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Scheme 1 Degradation reaction catalyzed by HOD and its analogue enzymes, QDO and QD(A) and
catalytic cycle of HOD(B)
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%, AP BN AR S A T A B 0 - S R B . R A SRR B RS AR JE PDB2PQR I
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Fig.2 Sequence alignment of HOD, QDO and QD
BT HOD 154k AR, LTI QND BRAR AL E, 95 EUESE QND H A LB SE45 5 5 HOD
) PR ORE E—P R TS BB E W BE 5 QND (Y 3E A GEE A F Y. BRI RS R [ T
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Fig.3 Proportion of the two pre-reaction oxygen orientations( red and purple) in total 26 optimizations( A )
and their 3D structure in the active site of HOD(B)

23 SREEMTN

it CAVER 18, JEA45] HOD sl AEfEAER) 25 4 SCmIE [ A 4(A) ], 0863 8 4015 7E R A
FIRLE, JF HA M EE P IEa | KB, MR — e 2R (R 1), H, J#iE 1 FIRIRER R
0.095 nm, KA 1. 674 nm, [MZH 1.38, HARCREFT 408 0. 42, 2 A8 E P im0, B E 1
HA R BT e Ry LS R UM T . 3 2 MR SE R 0. 30, 38 3 RSB R 0. 18, i 4 1L
(B)

Tunnel 5

Tunnel 4
Tunnel 1

Tunnel 3

Fig.4 25 Tunnels predicted by CAVER(A) and top 5 tunnels in rank score(B)
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SERESR 0,14, HIE 5 WL R 0. 14, XTLFEE PP E ST /- AR LB ST, AN HHK E#R I 2 e
WiE 1 B, JLNEELE HOD & EPE’J%R‘E!IDEI 4(B) B,

Table 1 25 Predicted oxygen tunnels and their bottleneck radius, length, curvature and priority

Bottleneck Bottleneck
1D Length/nm Curvature Priority 1D Length/nm Curvature Priority

radius/nm radius/nm
1 0. 095 1. 674 1.38 0.42 14 0.074 3.365 1.35 0.07
2 0.070 2.213 1.52 0.30 15 0.077 4.507 3.28 0.06
3 0.079 2.624 1.34 0.18 16 0. 061 3.293 2.09 0. 06
4 0.070 2.419 1.36 0.14 17 0. 067 3. 664 1.52 0.05
5 0. 064 2.705 1.56 0.14 18 0. 066 3.852 2.32 0.05
6 0. 062 2.054 1.70 0.13 19 0. 063 3.437 2.21 0.05
7 0.077 3.221 1.42 0.13 20 0. 064 3.517 2.30 0.05
8 0.074 2.875 1.41 0.12 21 0. 064 4.117 1.73 0.04
9 0.077 3.380 3.34 0.12 22 0. 062 3.565 2.22 0.04
10 0. 064 2.353 1.31 0.12 23 0. 064 3.962 1.58 0.04
11 0. 064 2.712 1.38 0.11 24 0. 061 4.564 2.44 0.04
12 0. 064 2.524 1.55 0.09 25 0. 064 4.137 1. 86 0.02
13 0. 066 2.970 1.73 0.09

MDpocket 115 25 3 i 7, HOD JLAEHE 4 14, 43965 44 A Pocket 1, Pocket 2, Pocket 3 Fll
Pocket 4[ Kl 5(A) |, Pocket 1, Pocket 2 5 Pocket 3 %Igzﬁ‘sl_(ﬁ'ﬁ':f:'/b , Pocket 4 DIUEEF:%(%T@HJ CoAge. H
o1, Pocket 1 4 HOD HEATMEALTETE T4, XA THARAIIARRE K, A 2.05%10° nm®, HiAy 3 A48k
BUUFXTEL /N, Pocket 1 H ﬁﬁﬁgﬁaﬁfgzﬂﬁk, {E MO EEAUFE T Gly35, Trp36, Hisl00, SerlOl,
His102, Aspl126 Fl His251 285 EMRaR [ B 6(A) |, Hirh Asp126 Fl His251 b R IEMALVE I B 364k,
TP T FASTRAL , BEES HOD R B, X W] LUOREE R AP B K M. Pocket 2 IRFN 1. 36
10° nm®, 1 Asp73, Phe74, Gly75, Tyr76, GIn77, Glu78, Argl87, Argl90, Vall91, Asp194 Fl Arg198
GRFEMRFEFA [ [ 6(B) 1, H o4 K2 50 N Rk LR, I Hiz A4S0 T HOD 3Rif, Kok
JKIT4%. Trp36, Arg62, Gly63, His64, Pro68, Ser69, Glu70, Val7l, Phe74, Aspl79, Tyr180, Glyl81,
Tyr182 Aspl83, Cys184 I Argl87 T Pocket 3[ K 6(C) ], ZHARMIATE/N, HA 0.90x10°

, FEORPUCAIZ FASTE D SE RN, I HIRBEABR. Pocket 4 47 T HOD 3R1fI, F 2 —LEKE
%Mﬂﬁi, HA A& T Arg23, Asp24, Thi25, Asp26, Gly27, Ala29, Arg55, Gly9l, Glu93 K Thro4

(B 6(D)], ZHAAF N 1.44%10° nm®.
= i’[(unnell S

Pogkegg2

®)

Fig.5 4 Pockets in HOD predicted by MDpocket( A) and the positional relationship
between tunnel 1 and pocket 2(B)

il it 5 CAVER W45 R L, Tuﬁfmi_i_ 1 HA i 1% 5 IE 2 Pocket 2[ 1 5(B) ], Pocket 1
AR AR ek, JF B R iE P A 4%, (HR it A R A A MIE 9 Zad, HiZosE KN
3.380 nm, SZEIE 1 (2 £, M 3. 34 AT 1A 1,38, LG e iR, Ptz

EIFARIE ARG, X FZEH T HOD BEEA 7 SO EAHLH ", MEIRIEY) QND 1 555 B it
ZEY, RIEHSEAEE, MRS G0 T ERIRYIK Re ﬁTﬁEﬂ Trp36 F1 His102 B 4L 5r
TR SER , IF2x WIZ I DU E C2 s, W2RA T Pocket 1 BLEEHEATE PO G 240 TIRY
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Fig.6 Active site in pocket 1( A), amino acid compositions of pocket 2(B) , pocket 3( C) and pocket 4(D)
(9 Si i _EJ7, B4R B AR LkIE B EEWAL S YR Re T, X 2l SR AN REIR IS & 2= VAL AL
PRI 8O T B9 T R AT P v o 2 BE A ) T SO B KA. 55 CAVER 1 MDpocket H T
AR, RIUEIE 1 IR RS E), HALTIRYIM Re 1, JF H 25T Pocket 2, AN A SA
FEBOR RIS 283 il 1 BRI 148,
2.4 BEHUINE 5> F 30 s

H1F CAVER F MDpocket (31545 RARIL T HOD 1 S IRSEH, B FASLE S, FIL 1T T 30
A RAMD FELIHE— A48 SRR n] BEAFAE 10 8 Ul aE. FF i R B (B 10, 30, 50, 2R 7330
AT T 20 YO S2 B R A BENUINGE 7373l Sy AL, AU B 60 SR PUIE. REASAUEE SR 01 45 i T T
ISR & S BE AT [, S5 5R5 T3 2. MRy 10 B, 20 808 b SN EIE 1 2900
A 9 4%, MiEIE 8 L A 5 %, ISR RAE I 30 IF, 20 ZAB0l Ap A UNEIE 1 2 A9A 8
4, MIEIE 8 23t (A 4 J%; SIFRIERAA N 50 i, 20 4590050 i AU NGEIE 1 200 9 11 2%, ME
8 Zil A 1 4%. 7E3L 60 2Bl b, A MGETE | 2l A 28 4%, Ml 8 Lad A 10 4%, HAxmi

M550, MAEERZS CAVER F1 MDpocket A9 Table 2 Results of the RAMD simulation

M RLE IR RN S ST B Rl Tunmel Time step Sum
1, TSSO BEHLIN 53 8 ) 2 ALl 45 1 > 2 = N
RMEPIE 13X —4518, Bmafil 1A 1 2 2 ) ! 0 3
AR A AMIE. @b 8 RARKI S 3 1 2 0 3
BOPA HIEH, il —E LRI AR : 1 ; g i
i, B, R b S AT X 5 4 | 10
THETERL AN, I RAMD 5 i 25 S o v] Others 1 1 8 10
UL, MY QND AR TR FAS R, 405 il 2 = = N

AR M JFE By 188 1 30 L1 B3 2 A0, X g — AR UE TS I R B e S A R A
25 SRBEBHBETE

H T RAMD B A7 21 Bl 8 8O N BRI, Joik BLIERTRLSE R 254 NS A 3k, A
e — 25 3 3 PRI AR (1) 7 iR R A 1Y A RESE T, DA —2P R HOD B4, ST
HEA SERTAOIEIE 1, 3838 2 & RAMD T3t A 4 i UGR AR IR I 8 ME IR &, | kit
BRI T E A 0. 03 nm, WEHR J1 R BB R 4. 18x10° kJ - mol ™"+ nm™>. SR J5 WLEE T 45 2 (1)
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WA BRI, TR > BE L2 B . HE B AR B X — A K B 1 4 0.01 nm, 7 KU i
8.37x10° kJ * mol™" + nm?HEATAMFEIFER, R ANIA 7 PR, AT UL, & D Z A B E S, K
Hh 5 HE R 23 B S BE A0 B LA 1 Herp ) JETE 1 R TE 2 rOBHUHK B TR 1,50 nm 24T, T E
8 WAHXS I B AC— 28, JKF 2. 40 nm, FrAEIE B 6 O A RO B O 0% H B H 2 Hh. eAd Sz A
PREGI B TS IR Z 1) A BRI RS, 5 B Tt 4 30 K RE AT P AS ).
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Count
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Reactlon coordmate/nm

Fig.7 Sampling distribution of the three tunnels along the reaction coordinate
(A) Tunnel 1; (B) tunnel 2; (C) tunnel 8.

FRARE AR AR AR 3 19 4477 VB0, P WHAM 875 3 T &A@ 0 B et (18 8). nT L
F, 3 50EIELE 0. 35 nm ALA fe /M, ﬁt&ﬂﬂﬁ%%éﬁfir‘hﬁ 'ﬁmﬂ:fr%ﬁtﬂ:m B AW
G BRIAb 3 S IE ARSI TR — 30y, XL, fF 3 A EAE AL Y RE R E N
T WK 8 FTLIAE Y, #iE 1 MRERN T 1. 35 nm &b, HAER{E H 25.9 kJ/mol, 1HIH 2 IRELN T
0.65 nm 4b, HAEE{E N 28.5 kJ/mol, il 8 EELANT 1.35 nm A 47, HAREE N 22. 6 kJ/mol, i@

i 8 7F 1. 90 nm AZbiAAH —ABEE K -3. 35 kJ/mol [WH/ING, IILIEIE 8 B3 IARE 22 M 25. 9 kJ/mol. H
T RAMAEASALL Y J5 1) 5 S8 B AR U 7 )2 AR R, DRI SRR H A A A N 1 SR AE
VTPV RIPIRES , BAR 3 i MR D R0 T (L 240, (AT LB FI H AL R (A R AR
i), HorbadaE 1 fE8E 2 AME DR R A AR T 940 2 4B, LI R R AR AL — E B R EE .
22 & 3 | MDpocket BAFTINAS 2 1Y Pocket 2 BV Tl 1 iR B S(A) ], XERM I O480] 58 E
AEGASMER, TCKAA R T B AR e TR, B B A SO 7 s AR
AR TCTE R I PR A T R M A SR AR D A B RS R R I, (E 55 BRI AR N A PR 3
BRELGS KWW AR, S ] R K B IR, T LA U AT D B RE R = T AR AR
HNEREREREZ . ik, WA MBEMAERE, Wil 1 5 8 i siaE 297 25.9 k)/mol 47,
MM IE 2 PP R 22 0 7E 28. 5 kJ/mol ZE 7. X —45 R BENSAR AT M i B RAMD (UBSIZ5 L, 1 Seilin 2
MIRE 25, TR A E R AR, oYl 8 UfE 20T AR M, IR ZE RAMD AR bt
E R ASOR IR H il THRKE B K TAT 2 408, 8 e A b 5z 205 K .

L 300f . _ —— Tunnel 1
g Zero OXngH dl.fquIOI‘l / —o— Tunnel 2
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= ¢ ° "'
2 100F i oo,
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Fig.8 Potential mean force calculated by WHAM program
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ML ESER AT, PRS0l IE 275 1 A i B 42 Mol E K BESF 207 N 3R, T A iy AE 22 BE 58 E
MR G, B IE N AR S A M AR A 5. WUESEIE | 78 135 nm BER AL SEIE N
Tyr76, Foit A AE 2255w O B DA 25 = S s (el (S AR, SRR R BRZE R i o 2= (el o, IR e ] g
ZBEAAERY F T, AR SRS R BB N R L | WA AT REE— A R St o e R Y
RELE, DT e i 2 1 AL AR,

3 & i

WA YE B AR . = AESE . CAVER FI MDpocket T8 . BEALINH 4320 1 2% K otk Ahke 43
TR JIFH5E T HOD BYESY Bug . LEWME B A R s, Wk Ui 7 )7 5 RN 2 i 1A R A
;AP HOD HE /S MEE & A S A T 1% P 0 AR AL . #7519 CAVER F1 MDpocket T3 Hf HOD
AIRERY VTS , HoAp I 1 3T e ATl 1A RIE I R ASNGETE 1S AR
Heimn, HFrm R A s R, Wil KA R, i A R R A — M RRE AR A8 S 1
TWEHIE I Re T, SIS AL T Re T 1845 SRR T HOD fAL I 52 I 30 112 K ~r
PRpEFPE, [RIEH S HOD AR TREHGE 240t T #is s 5.
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Theoretical Analysis of Oxygen Diffusion in
the Micro-channels of Quinoline Oxygenase’

ZHOU Chao, SHI Ting, ZHAO Yilei, WANG Xiaolei "
(School of Life Sciences and Biotechnology, State Key Laboratory of Microbial Metabolism ,
Shanghai Jiaotong University, Shanghat 200240, China)

Abstract Oxygen diffusion pathways of quinoline oxygenase ( HOD ) were investigated by bioinformatics
analysis, quantum chemical optimization, CAVER and MD pocket prediction, random accelerated molecular
dynamics simulations and umbrella sampling. The results show that the pre-reaction site of oxygen does locate
inside the active pocket, and there exists several possible oxygen tunnels in HOD, in which the one with
shortest length has the highest priority. Random accelerated molecular dynamics proved that oxygen has the
highest probability to exit from this tunnel, and umbrella sampling further verified its free energy for oxygen
passing by is the lowest. The tunnel ended at the binding site of oxygen located on the Re-face of the substrate,
which is consistent with previous studies. These results better illuminate the kinetics and the stereo-selectivity
of the catalytic reaction in HOD, and also provide theoretical guidance to further experimentally improve the
efficiency of oxygen usage by enzyme.

Keywords  Quinoline oxygenase; Oxygendiffusion; Random accelerated molecular dynamics; Umbrella
sampling
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