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R T Sk CE SRm& i1 v, HERR 4 9 K ks
£ Goldenzyme H ] [ & 44 JC A AL AR FH 1 B8 1K
IF oM 4 N TRl AR B i A TR, AR SC DA,
AL, BAPUREE SR TR . B
FEIE & 95 4T CE BB 99 K UKL (AgNPs) N
B0l B TER H AgNPs B RERE Y, SRR —
Fhatfe B s 2l A S P DI Re rY D BRAR SN T /K i
fifg (Silverzyme), Phiff—250ilE CE SRME7EAS [ 2%
A b R 1 1 S T R s )

A RGN T KRR 451 5
PEAEHLE], PE—UE T CE 3R W& 78 1% 4 Ho O A
TR VERT, IR T OCEESR LAY DTk SRR
N, BGAE T CE SR AEAS [R) 94 K A4 A 2 A 10351
e, S IRERT AR AN T K i T Y B 1 T 4 it
TR

1 RS

1.1 RXFI 5

RN CFIRi42 2935 nm) g iR
IEGURBHEARA R BR800 . RS 4N .
ZIKERTETRAN AN E A AN T [ 258 A Ak 2R
HRRA A 4-fi ORI LR EE  (p-nitrophenyl

acetate, p-NPA) 4T 3¢ [F Sigma-Aldrich 23 /] ; —
LM (2,2,2-trifluoroethanol, TFE) HiIZ 5 T
i RIB R A BR AR . AR W R L
(diethyl phthalate, DEP) 04 F I ifg i i 35 i i 551
AR ] B GRS o iirat, SEge i TR 26
7K (18.2MQ-cm).,

Z JIK Triad5 S H OCHESR BE 1 92 A2 4K (Triads-
HSD. Triad5-O. Triad5~W) PIEXFHERKCL2 (% 1)
B B R AR IR ARG, AR T
95%. M, Triad5-HSD M#Efk = BEIATR L (D4,
H7. S8, S11) AARRALNNEARIIRALNA, Triads-
O MAM B FILIER L (R13. G14) SRR
ARPR, TriadS~W RIS G LA (W12) (B
SRR, A Z I A T IR SN 1K A
A 5 RAE . Z R P B S A (pD) |
4rf it (molecular mass) F1280 nm &b Y R %L
(6y50) W ProR, Hovp 22 BRAY VR B2 J2 0 aof HAE
280 nm &b 1Y WO E FIAG A R &L (http://web.
expasy.org/protparam/) A RE ) o A PREEFRA 40K
WOk 1T L 2 K% 5 Goldenzyme — 21 7, 4
AgNP RIARTTE, ZIKFE AgNP I [ 1 35 %% B 4 il
N1 869 45/ 0k

Table 1 Sequences and properties of the designed peptides

Peptide Peptide sequence pl Molecular mass/u Eyo/(mol ™" +L-cm™)
Triad5 NCLDCLHSCGSWRG 6.72 1550.74 5625
Triad5-HSD NCLACLAACGAWRG 7.97 1408.67 5625
Triad5-O NCLDCLHSCGSW 5.08 1337.51 5625
Triad5~W WCLDCLHSCGSNRG 6.72 1550.74 5625
CL2 GYCGTNPNYFSCD 3.80 1 440.52 3104

T A ER AL 48 © U-3010 148 Hh - 1] TG gAY
( H 7K Hitachi A 7)) ; HT7700 %I 3% 5 o, 1 0 1804
(transmission electron microscope, TEM) ( H A
Hitachi 7> /] ) 5 ZS90 &I 4 K ki B 43 #7742 (€[5
Malvern 23 ] ) ; F-7000 %! %¢ 56 63 4L ( H A
Hitachi 23 7] ) ; MOS 500 £ ) ig ) 1% 1Y X SFM-
3000/S {53 B4 (15[ Bio-logic 24 ) ) ; JASCO J-
1500 [ — 6 3%54% (H AR Jasco 4 H) ) 5 ACQUITY
UPLC H-Class 5 &5 AH €235 - B3 B A2 (liquid
chromatography-mass spectrometry, LC-MS) (ft &
Foft FHL I 55 3 1 VR 3 F B AS U 28 SQ Detector, 32
[E] Waters 2> 7] ) ; PinAAcle 900T J5 T W I G iE Y
(9% [# Perkin Elmer A 7] ) ; JASCO FT/IR-4100 £T.4h
AL (H AR Jasco /A F)) 5 TGA2 #EHHL (it

+ Mettler Toledo A ] )
1.2 AgNPiRERINE

PR S Y AgNP 7 TE 10 000 r/min B 5
020 min KL EBRIFEI Ag . SRIFER—& R A4ifk
J5 1) AgNP 78 K i i, i B W oG s £
FETH R T Ag TUR P BT Wk B (S50 7 {8 C=
(15.0+0.4) g/L). MWAEAX (1) 5 AgNP iy
IRV

C

(M) m

NAp(?))'rrr3
Hrr, N JEBTRAMES 54, p & AgNP (% B
(10.492 kg/L) BV, rd& AgNP Hy2E42 (TEM I 5E 1
H 174 nm), CREAgWmEWEE. f2ilitH,
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AgNP FEE IR EE 4 0.11 pmol/L o
1.3 ETFRGK TR A TKEEAH &

e 10 pl 14.0.2 mol/L AR = Sl i fin 5]
6 ml AgNP % v, SR 5 [a] H rb 3 3 3% 0 2 ml
15 mmol/L #) Z K iF W (&% A 50 pl 0.2 mol/L
NaOH). IREWAEE R FHiFE1 h,

ARG WA ] AgNP - Z BRI S, SR
CEJji. H—fE “EleERiAES", MEikks
AgNP WA E A, P55 AR TFE £ 45°C
(TR R HIE S 24 h LSS AgNP EI 2 K™ o
WEHERN S, ARG ATV R TR . SRR ek
JEEE”, BJeKs 2 ml Z KRS 8 mlAY TFEIR A
DIE R Z 0™ o BRI 5, SR T N 2 BRI TR
| 6 ml 1Y AgNP IR P AT, N 45 RS P2
HTHE . T HEER 25 TFE BD A $R15 5T AgNP 14
N K it it
14 ZRAERRMRIE

B is i 7 2 IR AgNP IR B 2L A
30 ku AUFBIEE ., T2 000 r/min T & .0> 20 min,
A3 SN R B0 5 A S 5000 6 22 PRV TR 2 i
BE, MRPEHE HE TR

Syt — L ik AgNP K [ 1 2 IRIEAL A, K g
7 4 735 55/ AgNP-Z IR A1 (Z K
ook 5%) W W HEAT B UE AR A B B vk
AgNP-Z IR A WA A T8, 15512910 mg
EARY AR o RS R A AT SOHZo R 76
MK, TR VE B b & IR & 500°C, TR RN
10°C/min, 38 3k 22 RS fifk 15 | 1 2 o Jo o 73 4
A RS AgNP R FIEER A 2 IEE .

1.5 ZI5peiaRAE

fdi Jil JASCO FT/IR-4100 %G AL FAE £ Ik
h AgNP-Z KB A Wi Ja LA eRE Ak . Bk
BOSEEUNT : REAEA 22 K TriadS B3 AR /K fit it
AR BT AN AR08 4 )2 i (attenuated total
reflectance, ATR) B4 B2, 6ok 4> $F R R
2 em™, SRAEBIE N 100 A E(E
1.6 ANTI/kfglEr & REMARAE

FHIASCO J-1500 [B] — 85 5 S0 22 375 45 71 A
— M (circular dichroism, CD). [B & GiE{%
ISEEE . @A 0.1 e YERERY AP (AL, RE
FRETE 25°C, PR AR 190~250 nm, P4% T8
BE 5 nm, FRMEE 100 nm/min, %5 0.5 nm FK4E—
AEAE S LR 2R HRIE N 0.1 g/L. BEAFE
i F A I 2038, BNAS B AR . 7RI

AgNP-ZJKE G RIRE LT, $0BR T AR 95 5205
5, Bl AgNP-Z JIKE & W) 2 8 U8 5 10 U8 W Y CD R
5 VIHEBRIES W b HA R o %F CD AR5 19Tk
1.7  ANIkfEBgE R
HHERRHNIER A K f A T B B o B S
SRS, X AgNP-Z IR & VI A 7 s Ab 2
WA BB E A R IR T 22 i (buffer before
CE). ZZ MR S HT AgNP-Z IKE 54
(AgNP-Pep before CE) JIt & 5 B ik BEAH[R], PRk
BHAER B 5. MRMEENZ MR (buffer
after CE) i1 X} buffer before CE #1715 AgNP-£
WK A Wy AH R 9 TFE AbBEARAS , LA vk B 54
RV )5 B AgNP-Z IR & Y) (AgNP-Pep after
CE) —%, HMER&EN= s, MR AR
FL4E . RZIKAG AT AgNP 7EF G2 875 1 5 AOFE b
(AgNP before/after CE), LIS EeA AL S 1) CL2
XHRZ K (5 B PO SRR CDR3 X ) &
i 1Y AgNP 78 #9 G R 45 11 J5 AR & (AgNP-CL2
before/after CE) , AgNP-CL2 after CE J& AgNP-Pep
after CE B /™ #% 25 AR, ANUAL & Ty
SRR, 4 AgNP LG BE 22 jK AT fE Y
S
AR SC L SRAE N K i Tt 1 A A T P T Y
p-NPA R ik RAE i £ 09 N LK B 5 1k . 7K
il SR PSR C TS SR I S v FH 3] 19 22 i
AW, pH M 5.8~8.0 H () & W R £ 28 b ik,
Na,HPO,-NaH,PO,, fii#% & PB; pH M 9.0~10.0 /]
(SRR ER 2% 1V, Na,CO,-NaHCO;, fiiFkH CB,
1 SRS R T, 2 TR TR AR,
3 5% H p-NPAJEY) . EFERFRIL N 0.5 : 5.5 ¢ 4,
BRF252 ul, Wk 2.5 m/s, SR R E 25~65°C
K FH 43 566 BE 11 AE 400 nm Ab W 10 7= 49 X6} i 5
(p-NP) YA, YEFE0.15 cm, HKHE p-NP A EE /R
W 2 %0 £,0,=10.85 L-cm/mmol #1758 1 o
it 1 ) 4 A AL R (vo)  Fl AN (] RS ) vk 2
(0.04~3.6 mmol/L) T RIVAI IR, FnERAH
NEZS RS, Koo RACKIRTRE (AX2) #IG
FREAR AL
ke X [E]*[S]
N
Hop ke ORI AR R, K ACGRIRYEE G WAL,
LE] A [S] 2 nifCRE AR R BE o Prdies i
S5 Ie 20 3 YOM ST B P
A SCEFE DEPAE MY, DK Silverzyme X4
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AR KR TS . BARSCIG AN - RS BCHI Y
DEP % . Silverzyme M iR 5 2% M 7E 30 ml 3
BRNHIRS, IRAIAZR T DEPYES 5 mmol/L,
Silverzyme Y #¢J& 4 0.012 pmol/L, B B2 5 2% th ik
(Na,HPO,-NaH,PO,, pH 8.0) ¢ & 160 mmol/L,
SR RONIRCE TR, 7E60°C, 200 r/min
FAFIRG I 48 he UM, A4 488 S
R 2 e .0 (Millipore Amicon Ultra-15, #§
B 10 ku), T°25°C. 5000 r/min 5540 2
030 min, SCILREGS SN W 0B . K IE )
(UMW) M LC-MS #1750, AR 5l
UEM AN B — M A (ACQUITY UPLC Cl18:
WA R S), 1.8 um; fLAR, 95 A; #H4, 50 mm;
WE, 21 mm) H, HOEIK (595, vv) fEH
TLBhAHBENL, FRE -~ 0.4 m/min, F7E 254 nm WYL
KR T = W
2 ZRE5WHE
2.1 $REANT/KEERIZIT

H AT O A K i KR A Y — 4k 25 [ 2548 15 3]

fifRtT, FATIEER], A4 o BREEFLE A REEN 2
MoK AT O B — A LR A S AR, B

AL = IR AR BT B LA CEE T RE AR FEAE 25 (1]
I EHA . ST, AR T A 7E S0
ORISR 2 THI A A o R PREFL AR 1 AR AL A Ak 5 2 rh
L, BT —&MUEH WD AERERNZ K—
Triad5 (J¥FI LK 1), il CE 5 W42 i Triads
TE S AORIR R TS Ll S o SR HE 5, i CH
TEAC TR IEAE o SR IE — 1T 43 S 2L A e b =3 AA . 4]
BT ALAIR A GO, 2SI TR
fi#t i Goldenzyme "' SR, 4AE N5 & @M AL,
o A B A A AR AP ) R — e R b PR A
Tz N TR fift i ) RS A6 B 5 1R 9 A 9 B 2
Ak

FRGAR RS — M A AR L, JCh
M2, ARGOKIIUR R WA B i sh e ——ixX
JEIEAT CE ek aLmt 5 21 Ht, #Hig FITH
O W i) A8 AR 3 N T Kl (Silverzyme) HA7AJ
TrtEe AL, % TriadS i i Ag-S HAH I B4R 40 K
BRI, At CE AF R I 2 T o R BE
FLAE FREARAL DA AE IS PR s, A IR
(Asp. His. Ser). EHMHE T (Gly) KIKPEEH
i (Trp), % Silverzyme (E1), DIMLLH
R0 A K15 24 Goldenzyme F i AL 1 o

Fig.1 Schematic active center of Silverzyme with a charge-relay network to catalyze the hydrolysis of substrate

The designed peptide, TriadS, is immobilized on AgNP in a helical conformation, stabilized by three Ag-S bonds. The active center contains a

catalytic triad (Asp, His and Ser), an oxyanion hole (formed by the backbone amide of Gly and the sidechain amide of Arg), and a binding site (Trp)

for the substrate (shown in red), forming a charge-relay network.

¥ TriadS 1Y OC B 5% 5L oE 11 — R 90 19 & A8
(F£1), FFKIX L TriadS 2828 R LA RIFE Y 7 A E
#| AgNP I, 23 [5] ¥ 1Y CE &b 345 3 A1 1 1Y
Silverzyme 484 . 3H 1k P AR S X Ab 1 P
52, AT DA E £ R L TE Silverzyme [ f#
IE A EER, JFRUEAR SR T EARRT CE (1Y

BOR

YERXTHR, A AL ORI 1Y CL2 Z2 Rk LAIH]
FERY 7 AR EK 2 AgNP JF 317 [RIFE Y CE 2L 3R, %
GV R I S 0BR, JE Silverzyme 1Y
ARG 58 4ok BRSSP AL TG O o
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2.2 AgNPFNAgNP-peptidedI 557 R AE

K F TEM X AgNP 4% AgNP-Pep & & W) kA7
FAE, Qi 2a 7R, RIBWIRY AgNP RERIE, Kif2
AR R —, S EAARYN 34.8 nm. K TriadS
2 R S e 3 T g AR AR L K kit BB IR CL2 43 & M T
AgNP KT J5 , JIr 1% %] i) AgNP-Triad5. AgNP-

AgNP
Nenngosize: (D)
34.8nm

AgNP-Triads-O
Average size:
35.8nm

e

Triad5-HSD, AgNP-Triad5-O. AgNP-Triad5~W
AgNP-CL2 & G REE T RAFII S HCIRES, K
WZE R i py ok R AR BOE S (Kl 2b~D),
J&5 8L CE W45 M A AL VR RE I 58 S 4t T B AR A9 41 R
At

AgNP-Triads AgNP-HSD
Average size: Average size:

35.1nm

AgNP-Triads~W ANP-CL2

Average size: N :

o verage size:
m 35.2nm

Fig. 2 TEM image and size distribution of different samples
(a) AgNP, (b) AgNP-Triad5, (c) AgNP-Triad5-HSD, (d) AgNP-Triad5-0, (¢) AgNP-Triad5~W, (f) AgNP-CL2.

H, MEBOUHIHEFRIE T AgNP1EEREZ
KR K AR R SCE (F3a). 5 TEM 23HT4s
KA, AgNP-Pep G5 HIK A5 R B
1] AgNPAH FLBUEAT B B0E N, Uil 2 ke E 42

(2)
——:AgNP
—— :AgNP-Triad5
30 ——:AgNP-Triad5~W (
— :AgNP-Triad5-HSD ’/?“
—— :AgNP-Triad5-O |
. ——:AgNP-CL2 i
< 20F
.
Z
101
0 1 1
1 10 1 000

d/nm

T AgNP I, 2i4MtiE R (E3b), AgNP-Triads
AEWTES 289 cm AL MG A IX Y15 5 Triad5 AH
e AR 58, IR 2 RC 2R T
AgNP 2 B,

(®)
100
< 80
3
s
g 60
£
g
= 20 — Triad5 !
——:AgNP-Triad5 | Amide A

1 1 1 1 1 1 1
1000 1500 2000 2500 3000 3500 4000

Wavenumber/cm™

Fig. 3 Characterization of covalent conjugation between AgNP and peptides

(a) Hydrodynamic diameter distributions measured by DLS. (b) FT-IR spectra showing the amide A band broadening.
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2.3 ZRBELAgNPHII R RIE

S BRSO, SR PGS 4 AgNP-
Pep E G WBIE T EFHTHR (K5
AgNPEECHIZIR) #4750 4. WK 4R, B
L XTI S AR R IR B A 2 IR, B
HTZR I A S TR A AR 3R 2 U SR IR BT . X EL
THTE 350 nm AR PG A SR BE R I, il 2
S5 LT Al 2B AT, RUTIEM T i 2 IR & il
Ko YR ATHEWT, FEAS SR AR FH v B2 LN

(2) (®)

ZJIKC T 78 I 2] AgNP .

hy pE— A B E 22 K AE AgNP 2 10 1) 8 S5 1 BBk
X 22 JIKAE I 955 )3 B 25 1Y AgNP-Pep 52 & W13itE4T T #4
N, SN, ZRIBG 1) AgNP 7ETHER S
R RN 5.2% M TR, 52 R
ditt (5%) EEAMHAT, ik T Z kS AgNP 1Y
BRI . T2 T LGSR B KT 2 IR 3 o i
Lo, BRTSCIRIREZ AN, FEIE: AgNP E vk i 1)
P RRAR B Bk

(©

100 000 | 100 000 100 000 . . .
——Triad5 in reaction — :Triad5-HSD in reaction — Triad5-O in reaction
80000 F :AgNP-Triad5 filtrate 80 000 | :AgNP-Triad5-HSD filtrate 80 000 :AgNP-Triad5-O filtrate
3 3 51
5 60000 5 60000 g 60000
Q Q Q
3 9 8
5 40000 5 40000 5 40000
= 2 =
= 20000 = 20000} = 20000}
O 1 1 1 1 O 1 1 1 0 1 1 1
350 400 450 500 350 400 450 500 350 400 450 500
A/nm A/nm A/nm
(d) (e) (
100 000 100 000
— :Triad5~W in reaction —:CL2 in reaction
N 80 000 :AgNP-Triad5~W filtrate 8 80 000 :AgNP-CL2 filtrate
Q J
5 60000 S 60000f S
g 40 000 § 40 000 é’
= &5
20 000 20 000
O 1 1 1 0 1 1 1 1 94 1 1 1 1 1
350 400 450 500 350 400 450 500 100 200 300 400 500
A/nm A/nm 1/°C

Fig. 4 Characterization of the grafting efficiency of Silverzyme
(a—e) Fluorescence spectra of AgNP-Triad5 (a), AgNP-Triad5-HSD (b), AgNP-Triad5-O (c), AgNP-Triad5~W (d), AgNP-CL2 (e) before conjugation
onto AgNP (orange lines) and the free peptides after conjugation (yellow lines); (f) TGA curve of AgNP-Triad5 conjugate.

24 SREANTKBERMEKIEE

562 IKTE AgNP R 4 is 485, IS
G R ORAR Z AR A CE TR IS, X AgNP £ i £
IR H R AT PR . AN Sa TR, 48 CE AR FAY
Triad5 2 IKTE AgNP F [ 2B ) o IR iEf 52,
CD F#E 57 50% TFE % W H P il iy Mt o 82 5 45
R EYIA, FIHTE 208 nm Al 222 nm b AL
W, MLLZ N, WEESAS Y Triads 2 kLK A 4 CE
A B ) AgNP-TriadS & A& 939K R BT B 119 o 12
BEFFIE, FELLTCMAE MR .

D R, JoieE RlRE R E”
(TFE-induction before conjugation) iffJ& “J¢[# &
J51%55” (TFE-induction after conjugation) A9 CE 4k
PR, YREAE AgNP IR SEE N TriadS $2iE45 #4)

A s (ESb) . ifE XTI, AgNP-CL2 &
AWy CD JCie #E CE AT /5 34 52 TC ALY G R i
(Fl5¢); HR AgNP-CL2 & G I7E 50% TFE I AT
TEI AT B o IR EM R, (H BRI S0 5 H
CD SURE TSGR

MR 4 B 3ok T R I AE i 7 BE (confined lowest
energy fragment, CLEF) i 7, RIRE A Fn]
DA U B 221> CLEF 9f & il i, iX 4 CLEF 7E 5
A TP A SRS CLEF H B 4 RE il
IS, BA—E R AR RS, MRre 8
SREFEA AR 20T AR et 4 . Rk, a2
fE 3 2 9 K UKL 5 CLEF 22 [ (1) AH AR FH S A5 41
CLEF 78 )5 8 1 s b s KB AR EAE FH 200, kT
DATEGA R F# T CLEF Ay RRMI S 240 [
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FE, Triad5 Z it DARE S 7E 4 FIER 94 K Jok: 3R 1 L o
BB GRS EATAE, H TN Triad5S AR By HAT—
FE MY B o BRBER 2 PR (BRI ME SR .
{HRAG RIR A T o S8R 58 v BEAE I S AR AR B AR AT
WA G —E, BIK Triads BA—5E
ML B o SR BEAS S el 1, {H [ FH (Y TriadS 7635
Wb FEE I RIS S . RIRE AT o iR
e B it OB As O 1 o SR e 52, 2R R
JoT b A AR A AR SR HE R AR AR E AR, i AE
Goldenzyme Fil Silverzyme H, Au-S ##F1 Ag-S ## |
53 90°A TriadS #2438t T AU R A E T

1Ml CL2 2 BRI H — B0 w BT Y CDR3

—~
o
=
~
=5
=

X523 R AR M G 2 loop 4548, H CD UL TG
MG EIE . 45 50% TFE 1] LAiE S AgNP-CL2
a2 EfN S, HBRETFEJS, T Ag-SHARYTT
Feshtt, ARG CLEF R P, AgNP-CL2¥% H 5h
PRI HRIR R ——loop 45t , Fir LAH CD X 8
AL TCRIRG SRR

EARFERNE, BAESEEE" 5 ki
JEER” MR S5 500 1 0TS AgNP-Triad5 #
i ) CD AR AE AR — 5, X — 45 RALIRUE T
Triad5 Z JKF 5130 &3P, SR W] CE Al{E N
— P B, TEANRIGORA R R T S B 2 ik —
WA AR

—
o
N2

A/nm

——:AgNP-Triad5 before CE . -~

= 20 :AgNP-Triad5 after CE g 20 :TFE-induction before conjugation < 201 ﬁigﬁ_gtg Z?tgrecgE

S ngI\LP-TrladS in TFE S ‘TFE-induction after conjugation S :AgNP-CL2 in TFE

£ 1} — Triad5 E 1o} £ o0 2

5 o 5 5

g O I N —— 54

o =l =l
s TI0f S 1o} ~ S

= -0 = S =

= 1 1 1 1 1 1 = _20 1 1 1 1 1 1 = _20 L 1 1 1 1 1 1

190 200 210 220 230 240 250 190 200 210 220 230 240 250 190 200 210 220 230 240 250

A/nm A/nm

Fig. 5 Conformational characterization of Silverzyme
(a) CD spectra of free Triad5 peptide, the AgNP-Triad5 before CE, the AgNP-Triad5 in 50% TFE, and the AgNP-Triad5 after CE (TFE was removed
by lyophilization). (b) CD spectra of AgNP-Triad5 with TFE induction before and after Triad5 conjugation. (¢) CD spectra of free CL2 peptide, the
AgNP-CL2 before CE, the AgNP-CL2 in 50% TFE, and the AgNP-CL2 after CE (TFE was removed by lyophilization).
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Fig. 6 Catalytic hydrolysis of p—NPA by Silverzyme and its mutants
(a) Hydrolysis process of Silverzyme (AgNP-Triad5 after CE), the controls and background. (b) Catalytic activity of Silverzyme (AgNP-Triad5 after
CE), the controls and background. (c) Michaelis-Menten kinetics of AgNP-Triad5 before CE. (d) Michaelis-Menten kinetics of AgNP-Triad5 after
CE. (e) Michaelis-Menten kinetics of AgNP-Triad5-HSD after CE. (f) Michaelis-Menten kinetics of AgNP-Triad5-O after CE. (g) Michaelis-Menten
kinetics of AgNP-Triad5~W after CE. (h) Michaelis-Menten kinetics of AgNP-CL2 before CE. (i) Michaelis-Menten kinetics of AgNP-CL2 after CE.
Conditions for the hydrolysis: [AgNP]=0.005 pmol/L, [Peptide] =10 pmol/L, [a-CT]=10 pmol/L, [acetonitrile] =2% (v/v), [phosphate buffer] =
40 mmol/L, pH=7.0, =25°C. Data of a-CT come from [27]. Error bars indicate the SDs of triplicate experiments.

W, A 8 2L AR ) AgNP-CL2 Ji R REF K
I FEBLA LS A8 25 AH N buffer 75 5% 1) 4
Ak 3R LG Silverzyme M H & AR KM k fE )5
T 45 BE A B ke, (B 10 BR X 1 2% 1 AgNP-CL2
before/after CE 5 5t ok, FriddUEIC A k., JF
THE K K, VI PEAS AL ROR . PR 28 748 (R FN AgNP-
CL2 AL IEPERAR, KR BRIIAREA R, F5
Wk EIAE . P AgNP-CL2 before/after CE 1E
NS SN IR Silvrzyme fEALTE PR B RSF AOAG L
203X — A% T S dBR S L Silverzyme 3K K,
H(6.6+3.1)x10° s71, {1 T4 Silverzyme UKL -

1 869 M IRBLIG PEAL s, PRI BRI P A6 A
KN 3.5 s MERXTH, AL A HGE Y 4
Fe N T K% (Goldenzyme, H: 4 4 K ik
/NEIA 3.6 nm, BEASRLF B 20 TG PEA ) X
p-NPA K AL B B TR A S5 K oM 6.4 87, TR
SR REEFLE B b, N 1.2 s (F2)7
Silverzyme il Goldenzyme X p-NPA F*) B 1 P37 15
PEACTE T8 2 R T R8R o JRBEFLER U, E—2AIE
ST CE SRS AER L= RN TR et T st o
R0 75 ZEAE S, AgNP-TriadS 78 CE Ab 2
S 280k A T B2, 245580



+1692- EMUEEEYIEER

Prog. Biochem. Biophys. 2026; 53 (6)

M, 2 CEALF)S, AgNP-Triad5 after CE B9 &', {8
AL FETT (AgNP-Triad5 before CE) 427} 7 3 4%,
BEARRCE (KK, $#THESRY, BoR THERT
FRARFRI E RAEH

R T A B A A = IR B AN T s e ) A
H, A BT ¥ Triads i fb =0 IAGR FE 23R 528 Ry
&R I 2 )k——Triad5-HSD. 31 112743 261,
AgNP-Triad5-HSD after CE ) k', { # AgNP-Triad5
after CE T P2 98.5%, MMEALECE K /K, TR
98.9%, IF i L = IR 2 Silverzyme 345 =144
WAL TE PR A O AT

e Fr i A BT R AL R DGR E T, K
Triad5 H 67 5344 BRI 25 LI C g H 20 S 4R
EERFEHATIMER . 345978 1K Triad5-O. 404
i 7%, AgNP-Triad5-O after CE ¥ k', i % AgNP-
Triad5 after CE F[%294.1%, k. /K, T&2)95.0%,
R E B AL RoE s BRI rE 2 B AT
AT TTHR

), FIF Triad5~W RARKAFGE TIRYIZ5 &
NSO Z BRI EMAIDC R . AR AR R,

KA S AER (W12) JERBHMER, (HHA;
BH Num KRB (N1) AT, T =5
TR R SR ] B8 LI OGS R B R A . (HARE
2, AR EE A L 25 (R B0 58748 S B
G PE SR TR, ek, fH 2= AR T IC T AE X IR ik
AgNP-CL2 after CE /K- (&8 SR /G £ M
H) o JEZIEARRXT 25 A A g i
(K,=1.8 mmol/L) , {H B A& i AL ROR AT I ik T
AgNP-Triad5 after CE. X — %5 397 J1 i B,
YEARTR I SR A A0 i Z [BDRG B 14) 23 [B] P ] DG 3R
S SRR L BB B AN T
TP, SR RS i T =R A T
dE N, s A 0 T e R AT S 3 A
IR K&k

MU AT A VNN P NN = P e { W3 i
WA G AR Z A PR R R —— = AU EAS A |
KA, SHAEDhRE A B, LRI B—A P
[F] AL 28 (T 1) o A — D 2 L (1) ik
R LT DA= T AN LA S G N VS PN
AR

Table 2 Kinetic parameters for catalyzing the hydrolysis of p—~NPA

Catalyst k/ K, K,/ (k /K. ) (K /K
(10°+s™) (10°+s™) (mmol-L™")  (L-mol:s") (L-mol"'*s™)

AgNP-Triad5 before CE 3.7+1.2 2.2+1.6 3.1+1.8 1.2x10° 7.1%10°

AgNP-Triad5 after CE (Silverzyme) 8.3%3.0 6.6+3.1 1.9+1.2 4.4x10° 3.5x10°

AgNP-Triad5-HSD after CE 1.8+0.9 0.1%+1.1 2.8+1.7 6.4x10° 3.6x10*

AgNP-Triad5-O after CE 2.120.2 0.4+0.6 2.2+0.6 9.5x10° 1.8x10°
AgNP-Triad5~W after CE 1.6+0.4 -0.1+0.7 1.8+1.0 8.9x10° -
AgNP-CL2 before CE 1.5+1.0 - 5.9+4.3 2.5x10° -
AgNP-CL2 after CE 1.7+0.5 - 2.3x1.1 7.4x10° -

Goldenzyme (AuNP-Triad5 after CE)*") 0.147£0.014 0.127+0.014 2.0£0.5 7.4x10* 6.7x10*
a-CT" 0.001 2+0.000 7 - 1.3£0.8 9.2x10? -

*Silverzyme MR AL IR k' ST SHTBRIF B 2, RNSEM &, (0 25 X A5 1F T AgNP-CL2 before/after CEF{k, [E71% . Goldenzyme

Leo-CTHHES | ASCHE [27],
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pH 25T B A0 1% 1 2R 00 L B8 A B R 33 1 il 2
(Kl 7c, d), 7£pH 8.0 &M~ 2 B =ik id
PEo X — pH AL o JPeEE 7L F A5 AL
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Fig. 7 Optimal temperature and pH for Silverzyme
(a) Initial reaction rate (vo) of Silverzyme from 25°C to 65°C. (b) Hydrolysis process of Silverzyme from 25°C to 65°C. (c) Initial reaction rate (vo) of
Silverzyme from pH 5.8 to pH 10.0. (d) Hydrolysis process of Silverzyme from pH 5.8 to pH 10.0. Conditions for the hydrolysis: [Silverzyme]=0.001
umol/L, [S]=1 mmol/L, [acetonitrile]=2% (v/v), [PB]=40 mmol/L.
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Fig. 8 Thermal stability of Silverzyme
(a) Far-UV CD spectra. (b) Hydrolysis processes of p-NPA. (c) Catalytic activity of Silverzyme before and after being boiled, the buffer background
subtracted. Blue lines: intact enzyme. Orange lines: enzymes were boiled for 1 h followed by natural cooling to 25°C. Conditions for the hydrolysis:
[Silverzyme]=0.005 pmol/L, [S]=1 mmol/L, [acetonitrile]=2% (v/v), [PB]=40 mmol/L, pH=7.0, #=25°C. Error bars indicate the SDs of triplicate

experiments.
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Fig. 9 Degradation of DEP by Silverzyme

(a) Degradation equation of DEP. (b) LC-MS analysis of the hydrolysis products of DEP catalyzed by Silverzyme for 48 h. Conditions for the
hydrolysis: [Silverzyme]=0.012 pmol/L, [DEP]=5 mmol/L, [acetonitrile]=10% (v/v), [PB]=160 mmol/L PB, pH=8.0, =60°C.
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Construction of Silver Nanoparticle-based Artificial Hydrolases via
Conformational Engineering and Study of Its Catalytic Mechanism”

WANG Yan™, ZHOU Tong-Tong ™, GUO Yuan, WANG Hai-Fang, CAO Ao-Neng ™~

(Institute of Nanochemistry and Nanobiology, Shanghai University, Shanghai 200444, China)

Graphical abstract

Abstract Objective This study employs a special conformational engineering (CE) technology to construct an
a-chymotrypsin-like active center, which includes a catalytic triad, an oxyanion hole, and a substrate-binding site,
on silver nanoparticles (AgNPs), thereby creating an AgNP-based artificial hydrolase with high catalytic activity.
This study provides a new approach for the design of highly efficient artificial enzymes and enzyme-mimicking.
Methods AgNPs were chosen as the scaffold to build the an a-chymotrypsin-like active center. A special CE
procedure enables the designed peptide, Triad5, to adopt an a-helical conformation on AgNPs, with the key
catalytic residues located on one side of the a-helix forming a catalytic active center with a catalytic triad, an
oxyanion hole, and a substrate-binding site. The CE procedure consists of three steps, including conformation
induction via trifluoroethanol (TFE), conformation stabilization on AgNPs via Ag-S bonds, and TFE removal via
lyophilization. Circular dichroism (CD) spectra were used to confirm the formation and stabilization of the a-helix
conformation. Mutations of the key residues combined with stopped-flow kinetic experiments were used to
demonstrate the indispensability of each key residue and the synergistic effects among the catalytic triad, the
oxyanion hole, and the substrate-binding site. Results CD spectra show that the designed Triad5 alone is in

random coil conformation; when conjugated on AgNPs, Triad5 still remains largely unstructured; but after the CE
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treatment, Triad5 adopts a typical a-helical conformation on AgNPs as designed, thus produces an AgNP-based
artificial hydrolase, Silverzyme. Silverzyme exhibits extremely high hydrolytic activity towards p-nitrophenyl
acetate (p-NPA), with an extremely high catalytic turnover number per active site of 3.5 s™', which is even higher
than that of a-chymotrypsin. As a comparison, the AgNP-Triad5 conjugate without CE treatment shows much
lower catalytic activity than Silverzyme, highlighting the important role of the right conformation of the active
center for the catalytic activity and the power of the CE treatment. When the key residues of the catalytic triad of
Silverzyme were mutated to alanine, the overall catalytic efficiency of this mutant dropped by about 2 orders of
magnitude, unambiguously demonstrating the key role of the designed catalytic triad. Similarly, when the residues
for the oxyanion hole were deleted, the mutant with the intact catalytic triad also showed significantly decreased
catalytic activity, highlighting the indispensable role of the oxyanion hole for the catalytic activity. Unexpectedly,
when both the catalytic triad and the oxyanion hole were kept intact, a slight change of the binding site also
resulted in significantly decreased catalytic activity, indicating that the designed binding site is at the right
position to align the substrate in the right orientation in the active center for catalytic hydrolysis. These results
confirm the synergy among the catalytic triad, the oxyanion hole, and the substrate-binding site, indicating
successful mimicking of the active center of a-chymotrypsin. Moreover, Silverzyme shows better thermal stability
than a-chymotrypsin, and can even hydrolyze the tough non-activated ester diethyl phthalate, a priority pollutant
by the United States Environmental Protection Agency (USEPA). Conclusion This study successfully mimicked
the complex catalytic active center of a-chymotrypsin using a conformational engineering strategy, and produced
a highly active artificial hydrolase with a well-defined structure and catalytic mechanism. The findings highlight

the significant potential of conformational engineering.

Key words conformational engineering, artificial enzyme, catalytic triad, enzyme-mimicking, silver
nanoparticles
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