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i3, Lac-HPAM-3 3R 1) e K FZ R B 2045, TYRI33 a3 JE A 8 LIAR E Lac-HPAM-2, Lac-
HPAM-3 Fll Lac-HPAM-4, il ARG487 i i J& i i 7K LIRS 8 T A3 B -IX 0 2 5 . T S8 A i 3 8 A
S 8, TYR118., TYRI33. ARG487 Fll LYS135 & Lac % it HPAM-3 4 ¢ £ % £ ; LYSI135 flI
ARG487 433|388 33 T o, b W5 F1 50 7K o8 fe A B B 1 52 W 1 ) JEC 490 1) SR 1) MID 43 #ir 6 BH . Lac-HPAM-3 #£
298 K i BT AR FHBE . B9 42 RMSD K fir A 5k 5 RMSF % 5/l , K% E S WTE 298 K 45 &5 & v
Ak 308 KA TH B 428 RMSD s K, SBUKY NS RN 240 E , Bt Lac-HPAM-3 7 308 K A 4%
B RE MR 22, X SRR 4B 7R HPAM iR o FR B e At A ok 8 AR 0 ofe ekt ol R (607 1 2 45
KR MR AT RIREY (Lac), FABFHRURNGEERG (HPAM), Xt4:, STRMAEMERAE, HT
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Abstract Anionic polyacrylamide (HPAM) is often used to clarifying the coal slime water. A large
amount of polymer-containing wastewater produced will have adverse effects on the surrounding

environment of coal preparation plant. In order to explore the microscopic action mechanism of
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HPAM by laccase, docking was used to simulate the binding of HPAM and its deamination product
polyacrylic acid (PAA) with Bacillus subtilis laccase (Lac). The optimal substrate of Lac was
screened according to the highest principle of -CDOCKER _ Energy score. Then, molecular dynamics
(MD) simulation at different temperatures and virtual mutation based on affinity were carried out by
this optimal complex, respectively. The binding model analysis showed that Lacacquired the highest
affinity for HPAM-3, and their binding was the optimal. Hence, HPAM-3 was the most suitable
substrate for this enzyme; HPAM was more easily degraded by Lac than PAA; Lac could
accommodate HPAM and PAA with a certain carbon chain length. The interaction analysis showed
that Lac-HPAM-3 had the highest affinity mainly due to the salt bridge; TYR133 stabilized Lac-
HPAM-2, Lac-HPAM-3, and Lac-HPAM-4 by forming hydrogen bonds, while ARG487 stabilized
all enzyme-substrate complexes by forming hydrophobicity. The virtual mutation based on affinity
analysis showed that TYR118, TYR133, ARG487 and LYS135 in Lac were key residues for
degrading HPAM-3; LYS135 and ARG487 affected the affinity of enzyme with substrate to the
utmost extent by forming salt bridge and hydrophobicity, respectively. MD analysis showed that the
total interaction energy, RMSD of enzyme skeleton and RMSF of all residues were all the lowest for
Lac-HPAM-3 at 298 K, so this complex had the optimal binding stability at 298 K; RMSD of the
enzyme skeleton was the maximum at 308 K causing the substrate deviated from the initial docking
position. Hence, Lac-HPAM-3 had the worst binding stability at 308 K. These data laid the
foundation for revealing the enzymatic degradation process of HPAM, and provided site support for
mutagenesis tests to modify the enzyme in the future.

Keywords laccase from Bacillus subtilis (Lac), anionic polyacrylamide (HPAM), docking,

virtual mutation based on affinity, molecular dynamics (MD).

PR — B DR TR 2R RE IR T, TR 2 S I I T AR A RSk R P H AT AR
TS DA BE Ry =, P B 7 A R ) D08 7K R e VN Ak B DL S K A0 BRI B - R 5R DY A T e
(HPAM) J2& F SR 44 D 4 1k e CAMD) TP TR C AA) ZEBRUIE S5 14 L3R A ) — Fh e MK s MR &1,
i 7E 300 J7—2000 J3 X [A] %1 HPAM {1 oy 6 B 22 58 ), HoB F T e K iy 2R B TR Bl &
HPAM V2 A8, FHB =24 i 10 B B I5 K, 30 7 A B 18 R i AR, AR 7K H )k 17 AR 3 1o
B 21 HPAM 1 SE BRI , TE 4 K 22 A DA E 43 B ). HPAM 7% B 9 A A J2: TG 25 A1, 5 B IE ] H 52 58
PR AN RO | AT S G 8 K AR A, BRI AM, 2 TR S B R sh G 4 R
il pbAh, HPAM 593 F 5 (R 5 2 A o, Bt A o i, S 8O AE e B R s s vp K 3R
O IS IR B A BT TR U, T LA, A L EDKE HPAM Rk Ak i TE 8 M 19 /N 43 5k

HPAM [ fiff Ab B0 75 s A 45 Wy BB i 1) Al A U AR RS S e T 45 6058, iIiiAs . o
TORIG Y | B AU Y AR W W i A H T T AL B HPAMD', HPAM R i B A W 38 K 9 4
HPAM Y IREE 43 B SR 1), 4 HPAM ALl B R K I BT, 3 16 TS IR 5507 A= W R i
AT R WA AR BN, ) B A R i HPAML & R Y v A 000 28] O B g 3% P, 7k e . O S L VR G 4
HPAM 925 Py B A T U6 T Ik e 41 £ HPAM 0 20 L2 3R DI TR (PAA) , [R) B 420 T B+ ke bt A=
WK TR R HPAM BB 22 PAA b LI R0 43 B e A= R e %), SR MTATI A A — S i A ) 2
Al LLFE HPAM il PAA BIIREE T AR KL HPAM 25 ki 1l fd 220 35 S 7 =, 3% B8 1 ik i 2 PAA T N 48U iy
ol S VR R ok g A AT 2L, 5L F AR TR 1Y o-C 54K Song 4501 3 13 52 56 & 3 Hi 4 BT
3 VR IR TE AN A2 HPAM YR 52, 30T B2 B T B AN RB B2 = 15 Yo 1 T R, IR RE S K4
IR . R4S B N B T LU HPAM 201 B3R5 4 4> e, O, 16 SR H,O. [H N Fh 2235 1 ik
e AR R I AL T 25 2230 R K o HPAML () [ i Ak B 8 BROESHAR R Atk 48, 8K i 8 ok A0 7 3 S T 254
fOAE: 55 B H i Z B2 AR, 125 1k 56 T AE W7 o AR KRR B R RN, AR T —2e iz iy
Wfe s A2, BT R R AL A N TS 2 . [FIE, B TR 2 7E KIS b it AT, AP 5 HPAM A fOWAE
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Sy FHLHIATEEE S AL, KRB X HPAM 5 i AH B A FH 04 5% e 65 A7 236 . 347k, BF 98 A\ 5t 32 2858 i ik
ISR GE U E D A HPAM I RLEE, 1] 4nye k-t fb4% . GPC/SEC, FT-IR, HPLC, i B (SEM) | Zh
T %, R T 3K S 0L SI2 6 i B8 I o e ML BT A DR . Y48 1) = 4 R PR 235 4 8 4l 3 S R e A 1 ke, 3
itk — A5 TR LRGSR YA AR R AR AL T R BB PE . 3R] LAAE 3 R R R
SE 55 A AR EAE L, AT DATR O T i e 36 it 1) 431 BILA, 3K A B T it HPAM [ fiff 25051 25 1 [
H2s - 241,

AR SR 2N Z2 P AR Y A B2 T R I (Lac) 55 HPAM B, PAA AYZE &, M fExHEM 4 rp
i 16 2] fre i Wl 55 I 2B, SR A R RIS A W) o3 S HEA T T SR AL 0 HUA AR LA AN [ B R Y
433 12 (MD) 848 i B 55 10 85 8l A B T8 A LAt 1 % g AL, LAJUI X HPAM K H v ] 7= )
PAA A TR At

1 MRS 7 (Materials and methods)

11 TG = 2 45 F Al AR

VR I = 2 SR S5 K TR 2 T8 1 B8R 5 (RCSB) , AV PDB %5 1GSK, 43 $1%4 0.170 nm,
A B, IR IR TR IR AR, IFR Lac ) >k A Discovery Studio (DS) 2020 [ Prepare Protein 1. H
X HEAT KA, BRI sR 3L, anEl 1 Fis. N 1 AT RAE H, Lac =4k SRS R &4 4 SRR HED
PRI =%, i B 2T (0 R /R T8 = 2 A0 57 B8 Lac A9 3 /N B 155 alT, 1 L © 28 F I 2 i A A Ak 3% e
S5 BT G TR IR i B 0 BRAA B F B VR R i B 4 0 A5 A 0, AR AR R (X 97.3796; Y,
61.3005; Z, -8.42748; Radius, 5). MAb, X4 /i W M B T A T 4 Tt 44

B 1 Ak SR B AT AR I A A S
Fig.1 Prepared 3D crystal structure of laccase from Bacillus subtilis

1.2 RIS R 3R

HPAM 7£ 55 Bl P BR35 T AR BN 655 7. PAA SEPR 12 HPAM 1Y 20 9. HPAM Fil PAA &
J2 H A (N AL BT U AP SR G W), T ELAE ) e A e 32 00 KRR P 2 ) R A I R, T AR 5
JEBES ) 77 e b i SR MR RE P =2 8] A AH LA P BT

AR S U R FE B S5 A B IT h 2—5 f9 HPAM Fll PAA 5 S 45 Mg w680, 12 0] ik 435 Fg 5 780 5%
Materials Studio(MS) 2017 3k {4 Build polymer T EL.22 i, Wi i 5% FH B 3L 47 3t S, [) 6 A6 A 34 DL SC
HkEL >R DS 2020 (1) Prepare Ligands T HXJ Ur A BECAR HEAT TiAb B, DLHAZRAS 1E 6 09 25 AR T 9
— Y554, SR )5 >R DS 2020 /1 Minimize Ligands X} 'E /17 CHARMm J137  #Ar#g B k. & 2 8w
TILRR TR 4> F45 K B 1) HPAM Fll PAA #5127 485 4 K AR Ak Fg 7.
13 X

% DS 2020 #) CDOCKER #2JF#E47 Lac 55 HPAM B, PAA A 4> T4 BERII S 0027, 1200 678 I
FZR H A S BE4T 43 (-CDOCKER_Energy score) Fl i A B /E H G847 43 (-CDOCKER _Interaction _Energy
score) IR RE AT /PP A X e 45 2R Horly, SRV RE AT 20 (EDBRR, 108 B i [) I ) 2 0 T A | BRSP4
TR BRI A AT 10 A4, ¥4 -CDOCKER _ Energy score {H 5 K BRI G 1T E— 243 # .
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H,N_ C¢o HN -0 HN 0 HN_ 20 HN_ 20 HNQz0  HaN (20
/‘\of/Eo@ 07> P o? > 1o 0? N, P N0
HPAM2[ | HPAM-3 ﬂ HPAMA [ | I HPAM-5

R0 02 20 N 02__o R0 R L 02 __o

O4C\0® O¢C\O@ O¢C\09 e(‘)/CQO O¢C\O@ O¢C\O6 da/c%o

[T PAA2 [ _PAA-3 PAA-4 PAAS ||

Y 1y’ ; iy’ iy

B 2 HPAM Fl PAA (LRI fL "7 25k SR Ak Y
JEE: ROKE); S E); (L0 E); AGHEE)
Fig.2 Chemical structure of HPAM and PAA several models and their optimized configuration

Elements: gray: carbon; white: hydrogen; red: oxygen; blue: nitrogen

1.4 FETFRAT 0 Bl 52 AR

T 55 15 PR A A B3 3 Y AR B A FH D BE B — X 0.5 nm. RAB R AW R BT 5 B g s AR 1.
FH X 42 i 16 15 21 # 4/5 -CDOCKER _ Energy score [Hix K E AW, B S WEM ok ke, i
B 412 20 J 22 BRI, S B JES  JR B A B S IS O T 20 B - 2 A W TR i DG R
3, >k H DS 2020 f4 Calculate Mutation Energy (Binding) F2£ 7 X Bt A& J& [l 0.5 nm 715 il N 5% L E 179 &
iz (ALA) 94, BEFE AR HE KT 0.5 keal-mol ™' 1Y 5 FEAFE AL BEES G IS 1 S AR 2, SR I R 26 5
BR B VAT M A AN R AR, B X R R AR RE /N T —0.5 keal-mol ™ 19 5% FEAE Ry FRIGBET v5 16 PRl Y 28 A%
(A=
1.5 MD U5 40

MD A] LA T HRGE R BE X Bl 55 S BE sy 8] 9 sh 25 A8 A 52 M, [R]ESF B8 4% 1 i 1Y) 5 I8k 2 3% i DX I
ity 55 S 2R AT O, K (DRI )N, G IS JEE 400 2 1 69 B 15 I ) . >Rl GROMACS #1140 (AR 2021.5)
Xif i 1 S R W) A W AT 298 K. 303 K J% 308 K T 19 MD #EU>%), J373% & Amber03 force field 7.
O AR AL Ao R T 4 BT LA O, A R B K CE 7E 10 nmx 10 nmx 10 nm ff B 5 HL fif (SPC) 7K A
RUBT FE M R A S & B, B PU A 25 Na fil CULAHP AR &R . SR, R A et T Bk kA7
fem i/ ME, I HAE 1N EFAEE F P17 T 1 ns NPT MD i {4 R 35 2. 5, B R 347 T
NPT MD 50 ns RHFEF: H AT A9BSR 7047, >R gromacs tool gmx rmsd A gmx rmsf 43 51 5K T 5 i B
PR F- ) RMSD Filfi 5% 5 RMSF, [R]BS 2K FH DS 2020 [ Calculate Interaction Energy 2 /5 115 5 i)
AHHAE FH 8 K 5% R0 A0 B A4E FH A8 A ok, B Visual Molecular Dynamics( VMD) 314Xt 42 & W) i) ¥4 G2 A%
P47 AT RRAR S0 B B HE A, MID ARADL A P AR AR R T~ 4208 1.4 nm, (< R AL AR T AT FI 2R H Particle
Mesh Eward( PME) #F 47 4b BEC?, 5 K& E Ry 2.0 fs. & BE FE 47 43 5 % F Berendsen thermostat 11
Berendsen barostat SE 43, Ll _ERECIIITE Max-Flow & K #E17.

2 5B 59718 (Results and discussion)
2.1 AT

WS R R A B0 2—5 B HPAM Fl PAA BYPL AL 45 F #5580 ] T 5% Lac S Y A AH 5.AE
H. Lac 5 IRW 45 A 0 SRR R B E, 10 I 122 0 A A G 400 P 6 P . DA 1 e SR i
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FT4-E R LUE Y, JCig &3 T -CDOCKER_Energy score ifs /& -CDOCKER _Interaction_Energy score 3§ 75
k&, Lac-HPAM-3 #8417 #5 i= 9 1 43, 16 Lac X HPAM-3 4 it w1 A9 5% Al 7 %, I I HPAM-3 &
Lac B f5cis i), 1 H B AT EAE /)N, 456 W fct. Lac XF HPAM Y RE £ 4770 B B H A 5% SEE K171 2
B E vb, JUHZ AT HPAM-5 (194743 13 R 28 R AR, X 106W] Lac X HPAM ik 5 K B A — € i 52
P, i AL R HPAM RYBKEE, [H HPAM-5 TR EIZ A, X BT G 3G WU ME T Bl Tl Ak 1 LA
F 1 it CDOCKER T HARFHH Lac 5PN He4s R
Table 1 1Docking results of Lac with substrate obtained from CDOCKER protocol

fi-IEY 25 1 SVBEFT 43/ (keal mol ') FUAREAEHREF] 43/ (keal mol™)
Enzyme-substrate complex -CDOCKER_Energy score -CDOCKER _ Interaction_Energy score
Lac-HPAM-2 24.2360 24.9384
Lac-HPAM-3 31.8442 35.4626
Lac-HPAM-4 28.8940 33.1487
Lac-HPAM-5 —109.688 7.02389
Lac-PAA-2 24.8628 30.3709
Lac-PAA-3 18.8658 33.4581
Lac-PAA-4 17.5539 34.5526
Lac-PAA-5 —152.526 —25.3122

24 _.CDOCKER _ Energy score fil -CDOCKER _ Interaction  Energy score & i i A [A] B9 A5 1k B,
-CDOCKER_Energy score ] 73 B AH5 {5 #61. M3 1 1 Lac 55 PAA %5 & B} #)-CDOCKER_Energy score {H.
SkFE, vl LI & B Lac-PAA-2 44 5k 5 -CDOCKER_Energy score {H (24.8628 kcal-mol ™), {8 % /X F Lac-
HPAM-3 (4T 7} (31.8442 kcal-mol ") Fll Lac-HPAM-4 i) ] 73 (28.8940 kcal'mol '), %3 B PAA ¥ HPAM
EXERY Lac [, SCIRERIH, JLTIE M- b 52 F TOC AYZE S 25 22 55, 20T o8 (i [m) K HPAM. A9 Tk A%
HE K fitt LR B AR S AR, (EUXE DL R HPAM. 1 Bk 5 B SR SRy e DS, BID 4 T AR w1 H JH: 6 207 )
PAAYENEFY . TLigHT -CDOCKER _ Energy score it f&-CDOCKER _Interaction Energy score $& 5
K&, Lac-PAA-5 & N, BAHA R 0 T 19 PAA METHE Lac FEA#, RIFEHAT G SR A P0UE T B 10 AL A

K3 7R T HPAM 5 Lac e fERISS G IR, Lac T PEAL AL A5 Ak th 2 PR R 7. NI 3 mT LA
KB, HPAM-2, HPAM-3 Fll HPAM-4 [ 53 T4 &F i T 15 PR AL S BT, IX F 4 A #% T Lac-HPAM-2,
Lac-HPAM-3 #l Lac-HPAM-4 fig &t 4T 43 & & 1E, 1fii H -CDOCKER_Energy score ] 43 {H 7£ 24.00 —
32.00 keal-mol™ JE Bl 4. X 1A Lac Al 224445 K HPAM k%, i 7] T A — i 1 18 ZE IR W) . ]It tho ¢
#|, HA HPAM-5 i 25 iR i 0T B, e BUAR A% 2007 B 45— 2L, X BBAR 4 Hh i B¢ Lac-HPAM-5 =2
# 17 1)-CDOCKER _ Energy score {8 (—109.688 kcal-mol™) (1 J5 X, 3#E — 2538 B 5 4> F & (1) HPAM 1R ¥k
W Lac [%f#.

Lac-HPAM-2 Lac-HPAM-3 Lac-HPAM-4 Lac-HPAM-5
B 3 Lac 5 HPAM W25 A
Fig.3 Binding mode of the HPAM in Lac

The residues at the active site of Lac are showed as the line pattern, and HPAM are showed as stick model

Bl 4 R T PAA 5 Lac e iR 4 S M4, Hirp R PERI R B 7R Lac 16 0 5 A i % 35 . ALK 4 7]
UL, PAA-2, PAA-3 Fil PAA-4 [/ T HEET e T 16 MR S ML, ;X FP RS f# B T Lac-PAA-2, Lac-PAA-3
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Ml Lac-PAA-4 fig 313 % M 1, i H.-CDOCKER_Energy score ] 4ME1E 17.00—25.00 kcal-mol™ i i,
WA T AN Y Lac 5 HPAM 454, XU Lac AT DAARANEE K PAA BRAEE, (HIZ R S n] T Al — 2 1
JE ) HPAM. [FH ER 3, A PAA-S {25 )50k X6 45007 B, 1 L Fe Aot #2007 8 — 30, X B ARt b
fit B¢ N fF 4 Lac-PAA-5 %= A 17 ) -CDOCKER_Energy score( —152.526 kcal-mol™") #l -CDOCKER _
Interaction_Energy score(—25.3122 kcal-mol "), iX {5t B & 73T i PAA TR MERE Lac 6.

Lac-PAA-2 Lac-PAA-3 Lac-PAA-4 Lac-PAA-5
4 Lac 5 PAA &5 At
Fig.4 Binding mode of the PAA in Lac

The residues at the active site of Lac are showed as the line pattern, and PAA are showed as stick model

22 MEAERSH

(1)Lac 5 HPAM 454

3 DS 2020 ¥ figHEFT 4% M IE B Lac 5 HPAM & & W17 ] WAk, 7R HoAE B /R (18 5). A
Kl s af DO EE S, HPAM-2 5 LYS135 JE R 2 2, 5 TYRI33 JE AL 1 &5, — 208 il 3 A~ 4.
HPAM-2 43 F4% Wi 5 ARG487 J¥ Al 2 A s /K 8, 4T85 — i 43 %1 5 TYR118 Fil TYR133 4% A JE A&
1A K B, — B B 4 4> 57K 8 . HPAM-2-05 LYS135-NJE i 1 /4> # B W% 51 5 HPAM-3 23 51 5
TYR133 Fil ASP507 £ H I W | 25, —ILIE AL 2 > S8 HPAM-3 (5 43 15 P i 5 ARG487 JE B
2 B KA. HPAM-3-0' 5 LYS135-NHTE 5% 1 A~ L 51, [7] B T2 B 4 s HPAM-4 435 5 TYR133
FILYS135 % FHIE AL | A&, — I8 il 2 A~ 2. HPAM-4 (& 4T85 — i 5 ARG487 T 1 1 B 7K
B HPAM-4-O" 5 LYSI35-NJE i, 1 FHL 5]

@ ®

P ~
. ~(ARGART ~" ASP507
<N %
-~ 7 *
- \
LYSI35 L ARGA87
N LYSI35
. N
y X
- t g
TYRI118
TYRI33
TYRI33
(©
o
LYS135

. ARGA87

TYR133

5 Lac 5 HPAM =ZEMIT./EM (a) Lac-HPAM-2; (b) Lac-HPAM-3; (c) Lac-HPAM-4
s n- U R G-I | B - K FE
Fig.5 The 3D interactions of Lac with HPAM (a) Lac-HPAM-2; (b) Lac-HPAM-3; Lac-HPAM-4
Green: H-bond; orange: attractive charge; pink: hydrophobic action
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WX & B, Lac-HPAM-3 £ FU i K | fefe e i) 28 i K& HPAM-3 5 Lac Z [AJE U $h1F
1 Y, IEET HPAM-3 & Lac B fi# HPAM [ 521G JIGY) . Lac 5 HPAM 45 & 3% Fil J7 o B 5 08 i &
S K B P R SR B AT 6. (T HPAM-2 5 Lac J& 5% KL T8 B 00 i /K S e % 4, i EL
FKEBOR iR 22, 30K F T Lac 454 HPAM-2. {H HPAM-2 5 LYS135 [A] A 2 A4~ S0, 30K R K
R FAF T LYS135-NH™ 5 HPAM-2-O JE ik M, RAFAER AL 5| HPAM-4 3K (1 57 F 8% — i 5
ARG487 T i — /> 58 i i KV Y, T LA AIE HPAM-4 DL — & 18 [ 1 B8 45 & 78 Lac A P07 45 |
HPAM-3 Fl HPAM-4 5 Lac J& [B (1) 2 SE 1R 5% S50 AR 2 > S8 LA 40 1, 3K R AT Rl F Lac 454 HPAM.
HPAM-4 5 LYS135 JE % 1 &4, B AHM T LYS135-NH™ 5 HPAM-4-O % iR, 15 s 55 2 (R T
HPAM-2, iX 1] LUAR I i 6 A4 Lac-HPAM-2 254 25 Ml i 22 . e AN fa g . il ad Eak oy, nf LA
W H SE AN R /MBI K Lac-HPAM-3>Lac-HPAM-4>Lac-HPAM-2, % 5 CDOCKER % #5215 345 1Y
RETEAT 4 o3 25 R AH — 3L

(2)Lac 5 PAA WIZ54

W DS 2020 K5 BE T /0 A IERY Lac 5 PAA &AW Bon HAHEAE AN (K 6). IIE 6 AT LI
FEH, PAA-2 43T 45 M o 55 ARG4A87 JE 1, 2 > i K 5, o434 — i 4311 5 TYR118 Ml TYR133 % A
TER 1 g AK s, —IIE R 4 DK PAA-2-O 5 LYS135-NTE A 2 N EFHL 5]; PAA-3 &4 55—
Ui 43 5 ARG487 Fl TYR118 JE W 1 DBk 8, —LIE AL 2 Bk #E. PAA-3-O 15 LYS135-NJE A
2L S|, [F B LYS135 5 PAA-3 T2 1 1 4S5 PAA-4 50 155 — i 5 ARG487 JE 1 1 i /K
. PAA-4-O 5 LYSI35-NJE L 2 #5110 LYS135 5 PAA-4 FE A 1 5. PAA-4 5 GLY486
TR A, — B R 2 A S

LYS135

LYS135 TYRI118

TYR133

TYRI18

(©)

GLY486

LYS135

B 6 Lac5 PAA =4EAIHAEM (a) Lac-PAA-2; (b) Lac-PAA-3; (¢) Lac-PAA-4
S-S0 RIS | Ry - AR
Fig.6 The 3D interactions of Lac with PAA (a) Lac-PAA-2; (b) Lac-PAA-3; Lac-PAA-4

Green: H-bond; orange: attractive charge; pink: hydrophobic action

WAL R B, PAA-2 5 Lac J&] il &0 34 R 5% 208 110 it K VR B0 22, T EL 2% 4, 1 I i /K A
J& Lac-PAA-2 e fa 52 . SE M S K B A, IR Y PAA-2 J2& Lac [/ PAA B o iKY . 53 41,
PAA-2-O" 5 LYSI35-N"(1 W~ L I 5 o ] DU A7 MR FLRS e 7 Lac 36 PRl . PAA-3 Fll PAA-4
#85 LYSI35 JE AL | A2, X KRR T B Lac 454 . MR Lac-PAA-3 [t Lac-PAA-4 £



3880 7N 54 1t 2 43 %

T 1A HKVEH, 12 Lac-PAA-4 [t Lac-PAA-3 £ T 1 A HEVER. BTLA, Lac-PAA-3 Fil Lac-PAA-4 [ fiE
BIEOHZEAR L, #h—HUi Lac Al 98— S HE K 1 PAA.
Bt LR o B A IR SR B A5 SR8 T 36 2. AR 2 AT ISR B, TYRI133 25 Lac 5 HPAM 15
HERYIE R, T ARG487 il 3 ¥ s /K . LYS135 @1 JE B i e W 5 | s b A A R S ES 5T A E A
%+ 2 Lac 5K AHEAEFGRAE

Table 2 Interaction residues of Lac with substrate

WL SUR Rl ) - B Bk Bt ) : Bk R 5 | (Bl ) - B LM Bt ) BB
E o bst t'j lex ® H-bond Hydrophobic Electrostatic attract Salt bridge
nzyme-substrate compiex (number): total (number): total (number): total (number): total

ARG487(2), TYRI118(1),

Lac-HPAM-2 TYR133(1),LYS135(2): 3 TYRI33(1): 4 LYS135(1): 1
Lac-HPAM-3 TYR133(1), ASP507(1): 2 ARG487(2): 2 LYS135(1): 1
Lac-HPAM-4 TYR133(1),LYS135(1): 2 ARG487(1): 1 LYS135(1): 1

Lac-PAA-2 ARG?Z%);;(TEI 41 8L, LYS135(2): 2

Lac-PAA-3 LYS135(1): 1 ARG487(1), TYR118(1): 2 LYS135(2):2

Lac-PAA-4 LYS135(1), GLY486(1):2 ARG487(1): 1 LYS135(2):2

VE: HERE RS B N IE MR 5.
Refers to the best docking complex with positive energy score.
23 ALA 3
W IR A5 3] Lac-HPAM-3 RYSERU B K fefaE, B HPAM-3 J& Lac MY HIE iRy, Fr LAk
H DS 2020 ) Calculate Mutation Energy ( Binding ) # e %1% & & ¥ lic & HPAM-3 J& [Fl 0.5 nm P4 %) 5% 5k
HEAT ALA 4. 5278 ReAE A ME—FR R PTAL B s 58 28 Xt Lac [7] HPAM-3 S50 ) U520, (8] 7 7R 1%
ZAY) ALA FI BT 5878 8E, 146 3 AW H T H 5 MR A8 BEA 5 NI A8 RE. M Lac-HPAM-3
1) ALA F1H5 45 o] L& P, TYR118ALA, TYRI33ALA ., ARG487ALA Fl LYS135ALA 45 28 7% {4 fit) ¢
HEH KT 0.5 keal' mol ™', RUR W ATE, UL WX LER A ] iE2s T3 Lac 5 HPAM-3 EHIJT N F%, Mtk
Al LA TYR118, TYR133, ARG487 1 LYS135 % 4 Ak 522 Lac 5 HPAM-3 45 4 19 ¢ B & L R
FREL. Hih, 875K LYS135ALA (%75 6 (1.62 keal-mol ™) iz K, ¥EH] LYS135 X} Lac 5 HPAM-3 35 il
Bk, Bl LYS135 5 HPAM-3 JE R 4T Lac-HPAM-3 3% Fil J1 5400 d5e K, ik — A5 130 B 3R 47 7
FHJE& Lac-HPAM-3 35 A1 ) e K ) 2R A . 1 2848 /& ARG487ALA 1275 fE (1.35 keal-mol ) {LIK F%&
AF K LYSI135ALA, Ui ARG487 2 5 (1 i /K /E X Lac 55 HPAM-3 25 fl it K. & 8 n T
Lac 456 HPAM-3 B2 il S BB JE (1) 0 1

2.0
To1sf
[=]
£
5 10k
=
B
5 05+ i i
: I
g oL _ 1 L e T T
5 T T 1 1 1 1
= _os|
_10 1 1 L L L L L L 1 L 1 1 L
o< < < < < < < < < < < < < <
— — — — — — —
T 2 = = 2 2 = 2 =2 2 = =z 3z z=
A A A A A A A A A A A A A A
c 2 2 2 3 © & & 5 8 &5 8 5 =2
— — — —_— p— — — — o N <t < vy el
o o oy < =) 1Z] > &) el &al
2 2 % F 3 F %53 2 &k £ 2
< < < ZZd 4 << 4 Z g4« <
wMutation energy -0.19 —0.44 —0.12 057 0.04 09 005 1.62 009 —0.01 135 022 04 002

7 Lac-HPAM-3 [ ALA A T4 5545 e
Fig.7 The whole mutation energy of ALA scan in Lac-HPAM-3
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% 3 Lac-HPAM-3 Y ALA 3 (4%
Table 3 Results of ALA scan in Lac-HPAM-3

£l AR A5/ (keal-mol ™) AR
Index Mutation Mutation energy Effect of mutation
1 ASP114ALA -0.04 LRl
2 ASP113ALA -0.19 ok
3 ASP116ALA -0.12 ok
4 GLY486ALA -0.01 LRl
5 ILE508ALA 0.02 bk
10 ASP507ALA 0.40 ok
11 TYRI18ALA 0.57 ARE
12 TYRI33ALA 0.90 g
13 ARG487ALA 1.35 e
14 LYS135ALA 1.62 e

TE: PR 15 R AR M S s R R RE.
Table reports up to 5 lowest energy and up to 5 highest energy mutations.

8 Lac-HPAM-3 M4 G AR Ik (L A R ERAR B i )
Fig.8 The key residues (showed by ball and stick-delete hydrogen) in Lac-HPAM-3

24 ERFNIZRAR

K H DS 2020 f%) Calculate Mutation Energy (Binding) #1 %f Lac-HPAM-3 F{) ¢ 5 5% S 17 1 #0040
M7, Bl TYR118, TYR133, ARG487 HI LYS135 &5 Sl ak 373 | 575 J 5 ALA ANHAYHY 19 Fhds
HEFR L, B U AR AR 45 5] T 3% 4, 1 HAXH I T 5 e m Mo ZZ R A 5 N e IR S8 A8 g Y
TYRI1SLYS. LYS135ASP, LYSI135TYR, LYSI35HIS #il ARG487PRO i, % 7% fig 43 5l & 2.42. 2.50,
2.52. 3.13, 4.64 kcal'mol ™, iX $E R AF REAT KA, # KT 2.40 keal-mol ™, 5234 R AT , 1 B X 2L 28
AR 25f Lac X HPAM-3 26 H1J) R 9, AH BLAE FHIRES, 2530 Lac MG PEREAR. o fy 3 Ao AR fA 2
F & AR EE LYS135 X 25 M A AR, BB LYS135 2 5 A B X ES € Lac-HPAM-3 & ICHEAE H. LAk,
R AE R ARG48TPRO 1 %8 75 fig (4.64 keal-mol™) iz K, Ui B ARG487 2 5 1Y i /K AF H o X 2 %€ Lac-
HPAM-3 ;i CHEE .

£ 4 Lac-HPAM-3 [ #UIMf0 A1 28 A5 45 1
Table 4 Results of virtual saturation mutation in Lac-HPAM-3

%l R G/ (keal-mol 1) R
Index Mutation Mutation energy Effect of mutation
1 TYR118ARG -0.36 LN
2 TYRI33LYS -0.35 ik

3 TYRI133ARG -0.22 i
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%5l A ZR7EAE/ (keal-mol ") ZEAR (520

Index Mutation Mutation energy Effect of mutation
4 LYSI35LYS -0.18 i
5 TYRI118TRP -0.18 e
72 TYR118LYS 2.42 A
73 LYSI135ASP 2.50 e
74 LYSI35TYR 2.52 AEE
75 LYS135HIS 3.13 ARE
76 ARG487PRO 4.64 AE

T R R TS RRR i M S I R R 2878,

Table reports up to 5 lowest energy and up to 5 highest energy mutations.

2.5 Lac 5HE&ERYH EAH EAERBE
T2 XA DUIFS B Lac A d IS 2 HPAM-3, R A [EIRE R e A0 BAE B AE R RE Rl 9 s,
MIE 9 7] LLE F], 298 K B} Lac 5 HPAM-3 (1) S AH B AEFH BE /)N, Ui Lac 5 HPAM-3 7£ 298 K it 454

Y R

220 - %,

Total interaction energy/(kcal-mol ™)
|
)
(=}
T

1
298K

1 1
303K 308K

B9 ARFEET Lac 5 HPAM-3 ) B A0 B4R FH g
Fig.9 The total interaction energy of Lac with HPAM-3 under different temperatures

2.6 Lac Sl RGN

RMSD 8 5 #5 FH o6 0 il 1 242 Ji 1 1 465 A4 B 22 1. RMISD {8 g , i 9 R e Ml il 22 . o T g
Lac 5 HPAM-3 )45 & e M, 71 RMSD (H BE AL (8] 1928 1k, IF L) Lac 5IEYI MW RS AE A S
Z, N 10 fr7s. 24 Lac 7€ 298 K 5 HPAM-3 254 i, 1 19 3 2298 sh 3R b8 B /)N, UL B A T7E 298 K

25 G AR E Mt A LERY.

j

0 10000

20000 30000 40000 50000
tps

10 A[FEE T Lac-HPAM-3 #8424 1) RMSD
Fig.10 Enzyme backbone RMSD of Lac-HPAM-3 under different temperatures
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11 7R T MD Bl RAE 53 BT 0955 — WiURR 5 — i, KL 11 W] LU Hh, Lac-HPAM-3 &5 W14
S7E 298 K 1303 K B AL ANEH (2, 177 HPAM-3 A ) A 2l 28, 6B 2 A W0 7E 298 K Al 303 K R4
FRE Y. {H Lac 7F 308 K 454 JiS ¥ i HPAM-3 fist 5 J57 56 B X $2 007 B, #E I3 T R i T Lac ‘B 429k 3h
R FE, BV RMSD fE K, P Lac 76 308 K 254 IR I (9 25 G Fa 58 MR e 22 1Y

(a) 298 K (b) 303K

Initial Final

B 11 AFREETF Lac 5 HPAM-3 B4 254k,
Fig.11 Conformation transformation of Lac-HPAM-3 under the different temperatures
Note: The stick configuration was HPAM-3 and the secondary structure of Lac was exhibited in new cartoon pattern. The solvents were not

shown for simplicity. The initial and final frames were only analyzed for the SOns dynamics trajectory.

RMSF R85 75 158 W AH N 118 BAAN 5% S 7 Tl o 0 B i Ml bl 22, i sk Se iR 3k ] B S 52 i G255 TR W 1Y
etk INIK 12 AT LUE H, Lac T4 5% 3L 119 RMSF {8 B 72 Th e i 32 8 i ok, i HL7E 298 K F Lac 5

HPAM-3 %5 & I B T A 5% 3617 RMSF S5 /N1, X i — 100 Lac 5 HPAM-3 £ 298 K I 454 & B

ESR

0275F
—— 298K
0.250 - —— 303K

0251 —— 308K
0200
0175
0.150
0.125
0.100
0.075 |- i
0.050 | h"
0.025 b

RMSF/nm

| AL
‘4““' ) w \""w k&}“‘g"‘ \»‘ i o‘ih ”

1
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Residue number

B 12 A[FEEJE T Lac-HPAM-3 Ay 5% RMSF
Fig.12 RMSF of enzyme residues in Lac-HPAM-3 under different temperatures

3 4518 (Conclusions)

K HIXT 315 T PAA 3 HPAM 5 Lac S fER 4 G4, N iEE R 4T 40 % W IERY Lac- iR &
EYIHEAT T A EAE ST, 985 0 5638 5 A4 Lac-HPAM-3 43 51 47 35 T 38 11 7 14 K 48 58 738 F A [] I
R i MD AR

(1)t 45 AT R W, Lac-HPAM-3 ZEA fe i 5 AN L Beksse, HE MM EAE o, 456 7%
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3

43 %

U, At HPAM-3 J2 % B 5 IS 9 HPAM FE PAA B 5 % Lac F&f#; Lac X} HPAM Al PAA AUBREEHARAT
— 8 W 32, (B ARXE A o iR R A&,

(2) 3B X AT 50 & N I A YA T A AR 437 A] & 30, Lac-HPAM-3 3R R ) S K | Bt 8 1Y 3
B AR H TR i ER; TYRI133 8 i i &5 LIRS E Lac-HPAM E 54, 1fii ARG487 — EL# 13 JE il
K IRE A ZEY.

(3)if i ALA F4#515 3, TYR118, TYRI133. ARG487 1 LYS135 J& Lac [%f# HPAM-3 [t A sR 3L
T o R SR RN 2 A8 E— 2B B 7E , LYS135 FIl ARG487 43 53 3o T il Eh W 15 7K F5c KO M 5 vl il [+ e
YRR,

(4) 1 3 MD BRI HT & BE, Lac 5 HPAM-3 7E 298 K i B A EL AR I RE . B 42 RMSD Flif
A 5% 3 RMSF #5 /)y, B IZ0 BT -5 0 1 45 5 Fe e M e £ 5 7F 298 KA1 303 K B & & #4748
AEAN BRSO 4 BB 1) A 2 A, 100 B il 5 IS W Y &5 5 AE 298 KT 303 K ¥ 2 R 1195 308 K A
Lac 15 22 RMSD fc K, 5 B0 W et 125 )5 5 X 42207 B, 08 I 76 12 0L B 1) Tl 5 i 0 1 45 B e e PR i
Z .
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