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Theoretical analysis and practical applications of the catalytic
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Abstract: Insufficient catalytic efficiency of flavonoid 6-hydroxylases in the fermentative
production of scutellarin leads to the formation of at least about 18% of by-products. Here, the
catalytic mechanisms of two flavonoid 6-hydroxylases, CYP82D4 and CYP706X, were
investigated by molecular dynamics simulations and quantum chemical calculations. Our results
show that CYP82D4 and CYP706X have almost identical energy barriers at the rate-determining
step and thus similar reaction rates, while the relatively low substrate binding energy of CYP82D4
may facilitate product release, which is directly responsible for its higher catalytic efficiency.
Based on the study of substrate entry and release processes, the catalytic efficiency of the L540A
mutation of CYP82D4 increased by 1.37-fold, demonstrating the feasibility of theoretical
calculations-guided engineering of flavonoid 6-hydroxylase. Overall, this study reveals the
catalytic mechanism of flavonoid 6-hydroxylases, which may facilitate the modification and
optimization of flavonoid 6-hydroxylases for efficient fermentative production of scutellarin.
Keywords: scutellarin; flavonoid 6-hydroxylase; cytochrome P450; catalytic mechanism;
substrate binding energy
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H5IRYM B AZEJER pi-pi MEAEH, IFH
F120 F152Z A% L312 DA K 1495 H[H)4H ik [
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2 CYP82D4 5 CYP706X EVMEAKESETFUHERFKE A: CYPS2D4 JRYZE G 48583, B:

CYP706X JEWILEA T4%5R 3L, C. CYPS2D4 H#FAib2# A5k,

TAAHRR, RES T LLEL /N ERBR IR

UREE IR LAZL /N ERBRIR. D: CYP706X

Figure 2 Binding residues and quantum chemical clusters of CYP82D4 and CYP706X. A: CYP82D4
substrate binding pocket residues. B: CYP706X substrate binding pocket residues, the frozen atoms are
identified by red ball. C: CYP82D4 quantum chemical cluster. D: CYP706X quantum chemical cluster, the

frozen atoms are identified by red ball.
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oty o AR IERILII R o SRR, XFiEs:
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FALP, X FIF E RN, P4S0 LA Bz
PR HE L R P 2R 3 AR 0P ki, H
HIXT T P450 B Ak 3 R A iy S HE AR AT
AN, RN R R TE R . ik, f#
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J 171 AF1231 A, [FFE, CYP706X TES 5
— BRI AL, C6-0, Fe—O Fll Fe-S
2,96, 1.62 AF12.50 AZ54k42.06, 1.73 A
131 A, 5, FEHARER CYP82D4 5
CYP706X ) C6-O FEE43lIk/NE 1.35 A Fl
136 A, C6-0 i, S fiik)si+(Co)Hi% i
A1, JE RSP (A H [A] 44 (tetrahedral intermediate).
I Fe—S BRE#E— 04502 2.23 A, Fe-O Il
B 4a5E % 2.08 A (CYPS2D4)5 1.98 A
(CYP706X). %A, CYP82D4 fEZ(AEY
A 18.32 kcal/mol, FEAE(AE)N—12.11 kcal/mol,
CYP706X HJ AE*Y5 AE 43Ik 18.12 keal/mol 5
—13.23 kcal/mol,

DO T A4 R A TE W5, FERH 0 IE ) 3 )
) CYP82D4 v, HfalfAn] LUk — 0 s HE R IR 4R
1k 77 ¥ (epoxidation, EPO) =K & 5% 4 £ 481 ik

(NIH-shift, NTH)/EAGEAPY, 5] 4 J&/R T CYP82D4
AN EEHR A A3 U S M P A 52 5 4R
IR EACEHES AR, BRIEMEALEAR A C7 Sl
A(CT-O)ZIN Y BE B TR A TR B, G
JEFX C6-O, C7T-0. Fe—O Fll Fe—S fEid JE A
BERERE N 141, 1.83. 2.01 1 2.18 A, AEH
16.86 kcal/mol, AE A 11.37 kcal/mol, TEZSRAL
BRI, C6 ME(Co-H) AN, 5
C7 iR T8 3% (C7T-H), I I 25 ¢ f J 1~ %o
C6-H, C7-H. C6-0, Fe—O Fl Fe—S My K%L
PEA 142, 146, 127, 221 F12.20 A, AE™N
14.18 kcal/mol, AE & 3.53 kcal/mol, #HIH.Z
T, BRI HA RN AEMS AE, %
WI7E CYP82D4 H P [ A v [ 444 DL S 4B 12 5% 75
MU EEHE R, BES , PR A al i S 44 AT LA
FE KT T ST B 35 Ay i e i R ),

TSHZD4
oy 2 S 18.32
W ~ N & e > Vd
o 5 S 1812
C6-0: 2.078S8 o TSnex
Fe-0: 1.71 o~ %
Fe-S:2.31 A
g TSszm/‘,' I \‘%\ C6-0:135 |
= I “‘e\\ Fe—0:2.08 4
g /% Fes:223
s . - e 3
3] TS:06x
5
2
=
£ o~ 2
3 p
% a - 1 N, INTszm
C6-0: 1.36 ¢ 3 —12.11
Fe—0:1.98 . \| —
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Figure 3 CPDI direct attacks to form tetrahedral intermediates.
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Electronic energy (kcal/mol)
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C6—H: 142 | 2

C7-H: 1.46 | C6—H: 1.94
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Fe—0: 2.21 i C6-0:1.22

Fe—S: 2.20 ' Fe—0: 2.46
TSNIH PRO,,  FeS:2.18

4 CYP82D4 LIS P Byl HI EHE AE

Figure 4 CYP82D4 rearranges as a ketone by the NIH-shift mechanism.

CYP706X 7EIF A A A A5 % H AR IR
kA CYP82D4 RISk, FRAALEK
1Brp, REEFX C6-0, C7-0. Fe—O Fil Fe-S
TELESHEREE S 143, 174, 217 H
219 A, AE"H 1491 keal/mol, AE 7 12.85 kcal/mol.
ATLVRBL, BT C7 AR R i 28 [ AR,
TER A AT JESRT, CYP706X H Fe—O JHE
(2.17 A)FXTT CYP82D4 (2.01 A)H K, XAlfE
T CYPT06X 1Y AE B /NN Z —. S4B
PR pg e, b AR OCHE X Co-H.,
C7-H. C6-0. Fe—O Fll Fe-S K %4l N
202, 113, 122, 215 1 2.17 A, AE'N
14.71 kcal/mol, AE “5—9.98 kcal/mol.,

JEE 0 TS 5] ) CYP706X BRER4A AL FI A 4B
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7 5% B HE Oy sAM A AT DL 3 Bk R i 20 4R
(proton-shuttle, PS)*>**I MLl 1 Bh 4k nhwk 2R
WEHEA R =Y, ZERP Co (i A e
B EZN A AR 7 EH-N), BB E
A (H-0), FERA M AR FHEB SRS,

KX C6-H., H-N, C6-O, Fe—O Al
Fe—S TRl A RS B 1.36. 149, 135,
1.96 1 2.23 A, AE*H 12.78 kcal/mol, AE K
—13.36 kcal/mol, TES [l E R L FE v,

KEEF X H-N, H-O, C6—0, Fe—O fil Fe—S
e KB 1.36, 1.37, 1.34, 2.08 FlI
2.19 A, B IH L, AE F-35.48 kcal/mol,
I, 5 CYP82D4 A[F], CYP706X Hh U fifA i) {4
BT 2R R EHEE HE P B 2R (K 5),
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C7-0: 1.43
C6-0: 1.74
Fe—0:2.17 TStro TSwm
Fe—S:2.19 1.67 147

PRO,,,

e N TEmmmeall
| — —
Pl N —0.38
e 0y *
o N
R NN
R \

]

Electronic energy (kcal/mol)

5 CYP706X IRFHERINGIEZEEHATRES R

\
A%,
L%
N
W\ PRO
N NIH
X

C7-0: 1.45
- C6-0: 1.46

Figure 5 CYP706X rearranges to scutellarein by the proton-shuttle mechanism.

23 KYIEE BHEMNEEREIRIT

W 256 5 R TR DR A AL RN 1 G
BB, b T i 45E CYP82D4 5 CYP706X
Z A A e BT 22 e, (B 4 Bh ) o
(SMD)FI [ 1 L i #5330 11 2% (ABMD) J5 1%,
XF 2 A~ P450 A IStk AR A i R AR Akt
17 758, it SMD Jy e Sh ) 2 G 1
L, CYP82D4 Fl CYP706X & F 5 BRME— (KIS
YriEiE, o CYP82D4 1R yiE i gk B iE BT
TERZRPEXIRAL R, 1 CYP706X (1)JFE 471 i
{7 F BURTEA 1 IBEZ (B (& 6A. 6B). L
AFRAE SN C6 5 CPDIfH MR, FEE N
3.5 A WHRIEYIZE A, 30 A BRI YRR,
N CYP82D4 5 CYP706X (KR4S 4 H hREs>
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%1k 30.34 kecal/mol 5 35.11 kcal/mol, Ftrh
CYP82D4 Jit ¥y it it 1 78 v A7 78 4 Ab 55 /N i L
%, SH—Aabxt i E B L504 Fr e, &5 Ab )%t
;. BMETE AT AE B IE AT, T CYP706X A AFAE
—RbBEAS, XN 4% 1459 FrfE .

JEPEE A S B RS, CYP82D4
L504 AIREXS It i s BE A, RIUL, 2230t
L504 i T8, B A3 2 AR R N
) Ala Fl Gly DA SARFRE KA Phe, DASHIEIZ AL
ST CYP82D4 AR R . 25 R niEl 7 fr
7N, L504A 5875 CYP82D4 ML R IR &
FPAERIE 1.37 4%, L504G RS SEE AR,
1M L504F 28 7% D) fifi ffi fb R0 T B = P AR ALY
10% 4577 -
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Figure 6 Average force potential of substrate channel and substrate entry and release for CYP82D4 and
CYP706X. A: Substrate channel of CYP82D4. B: Substrate channel of CYP706X. C: The potential of mean
force for substrate entry and release of CYP82D4 and CYP706X.
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Figure 7 Titers of wild scutellarein products by
CYP82D4 wild type and its L504 mutants.
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