGS 712 S HO0N I, ARSI
100 mmol/L Na,CO3-NaHCO; 2 Wi (pH 10),
10 mmol/L meso-DAP , NADP" £ ¥k J& 7&
0.031-16 mmol/L Z [ 45 3fj, NAD 2k J¥ 75
0.031-32 mmol/L Z [A]45 8, 51> NADP ¥ £ i
3=4 YA ROV BCF-ME, FIH] GraphPad Prism
A, R4 Michaelis-Menten Jy 2 #7155 85 A 7Y
it 1 4% 2 A5 (ATl F NADP DL B2 NAD i R W Ko,
1 Vinax B o

2 ER5AM

21 REMERIEERRTIRIT

M StDAPDH 454 fii i (45 44 TR 201, I
R 3 A A A E AR S R3S Fil R36, Y76
FR 7 B Tk SRR )5 2R 11 NADP 38 J5Efifg o
FEIT Y258 ByALELP1PH, StDAPDH 454X 3
AL B I 2 SR R B 5 RN T 1 07 DG R LI 2.
Y5 NADP' () BRIEERS SRAHIG T 1Y) 76 157 I 0 ,
R R, HAWMERNEIL;, A THRER
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X4 L — MR A, DL 2 (Al B
SEMR X R — e A, AT T AR B
T, R SR Sy R A S ALK A7 BEL A 8 2 R
(W) ZRINZRR (F) FImg /M BE A g K P 2 B R
SER (V). WaEiR M) DERZEAR (D
LR ZR 25 AL B AR, 9848 Ry SR 7K B B R A
BPEE R R). MREMSEAR (B) RAR
MR (H) VIAREMANERIFN . Lerchner 55 BiUi B
Jii S B RasADH ¥ 4 i I 47 5 A NADP' &
NAD' ) A, R ih S S NADP™ |-
P2 55 ERE B A ) 2 R R B 2 P IS TR
(R38 & R39), ¥ e84~ R38V/R39S
Jei BT e S e O 12 B NAD A Y 3 3 45
P He AT L& B, StDAPDH Ay R35 M R36
53 B %) B RasADH ™1 i) R39 F1 R38. X
StDAPDH %31 T R35S/R36V RS, K RIZM
RAF LR RasADH H—Ff BE A 4 it fr- P &
AR . RAESIT SR 2,

22 REFAEUUARM RS
FRATE X Y76 RASIAT T Rk
ai Ak, ) FH o X A o I 9 D AT T I

B2 SIDAPDH mRFNAHEG R 4F 14 AT BEFE X RO =2
Fig. 2 The residues that might affect the co-enzyme
specificity of StDAPDH.

R, B AS fl al G J DL IR 3, HS By AR
Xof T o T 11 LY 7 B A DL IR 4

LR Y76 AL AN [F]-5 58 A8 X e At L
Wt (E 4), BRATATLUEH, B Y76W
SN BT AT 2878 F5F NAD B FL G S 3843 i s
i EH A Y76 17 2878 F % NADP /4 HLi& S 34047
R, fEXEERA T, (iR KE Y76W
Xof T b 1 EL TS 0o Y76 A B AR v R fIG
(), AR R AR A7 B T NAD(P)
[ RREERS LS A, RIS S AT . A
Jei 57 BHL Eb 1 2 BR /N R I 7K 2 JE R Y T6F o 4l
it 755 77 7% Ak e A5 T A R TR ) R S B oA
AT, HX NAD' A EL TG 7 A1 b 5 85 A4 R it A T 4
. HXF NADP' ) Ho i g 2 i 2878 1 vh e i
B BRIEZEIERR Y76E XF NAD H)i% 71kt Y76F
Aif— P4 m, kAR Y76H Lk Y76E Xi
NAD 36 F1 8 &, (HXF NADP ()76 S w5 [A]
HAEAE ) B R YT6R H Y76H Xt NAD 136 77
B g — 26 % NADP & 7 A B for
BELB /N K PE ) Y76M ., Y76V LUK Y761 %f
NAD W36 J13% A1 =, %F NADP /)1 1t b
B REAR, 2R BT 0% i 8 s Ay M 2 g 0
B ERATMNRK XL Y76 248 TH,
Y76V K Y761 % NAD B HLT6 S . 1Efr A
Y76 W RAZ FH, B YT6E A
NAD'/NADP HAH (0.73), {HHXF NAD 3% J1
FA SR e 5 11 Y761 28745 T, Hi 4k NAD'/NADP'
FLfi ol 0.69, {HHX} NADYE S 2 Y76 AT
AR Y

J 5% R3S/R36 Ay %o 4l it O Sef- M Ay 52 g
FAMELERNZER, AT T R35S/R36V IR
Ay RFEEE Y16 SRR R35, R36 (ise7E
EGAMEAER, RATERT Y76 BRASHX]
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B3 SIDAPDH Y76 858 4iEGHY SDS-PAGE £45R
Fig. 3 SDS-PAGE of purified Y76 single mutants.
M: protein molecular weight marker; 1: wild-type
StDAPDH; 2: Y76W; 3: Y76F; 4: Y76E; 5: Y76H; 6:
Y76R; 7: Y76M; 8: Y76V, 9: Y76I.

20 013 [ INAD"
i
L 039 0.43 __INADP
E‘) i s % 0.53
= 12 g % 0.69
z 0 0.73 :
B
5
é 81 0.21
Q
Nl 0.68 ’_ﬂ
n
0 ’. ’—X—r_‘ L L N L L . P
& R D ALe
¢ & 8 S N
&i\‘oh{\ 4/\ A//\ A/\ ‘i\‘o&\ £

4 FFHERIF Y76 BREBMLLIES

Fig. 4 Specific activity of wild-type and Y76 single
mutants. The specific activity for NAD" are in light
gray, the specific activity for NADP" are in dark gray.
The value above bar diagram represents the ratio of
NAD' to NADP".

NADP' % Ji e i 19 Y76F, % NAD'VE 16 & Y
Y76V Fl Y761, 4355 R35S/R36V #4714
SRAR, FEUEAT T HRGR L Al KOS e . ik
G LA S5,

R35S/R36V WRAEX] StDAPDH i fiff fli &
PESZIE AT YT6W BLGSARIARL, Xk PR A4l Tl 114 15
IR W A, T ELX NAD' B LTS 158K
FXt NADP /TG J1 (K 6). *F R35. R36
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ML R R R, 2k E W
R35S/R36V SRl S0 il 1) (s 41 A3 wg i,
NAD'/NADP U (H (1.25) WA Y76 RS
(R fER 0.73) &b, HJEXT NADVE g m
B, R35S/R36V WA Y76F HA G

kDa M 1 2 3 4 5
1162 — «
66.2 —

45.0—

35.0— ey e e

25.0—
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14.4—

& 5 R355/R36V WUKN=xRT4ifEH SDS-PAGE

EEES

Fig. 5 SDS-PAGE of purified R35S/R36V and triple
mutants. M: protein molecular weight marker; 1:
wild-type StDAPDH; 2: R35S/R36V, 3: R35S/R36V/
Y76F, 4: R35S/R36V/Y76I, 5: R35S/R36V/Y76V.
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Fig. 6 Specific activity of wild-type and mutants. The
specific activity for NAD" of mutants is in light gray,
the specific activity for NADP" of mutants are in black.
The values above bar diagram represent the ratio of

NAD" to NADP".
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R35S/R36V/Y76F XF4fifif NAD' [ HL i 4 He
Y76F HLZEARK A I A5 fk, {H NAD/NADP’
FEAE M 0.39 #2553 1.25, 1 HiZ R 28 % NAD”
(TG J1 7 T NADP R ELIG J15 R35S/R36V
Y761 Jo Y76V 44 J5 28748 FX%F NAD Yt
B E T AT NADP LG F1, T HE
fi1H) NAD'/NADP I 3445 B 4, 4331
M 0.69 F 1.39, LUK 0.53 5] 1.36; fEFAZARH
Y761 o Y76V X NAD B HLTE iR, (EAE4
A B = % B, R35S/R36V/YT6V # IL
R35S/R36V/Y761 ¥ NAD [ Lif J1 . X 4
53R, R35/R36 (il Y76 4G Jm, AL
AAT LU B HEA T 558 AR B RS AR AT I 45 AR
IR R IEAR B RSN 5244
PAFEIFZER, FIRETE EESEMivEth R35/R36 i
WA IIEE R, R AT B WS AR 25 A 76 v 1E
17— G oA I AT ik

B FE R K 1 578 3l ) 2 S0 AE 4
RILER 3. WERTATLIEL, I Y76 RAXS
NAD' K, #RFEAL T, M HBR T Y76E SMirfs
ZRAFXT NADP' I Ky AL T, HH%t NADP'
) Ko LA/ YT6F X 1B Y76F %} NADP"
)25 A1 S5l ; YT6E Xt NADP Y ko B2, {H
AL K s, X UEEH Y76 7E4i i 1
b3k i [l it AR T X4 NADP RYE I 5 %
NAD 1 K fE /N 228 [ B /N YT76M
Y761 il Y76V, Y76V %f NAD HJ Kear Al Keat/Kin
JETA A T iR Y, X B EXT NAD 1) 35 Al
JIRMEARAL T, Al PR 2 T S

FE 3 IR Al LA H, R35S/R36V X NADP®
FINAD ) Kin v Kear PA L Kead/ K BBREAR T, 53X 10
B 55 W PRk AT A AH LA Y R35 . R36 X 4l i 2

A AR A IR EEMEM . R8T, &
A LA H Y76 XF R35S/R36V HIAEFH 5 Y76 Y5
AR 3, 24 Y76 194 [A] A7 BHAK U AE /)N
(F. 1. V) B}, HXF NADAY K, 728/ ; i3
Fb & ¥R AE YT6V , Y761 I = ® AF
R35S/R36V/Y76V il R35S/R36V/Y 761 %} NAD"
() Keat/ Ko BERT LA B, B AT Z TRIAEAE BRIV -
Y76V [ Kea/Kin & Y761 K, {H R35S/R36V/Y 76V
1 Keat/Kim 20 HE R35S/R36V/Y 761 FIEAE /)N , X 7]
BESEI N Y76V Fil R35S/R36V #B 2 AR Jyor BHAE:
INEY R IR R I, 2 3 K, (NAD /K, (NADP™)
HE/R, Y76 RAEXF NADHl NADP 31 /)
SR TTER A AR, HEFA AR L, A5 A AZRE
AHRTEL /NG ML VORI T X % 6 £ 25 01 7 88 i 4
F NAD", H+H Y761 i K, (NAD)/K,,, (NADP")
H B AR T 6 f52, B R HXT NAD 155
FOTA B8 . ASEAE R35S/R36V 5T 4E
FEAALL, Kn(NAD')/Ky (NADPY) fEA2E 23 £,
FESC IR b, NN — A RAE (i
Y761, Foi# V) &8 BULECRE— 4T,
% 3 ket (NAD)keot (NADPY) HILSR IR,
5B A WA L, AR 98 A8 ER 7 2L T XS NAD+
1 NADP' 11 ko 225210784k, HAP DL Y76R Al
Y76V FEEFEEE NAD VE AN FRARL, 3
ANAEH, R35S/R36V/Y 761 Hie i o

DL EZERAHT AT S0, R35, R36 X NAD Al
NADP i P (1 e B H AT CAR AR T, X VT R
R EESURIL A EAE AN SSR . A
I, Y76 %I NAD Hl NADP Y btk B th A
WEEWIER, vIREE X S IR ER, s
T NAD 7ERZE M RS %, fff NAD S i it 5
Msh &, SRR .
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#* 3 4R SDAPDH MIBERETFHISNFESH
Table3 Kinetic parametersof wild-type SDAPDH and its mutants

K Keat

NADP" NAD® (NAB*)/ (NAD")/
K Keat Keat/Km K Keat Keat/ K Kn Keat

(umol/L) (s (mmol/L7's™")  (umol/L) (s  (mmol/L”'s™)) (NADP") (NADP")
Wild-type 93.0+4.8 24.4+0.1 261.4 5490+534  33.6+1.3 6.1 590 1.4
Y76W 63.0£7.0 15.0+0.8 238.6 40054621  18.6+1.0 4.6 63.5 12
Y76F 28.044.2 11.5£0.6  407.5 25874203  24.2+0.6 9.3 923 21
Y76E 112.047.5 53.1£1.0  474.1 3478+156  55.4+0.9  15.9 31,0 1.0
Y76H 40.045.4  10.6£0.5  260.7 3949+411  25.9+1.2 6.5 98.7 2.4
Y76R 56.0£9.9 10.9+0.7 193.5 18824363  63.3+4.8  33.6 336 5.8
Y76M 43.045.8 13.2+0.6  301.6 648.6£63.0 42.1x1.7  65.0 150 32
Y76V 43.044.5 10.3£0.3  240.6 978.5£39.0 70.2+0.8  71.7 227 68
Y761 71.0£17.0 13.5+1.6  189.5 662.2+48.0 16.5£0.4  24.9 93 12
R35S/R36V 4 5444251  16.5+0.4 3.63 11 5201336 45.1+2.8 3.9 25 27
R35S/R36V/YT76F 57454329 24.0£0.9 4.18 7309+1103 21.1+1.3 2.8 12 09
R35S/R36V/Y76V 125897 10.6+0.3 8.46 2042+154  13.6+0.3 6.6 1.6 1.3
R35S/R36V/Y761 49068  9.7+0.3  19.8 613.7£71.0 16.6£0.6  27.1 12 1.7

B H AR R35 K& R36 X4 -1 A 13 [H)
EA

A SCHEAT M s 2 B e B, X
StDAPDH i) R35., R36 % Y76 17404 1A%
A5 WIFREIRIG X NAD I 1 81 5 pO 28 70 i, A
KMFFE TAEIEFEHEA T

3 ik

M EREE R LUEBL, HAR Y76 AR
X NAD M ELIG 3 T X NADP A b is, 1Hi%
AL 550 PR 5 78 o) o il Ot S P B A S, Bl AR R
P KR, Y76 A 5848 2 38 1o i 2% g il
fitt NADP F NAD' 155 F1 1 4 5% mi Ho ity & —
PEM . X5 NADP B B2 3L A H 8 1E 0
R35/R36 ¥ it1Y R35S/R36V RAF, BARMET
B Y, (HXS NAD Y o iE ) A B B 32
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