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E T Aerolysin Z0 K FLiE B B4~ B-iE M
% RBE N-im Fr iR 34T

MRREY, AT FH, RGN, B, R4
(1. _FIIIE KAk SRRl 2B, i 200237; 2. AR BT R 2pAb: 5007 TRk, [ 200237;
3. A A AR R A B2 Bl 5 TR 2, LT 100191;
4. B REEA R T2, A an oA i E AT S0 =, B At 210023)

WE  B-IEMEE(B-amyloid, AB)5 S TEMIFEE N 7 W DU BOA N 5 R PR RIGIEE R Z —. 5 A
AR, WU S0 1 B AR ARG E . 5 A ZE ABAH L, WA S ABRYHE 5, 10 F1 13 (L ZAERR 1 Arg, Tyr
F His 43517424 Gly, Phe Fil Arg. A8 SR 1 43F 80 J1 54540 Aerolysin 2K FLIE FLAT T3 H R X A AB, 5
FIMGUT B AB, s (4514 25 R TIF 5T . SRR A R W], 5 A AL, I, Witk s AB, s ZF i GOK LB i
FLA AR BRI A RE 22, TIERH T Aerolysin 2 KALIE AT LAFEAEAT 41/ NG5 HA 22 5714 AB Z KA F . A SC LA
1% £k K,S0, 1 1 e 5 B (Glycosaminoglycans, GAGs) I A ALY, X AB, s 5 B FR AR B ) AH B A R4 T4
8. G AT RoR, PR Z IR RE SRR B 458, BIRE A TRANRFLIE R R RO, A6 AB,_ s RO AR
REEAK 25%, Witk shH) AB, s A AT AR 59%. SR, INABRIRAR 2515, WiRh 22 JR BRI it 170 £ 225 Ak A7-E BH
BER, GRIMAGRRARS AR L, A2 AB,_,, HIBHLITI ] 2E K- T 14%, Witk 2114 AB, . 19 BELIT B 5] 00 445 48 1
7%. H S ARAHEN, PP 22 IR R e 9 A 2 S BCE T S BB AR 25 1455 1y Jy Ui R [w), X3 LA T
R T ANRIRAIA . AR SRR SR 45 50 T FH T Bl R SO BRAE 16T 1/ N TR 2 B S5 e .
KEIR BIEMMEEN; APMEE R, 20700 AWk fLiE
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Analysis of N-Terminal Fragment of S-Amyloid Peptides
Using an Aerolysin Nanopore
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Abstract  Alzheimer’ s disease (AD) is one of the most common diseases caused by multiple neurodegenerative
protein misfolding and aggregation disorders. Abnormal deposition of amyloid protein caused by B -amyloid (A8)
peptides has been suggested as a possible predisposing factor for Alzheimer’s disease. Unlike human AB peptide,

rodent AB peptide rarely has these characteristic lesions. The difference between rodent AB peptide and human A
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peptide is that the 5th, 10th and 13th amino acids (Arg, Tyr, His) are replaced by Gly, Phe and Arg, respectively.

In this study, molecular dynamics simulation and nanopore-based single molecule detection technology were used to
study the structural differences between human AB,_ 5 and rodent AB,_ ;. The experimental results show that rodent
AB,_ s has lower blocking frequency and energy barrier when passing through nanopore than human AB,_ 5, which
proves that aerolysin nanopore can distinguish AB,_; with small structural differences. Furthermore, the interaction
between AB,_,s and sulfate ion was studied by using sulfate K,SO, as a simplified model of glycosaminoglycan
(elycosaminoglycans, GAGs). Statistical analysis showed that both peptides could bind to sulfate ions and reduce
their capture frequency by aerolysin nanopore, reducing the capture frequency of human AB,_ s by 25% and rodent
AB,_ s by 59%. However, after the addition of sulfate ion, there was a significant difference in the dwell time of the
two peptides. Compared with the results in the absence of sulfate, the dwell time of human AB,_ s increased by 14%
and that of rodent AB,_ s decreased by 7%. It is inferred from the experimental results that the different sequences
and conformations of the two peptides lead to different binding ways and binding intensity to sulfate ions, which have
different effects on the translocation behavior. This study is helpful to better screen small molecular inhibitors and
further promote the diagnosis and treatment of Alzheimer’s disease.

Keywords [B-Amyloid; Aerolysin; Single molecule analysis of peptide ; Biological nanopores

B JR P T BRAE (AD) S 2 R 2238 4 TP 26 S B 1R 4T 8 AR SR PR P e DL IR — . L B
TER 20 N P 2 i 27 R 235 (NFT) FAH LS GE R AR 2R T DTBUE BB AEBE . AR 20702 B-TE M
FEZ R (B-Amyloid, AB), 20 40~42 2 BRI Z I Be . P & 6 A~ A HL a5 5L (D1, E3,
D7, E11, E22 F1D23) Fl 3 45 IE LT A9 5% 5L (RS, K16 FIK28) , fdi H g i fif -3, & 45 22 IR i 45 i ik
2905, 50. MEB LM ABIARRETE— BN, SIEMEA AT B-sheet 5 I IR 214, o4t
T LT 2 . 3K BB 2225 DLBEH IE SUTRRAE pl 28T (R Al L A2 ) 24 Rl | JoBE AB HL A
ERAR R REE) B 1% B-sheet Z5H (AT BE ABBLIN MR P /R Sl BAE & SR A O BR . 5 AN L, mhih
S BB IR S R A RFIE R A4S , SXAEARRRE B b ] GBI DN T Kl 85 T8 1 AB 21 AR
RV IR RE, 5 AL ABMLL, Witk 3h1) ABFE K WA BRI 5 HOY il B-sheet 45
A A A0 1) BN BT 5, WA s AB A 3 AR AB A ILIR T A 58748, B S 507 A% 24 R
(Arg) B H 282 (Glg) U . 10517 A% 2R (Tyr) $ R TN 248 (Phe ) B L 13507 A 2H 2112 (His ) B AE 24
PRI, S SER 7 4 A el B X AB A A Fa Rt 2 i T 52, sl b T MG 145 2l AB TR 15 BT JR 2K i BRAE
AH s BRZE R () mT BE 012, BAT 7R U SRR I AR p /7 2 4l 70 B G ISR B, RN F AT & AR BETE A
R RN BN, G SRS I82E . BRI E R BT EE, X Tz 2 HEE R AR
FEE R AR OG- el 5 AB AR ELAE AN LR AR AT R S A T R TR YT AR
HEHLZs . BRI R (GAGs ) & — i 4 i 2% 1f1 RN 240 B A0 35 ot v 22 508 1) o3 BT T s i e 2 0, LA
I AB B R | (kSR AR AR S (R B A A p A B 2R AR TR R R, GAGs H )
JF 2GR (HS) 8%, JUH & Ay il AR R AR 28 1, e TR AH BEAE P ie B 2R, 5
GAGs Fl AB Z [l A ELAE FIRILI 9 52 2 AR L, DABR R AR B8 F-1E Ay (i AU AR Y m] LB 4 s o) S 36 7% 44
Wl B AR AR A T BE R AR T

YA AL B RS I A A S — s SR B B oA T B, LR FH AN 37 3K Sl 4 43~ 11
ZEILYRALIE P AR B 3 B A 5, A AT B0 LA 5 LT 5 0 BEL T ) 8] 45 22 b oAS [ A
RS20 FE B F KV S AR BRI A o3 —F B 2548 . e B RO A0 82 oKL IE 53R e AR
HALTAME . m R, il S SA S . R 5 A A8 B A Py a0 oK F L I8 14 s AL
{15 2R R A B IR AR A, RIS R TR AR 1 0T T AR T B U2 AL T i) 7 T 22 SR R A 28 v
J5T, 38 3 PRI 43— AL SR B FH B A R A 52 R R R g 43 HE R IR T DAAE B
ARSI D) o F B BISA T R A HT . BONIRER AB AR, BIFE S TR U SR A DG 9 A
Y2 A T — o i S
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ARSOR T RAEEE Y Aerolysin PKFLIERZIN 1 A6 AB,_ s MG S AB, s IZEFY 2557 . SEHR4s
B, ANFEAB Mkt sy AB,_  SHWTZEAF B8R S i [l AW S 22 52 . 4 00T Bl s il —
TR, GRS 28 R A075 AB s BRI L TEIR KT e AT SE A A RRE R AR 20, IR T 2k
AORASLIEAN BAE AR L 22 57, U T 300 1 R I R LR S it 18] . STk — 40 LUB R A1
(K,SOOEA GAGs ITRIAELIERL, HFTE T AB,— s S BRRAR B 1 Z [AIFE P03 FF BRI AR T . SEito)
Prati RBW], BRBRHR B 750 1 N6 AB s MK 14 40 AB, s 5 Aerolysin K ALIE AR EARI . [l {4
AR USINBRRRAR ), PR 22 KA SRR A, o A6 AB s TR R AR 25% , W14 )
AB s A FIR A 59%. TRIIE, A28 A, s S B FRAR B 14545 Jim (1 BELIBTT I (B0 381 149% , T w614 31
AB\ s FE S R BELIBTINS ] 4 56 7% , FRWIBRRR AR S 115 PR AB 22 IR [ AH LA 1 22 545 AB 22 IK-Bi R
WRETEZ G RAE .

PA b SEBRA SRR, Aerolysin 94K fLE REMS 18 1o W I 15 I W o3P AR LA A v 5 RS ) HL O
o, SEBX 1) AH A T TR 5 X 0. JHE e 28 A Ao A Ak B g ol Bl o — oA 280 14 245 4 s o T
He o ARSCHRTEEE AT BHESN Aerolysin WK FLIEAEZY YT A BBl IR SbE AT 1 7 7 1 A HE E A

1 SEIGERSy

1.1 RXFI 5

1,2- HEKERRIEWENE , 2l > 99%, 35 Avanti Polar Lipids 23] 3 £ VU Z 8 (EDTA ) Fi1 = %
SLESE R BE (Tris) , 40 bral, B RTHn T A LR B A BRA R SRR RNE 23 e, o3 drali, i
Sigma-Aldrich A FRA 7 5 A AB,,s(DAEFRHDSGYEVHHQ) I 14 514 AB,.,s(DAEFGHDSGFEVRHQ) ,
4l > 98%, FEULAE IR AT R AL SE AT Aerolysin BFL A 11 H B0 K 2E AL AR =
Pt

Axopatch 200B T 5 -4 k% , € [F Molecular Devices 23 7] 3 Axon Digidata 1440A FIERAL 25
3 [# Molecular Devices 23 f ; CV 203BU BIBR 8483k , 3E[E Molecular Devices 23 F] 5 4 [ HE ARSI b
& Warner Instruments 23 ] 5 #HLBFlcAE , Lt @A AL BHE & A TR A
1.2 IR
1.2.1 44K Tl v 500 SEG AT AR IR ARG DUl A s 2= 4R . R % P P ) ELAR A 150
wm F/NFLIEE , TR T2 AT . AN it (4 T 22 188 A cis I trans M, o cis A7 42
Hu v . 0] cis WA erans 0043 530 7 A 1 mL 28 #h & (1. 0 mol/L KC1+10 mmol/L, Tris+1. 0 mmol/L. EDTA,
pH=8.0). M 1, 2- A Le Mt LM s FHIE2Se i i, AR R 3 me/mL BERET IR, TR HIR T
INFLAL , TE BB XS F )2 . #F Aerolysin 25 FAVATR (0. 5 mg/mL) JITAAG I cis 0, )26 (1 F 4126 )5
FY R e AKALIE . FLETE RS , R ARSIt cis M0 S i . S FE = (24+1) CITF
SEAN . B AR 5 S R IR A RN RO e 2 EA TR SE AR . i A5 5 h AIKGE Bessel U8 % #5 7F
5 kHz SR R JE IR, 7F 100 kHz A50R T 54 7R 4 . fdF Clampfit9 (Axon Instruments ) Fl PyNanoLab %X
XS LA S A TR 43T
122 AB.s A K,SO, By 32 Bl b ¥ N2 ABL AN TR ) 22 vl s e (0, 5, 10, 15, 20 B¢ 50 mmol/L
K,S0,+10 mmol/L Tris+1. 0 mmol/L. EDTA, pH=8. 0) %, 76 %5 FFFAL 1 h. KWk sh ¥ A, FAZE vh
% (10 mmol/L K,SO,+10 mmol/L Tris+1. 0 mmol/L EDTA , pH=8. 0)¥%f#, 7E =ik F##k 12 h. ki +
AB, s IR TE R 500 wmol/L. SFALSERUG , K AB, s AL IR I E cis MIASIN b | TSR BHE . cis
DASI3 H AB, s B FE 44 10 pumol/LL.
123 ARF4H0Fsh %44 FIFH CHARMM36m J137 DL R 5L T RIA% 1 BE HE 42 1F RN 2/ 145 2
Y1 AB,_s 25 WK TE 1 W 85 5 4, 11 7 B A= ) Aerolysin (PDB ID: 5JZT) A 4T g . A28 AB_ s Z Ik Bk
(DAEFRHDSGYEVHHQ) I 4R 454 & I AR ZE#: (PDB 1D : LIYT) HhilkWrakds . 7E A AB, s ZRRIF
HIILR b EAT AR, RIS WG4 314 AB,_ s Z Ik (DAEFGHDSGFEVRHQ) 8 i 4548 . A SCrh Fr A
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AAMD f§ R G i F CHARMM-GUI Web fIg 55 s t4 i, Ff-0#i FH GROAMCS #icf4 (2016. 5 Jif) #1A7 . %
FArA ML, Lennard-Jones BFHTE 1. 0~1. 2 nm Z [0 FiE#2 sh 25, HA L (cutof) fH 1. 2 nm LA
/LIRS . SE ] Particle Mesh Ewald (PME) & 3 | 5223 [H] (real—space)%iﬂ:{ﬁﬂ\] .2mm. EAREZ
BK BB K5 B 43 BIAE T=310 K 45 F Hi45 A Nose-Hoover #4 ity (R85 4 =1 ps). RGAEH
Parrinello-Rahman J& J1 #8477 I AE 1. 0x10° Pa J& J1 F #EA7 400, FE & % 40 =5 ps, JE 465 2 5
(compressibility) A 4. 5107 Pa™. M2 dOR a4 (LINCS) Bk 400) T H a9 8k . RS BAEH
(Nonbonded interaction ) 2 F& 51| 36 4F 20 8 8 — ik, #U{E N 1.2 nm. 1A, M T Leap-frog Verlet
BRI E I PE D A . AT RORRELAZ T E] SR 200 ns, BFRIZEHC R 2 fs, BB LRAF (Trajectory-saving)
I K 10 ps.

2 ZR5itE

2.1 AB,_,.5 Aerolysin 24 FREBIHEE(ER

SR, AB I NUGTERIETRTT > | SR A AL . ABREE LTI By 10 Y B
B BT, B AB N it 38 BT AR £ Bl UE B BB A4 B 1 AB SR AR AR F T I ik LT 1 1 SR 4
. Hk, ABIINSG & A R/NIS B G X, BB 548 & 7456 S8k, s ABIHREN
. A, A AB MG 25 5h W AB B IX BILAE T 3 NEHER, B S SA07 . 10 500 K% 13 SO A FERR .
N2 ABTEIK T AN FEEABE D5 7] H O B B-sheet BT ) /55 T Mk 25 814 AB™), UEHH7E B-sheet Z5 4 TE 1K,
AR AB Y N Ui 47 i G AR AB o F AB R N B i LY ABIE X, (HAEMRSMIFSE N K )7
1) 25 5 X U R B 22 RS Pk 1L FR (R I AR R S 2 RIS, B B ATARZS 5 A 4L 28 - DURRE TE e B B b
W B, AR e B Y . ATV R A AB K N SR A AB, AR SRR .

ASCAERERERU 2 Fadat 8 1 3 AR T 5P A2 Y Aerolysin 44K fLIE , Ff7E pH=8. 0} 5%
P X RR 22 BRI T TR (] 1), ZEAMIE R IR T, A2 AB,_ s FIki 4 84 AB,_ ;i1 Aerolysin
YPKALIE, 77 Aerolysin AH EAEFHAFEFWT LIRSS . AZEAB, s FIAEXS 43+ it (1826. 82) 5k
VW AB, 5 (1730. 74) M3, H7E pH=8. 0 [ 5514 T W 35 BT aly fLAr 34 SR =3, AT 52 SR 3T 19 F UK Bk 20
1. BRI, AE160 mV T AZE AB, s Y BELIT =R {4 (1 451 % % i (] 357 B S = T U s AB, s (E12).

v

TN

—
\
. |

— N Ve

fa —
?

“ ilanopore \‘ [’/
_ Lipid bilayer

, \O
‘\\ J"“ (
W [
| |
s
w/ trans

Human AB\ s: W@OOO@Q H-DAEFRHDSGYEVHHQ-OH
Rodent A, s: QOOOOQOOQQOQOOO H-DAEFGHDSGFEVRHQ-OH

Fig.1 Single-molecule analysis of AB,_; with an aerolysin nanopore
K BELIBT - AF A B AR FRLURAELC W T(pA) , AOKALIE Y TFFLELRIC N 1,(pA) , WA 773 AGKAL
A 35 s R T ELEBI R P T I/, s, /0 B/ MR BT R BE B, 457 B B ] (Dwell time, ms ) JUACER )
T ANGORALIE S B S RELIBT A SR 2 ] . A ZEFNG U 34 AB, s O HILRL T 181 3 (A) AT (B) JRBR AT HL IR
it B7 KL 3(COFID) Jr BB AN [R] o3 A1 S W e T e i AR AL I HAT AN R B 14708
Gt AR FIBEL DT B ) B A2 A A B A 4 (A T (B IS . A 2K AB, s BRI S 1 4303 5 T
WIS AB, 5. WA B AB, A B AT B AR MR AR - R O 2R, WA IS ] B A A

cis
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Fig.2 Current blockade traces(A,, B,) and the typical current blocked event(A,, B,) of human

AB_is(A, A,) and rodent AB,_ (B, B,)
Data were acquired at the applied voltage of 160 mV.
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3 Scatter plots(A, B) and histogram of residual current(C, D) of human AB,_ (A, C) and rodent
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Fig. 4 Voltage dependence of frequency(A) and dwell time(B) for the translocation events of AS,_,

The error bars based on three separate experiments.
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FREELRL A AB, s HOBIDR - R O R RS BRI A R B AR A s rE R BRI [ 4(A) . 7
60~160 mV HiJE G P, 7T LATE 2 PR 22 JIK A8 BELUT I ) 52 B2 TH i e R R 28 AL a4 [ K1 4(B) 1. A
LR AT R AT A N PP 22 BRAE Aerolysin 94K FLIE H A0 FLAT M e iR — e RIRE R ™. AZKAB_ 18
T YK AFLTE BT (0 fee/ N BB L R 2490 120 mV, TG 15 3h4) AB, s FURE 2255, Hoed FLAY I (E fL R 29
80 mV. Y AT BRE L T, A2 (4 BELr - 2 O i S . s > H R e, R4 Az 2
BRI EL K FTUR S, AEANAALTE P52 B8 s IR) R K L 17T 24 R e R H R, ) o A 1ok 44 K £L
AL, BRI I, BHKTI R 4806 . SCHkIRAE , RE22 MY KFLIE SRR A B AR AR EE A K, AH
AR AR, R4 2 9 K LI B RE ARl L L, AN SCSZIR A U N2 AB,_ s 5 i 5 sh 4
AB,_HE 5 Aerolysin 44 KfLiE HA #5% AIAHEAE .

oy TS 12 E A B R NI 5615 3h W) AB, s FEVE TR IR EM 2 (B ST, WASCHFHE R,
AT F AN AL, TEE TR P T RIS, S IETR )7 5 (1) 22 53 (AT W6 14 3h 10 AB, s Y F4 52 I 1245
(FS2, WASCLFHER), HIH a5 H sh a5+ (Tur) (9 4 HLEE 2 (B S3, WWASCZFHMER). A
FAB, 1 pH=8. O B G5 AN, DR G IR 3 4 (A5 2 I P 485 415 114 1 Pl oy 5 LA s L 67 AR
A F A BAE R AR AR, AT ERIFIMF G AL . MR, Wit 2580 AB, s C i A N it
LA AR, C SRl N S A B 5 | BOLEE A TR %, TG M i 4 . X R Es R AR Al N T it
S AB,_ s I AGKFLIE A T A A AT 355 Fa i, ) B £l 2 il A0 85 ) 8 R T Sk A 0 KL A e
PRI, 7E pH=8. O B} Aerolysin ZH K FLIE X Wit 34 AB, s BIF RAHR/NF AR AB, 5. BLAN, 2 4h5H
AR R, 5 ASEAB, AL, TEAREE W T MG 3 AB, s 1Y FE ARG F4 B SR 45 44 (Helix ) 4% 72 S Jo
Al (Coil) 5 H4 FIT e I ) SR, 3K ARG Wk 14 S0 AB, s IR R ZA A0 HEARNTRE , SR KL I 45 5
Ak Ry s (RIS BB/ INB Ty 285 (181 84, A REFE IR . B SS (WA SCCRHE B BEE T 40130 )
SERGUAT RN 2 B AR, AEBEH KIARRAR B RS THWZIRNE . A e r X
B, B R 22 BRA G LR . 1% 4 B R R PR R BN St -C ity B B R0 [R5 2242 (R ) Sl 7 A Al
X PR AL BRS 2 BRA G AT o6, Hop [ FE A2 2 T o it vl DAl 2 R AR ) e A R e el
AR IR (R SRR KA MARIRET , WP B i shi AB,_ s 1 a1 % 2 4% Je N 3i-C iy
RN, BRI 2 KA S 55 %, SRR RS/ . AR M, I E FRBEIRES R, A8 AB, s IS in 4
L, [BlEE 42 K N uifi-C St F 28 B AR AT PRI, 100 B 22 BRAA SR 4 AR B, 7238 3 Aerolysin FLIE 75
BT R Y [ R RE.

EimG i s AB._ ML, AR AB_ HA S B AUKfLIE R 22, X—45ie i@ 1
SRR . th 4k A BRI AT LIE Y, S RIFELL TR A f BB, 7E Aerolysin 44 KFLIA A F14E A2
AB, s LG UG S AB, s FLAT R IG R (B SS) , T D 22 K AT AT 1 4 T, X UEBH A AB,  H
A IR S AB, s R AYRE R RT FEFARIA 42 . 3K (A5 A2 AB, TR FL FE vh HA B SR 0 28
()57 BEAION, , 2230 H B s Al oK FLIE B 22
2.2 Aerolysin Z0KFLIEH AB,_s5 GAGs iRE S FRIHEE(ER

Aerolysin K FLIE 0] LA RLIX 43 HA A 22 S 2 K0T, X bl Aerolysin K FLIARIFFE
5 R AB RIS S AR AL T AT REME . A SCLLK.SO M GAGs BUTRIALETY , 858 T GAGs 5 AB#E
FMAHEAER . BIS/aH THEAFBBRIE T, AJAB, 55 Aerolysin P KFLIE AT BAER .

HES(A), (C)FIE) AL, MABIBRALE TG Aerolysin 24 K FLIE X A2 AB,_ s HIFH FR AT AR FRAIK .
XRS5 AKAB_ KL T4A . B4R Aerolysin 4K FLIE A TTAMFAEVF L4 LA Al %
B, 41 Asp216, Asp207, Glu307 #1Glud15, FULH A K i, iS5 AL AL, 48T
oA Z AT, XK T I SFLIE A i w7, REBHWrE 0 R AR . SRR B T
W B AR AL X BT R AR T2 [ 5(B), (D), (F) ], 4 EART 120 mV B, T ABLERIR & F )5,
RELUT (B 26 6 . A U0 L R YE ET P , AS 80 F BELRT A5 5 Z B8O AN s FL a1, SR e 745 511
ANZEAB, M Z AT, 5L A ER A HE R VR R o , R T R bR RT3 eis MU . S H
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30 4 10 mmol/L < 50 mmol/L 2 F
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E 20 E 20F é
g a8 2 . s
= 2 sl 0
E 10} o 5 2 & oQmmol/L ¥ 15 mmol/L
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Fig.5 Voltage dependence of frequency(A, C, E) and dwell time(B, D, F) for the translocation events of
human AB,_ . incubated in buffer solutions containing different concentrations of K,SO,

The error bars based on three separate experiments.

BT 120 mV B, AR ERAR 2105, BT R SRR . e SL i RV Rl N, BB 5o i i L=
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Fig. 6 Scatter plots and histogram of human A, _,.(A) and rodent AB,_,.(B)
Data were acquired at the applied voltage of 140 mV.
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Fig.7 Frequency(A) and dwell time(B) of human AfB,_; and rodent AB3,_ . before and after the addition of K,SO,

Data were acquired at the applied voltage of 140 mV. The error bars were based on three separate experiments.
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