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HLI R, AR E AR ™ 2 IR R SR S S B o b R B L S
FFRBIEE ST . R R E AR ) R MK RSSO TR T, AT B HP/HS (R SR S5+, HLXT
Bl R AR A W s i A /N DRI fE HPZHS 3B rhosi =LA 3 . A Scade R G 67 i e 0 ELAT 8 52 B0 7 1)
T232K/K238Q Aerolysin (“THLMI A 2 ) 28 AR RGN K FLIE , a1 1 2& sl b 9 BH S FFp S, e HS 5
FLEAEARR 4R B T a5 SRS T IS AH EAERT , S230 T RHRIR 2. T AT 2 T8 (HS-5) K H 5 R [R 4@ s
FLEA RIS A RBUGI . FEBE IRt b, E—4558 7 Na*, K1 Ca> B 15 HS-5 594K FLIE A B AR 1)
SZMAMLE], S BRIBEREE T HP/HS 5N R 42 & 5 10 AH BAE R A e At 7 TH.

1 SEIGERS

1.1 KK 5{EE

Proaerolysin (L F L I 2 J5) 7E R IR 2 h Rk JF il ik AKTA SR Aifb Rgealifb; 1,2- 248
LEMEIE AR (4l >99%) , SE[E Avanti Polar Lipids 23 7] ; JREE FIEE-EDTA | & AL# (KCl, 46/%>99% )
1E B e (4635 299. 8%) , 3 [ Sigma-Aldrich 28 F] 5 S AL 81 (NaCl) (46 B2 >99%) . A fb 55 (CaCl,, 46
FE299%) . —F2H IR BE (Tris, 458>99%) FIEEIR (4 EE>99. 9%) , L igfIhr T AL BH e dn A BR
O3l ALK (18,2 MQ-em, 25 °C) 7 [ Sartorius 23 7 ) Arium Pro R G5 % 5 HS-5 v B R4 B
TR TS T 2 it BRI ZH 5 Ak

BSA124S-CW B 53 My RS, 155 Sartorius 23 7] ; PB-10 % pH 3, % [ Sartorius 23 7] ; Cube 3. 0 ¥
TR AT, SEEEE [ AR
1.2 LImidiE
1.2.1 #kFlaE #5288 Proaerolysin 5 iR FHlf-EDTA # 50: 3 WPATR LIRS, ZESIH TS 4h
PEATIEAL . S8 v il A% B8 DU 9 2 A3 A IS 43 cis T trans IS5, 43 354 1. 0 mol/L KCI/NaCl/
CaCl, 1 10. 0 mmol/L Tris ZZ %5 (pH=8. 0) , i 1f P& Pr kAR 1 [E] 50 pm B RLFL_E IR B RE XL
TI2IE , 1 cis K03 oo A S AL 8 T232K/K238Q Aerolysin 25 F1IE . 24 T232K/K238Q Aerolysin 2 [
TERERE AT )2 A ETE L RIRFLIE S, SRR A BER, 105 H - (1-V) - ZR R4 H 3
W RFIN ) HS-5 VM cis At 2R B2k 50 pumol/L. FERAFESH K 100 kHz, JEWIHE K 5 kHz,
VEEE R (2422) CHAF T RAEMFAES . @1 SmartNano 3452 I 10 55 3 W I 449 K FL I B4 1 52 56 8%
& (https : //zenodo. org/records/11609574 ).
122 BopFEE5HELE XREMBIN RS IRG5E L LR %E H E#L R Pynanolab 34
PEAT B AL B AR T AL I L BELRT F 3 B A S 8, SR IS BB A5 55 110 B T H o A
FE(I0,) . BELITES ] (7,,) S48 AF 228k . i3 Origin pro 2021 B HEA PRI GE 40T, XoF BELUKT Hh 3 A5 B .
D7 AT S LG, BEITE (B By IR 2845 5 Z [ i Rl B s 1] (2, ) 5 R E T AR B, BVRT4R75
FEIAIAEFLIE N V-S4 BT R R | LTRSS (] LA S il R (N5
123 REHEZFo0 BATEAERTEEDSEEHSMME sF7 0, R A)ZREERER
#:(HDBSCAN) , DIUEBRAKSES B2 TCvk U o3 A (A, Rl DR B AR EAN S . TR RIS b, &
INFEAL FFEAEL (Min cluster size ) 3 B S FIZE 10~20, %00 5 20385/ IMEAEL (Min samples ) 15 B Y1 7E
5~10. BREIRIHr G —fi 11 3500 P F 502508, R FE R H 2000 4~ 5550 1 T2l 6L
ML A RS i R TE Python 3. 10. 9 FREE T 47

2 H#RE5IHE
2.1 T232K/K238Q Aerolysin #2ill HS-5
S T ORALIE TR0 53T 22 1 A S A0 A2 2 035 B0 53T ek FLAT Ay B o B LA

TR0 eI i R ARG Aerolysin 94K FLIE X 6 HL P SRR A AN S AR [ | 1 (A) FN(B) ], T
FTHAXT Aerolysin &KL A FRMAE , 16 T232K/K238Q Aerolysin 28728 BN KFLIE , iZFLIE LSS T T232K
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A7 R HE R P A AR AN K238Q (e Y Ry HE R 3454, FEAL T8 BRI (8] e sl 4 iy i s 3Bl , AT LA
8 G A M 2 A % AL TP A5 B s IRD T, 0P 1 (COFN(D) Fiis, HS-5[F8145H 4 GleA(B1,4)-
GlcNHSO,H (al,4)-GleA(B1,4)-GleNHSO;H (al,4)-GleA-pnp | RE#S# T232K/K238Q Aerolysin FLiE =44
T, I AR FRAE B BELET , 28 B T232K/K238Q Aerolysin FL 3 [F] FE 5 AT 59 58 1 £ v P SE 05 R 51 69

AETT.
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Fig.1 High-sensitivity sensing of HS-5 using the T232K/K238Q Aerolysin nanopore
(A) Schematic illustration of HS sensing by T232K/K238Q Aerolysin; (B) -V curves of T232K/K238Q Aerolysin recorded in
different electrolyte buffers; (C) molecular structure of the heparan sulfate pentasaccharide (HS-5) ; (D) illustrations of HS-ion
binding, typical current traces, and enlarged events for T232K/K238Q Aerolysin sensing HS-5 in different electrolyte buffers at an
applied voltage of 70 mV.
(A) Metal ions are shown in red, chloride ions in green, and the mutation sites (T232K and K238Q) in purple; (B) the sulfate

groups highlighted in red.

22 AEAEEBEFSHSEE8BAMR

A48 B 5 HPHS MZS G Re I A A A ER 25, Hh M &8 &l lb—m 4
B 5 SRR OB R KA 454, G HP X Ca® 830 H A i A el 29 ReF ik — 4k, el
KALIE LI A KCLAT NaCl, DA 5 HP/HS HATBGREE A RE T CaCLAE WHLRIIA R, BT A
A4 J8 B 75 HS Z (M i 45 5 VR, B HExt T232K/K238Q Aerolysin L I8 AH H.AE AT M 1950 . 40
K 1(B) s, 76 FiR 3 Fhgg nhiAk £ v, T232K/K238Q Aerolysin L8 Y2 B i Fa & i FFFL AL IR . RBIA
IFi] 4 JE B 11 5 | AR LI AR B i fa e 1k

FE 3P A RAC AT, HS-5 (W BEWTES [R] 2 BE S e R (9 T 12 i 4, RIAEAN W) &R 2 1
FEAET, HS-5 ¥Rl fLIE (K 2). (A3 FEERE, 78 CaCLZ this il h, HS-5 B A {5 5 A8 ki
2, HLRH T F R B R R BR8] 2(C,) ~(Cy) 1, AUH NaCLFI KCLZ&E R 29 7T1%[ K1 2(A,) ~(A,)
(B,)~(B,) 1; [AIAF, JFLRH KT H NaCl 4640 T 29 84%[ K 3(A)FI(B) ]. %45 R 5 Ca¥1E 3 Fh 4 )@ &5 Fh
X HP/HS HA fcsm a4 e 1 Rt s i —30. MERIILE &, HS 5 Ca™ 4 & T BES | I B 5
Gk, ERREE B SO RN 3 i), AT 7 300 3k P L T sF 7 A i 1 R 3 BELIBIR R0 5 TRIERE, Ca® %
HS-5 b Ha faf (9 51/ IS5 T 25 Aerolysin FLIE PA i i 322 2 [0 AU AR ELAE T, £ HS-5 REAS S P
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Fig. 2 Single-molecule events of HS-5 in different metal ion buffers
Density plots of a single HS-5 translocating through T232K/K238() Aerolysin at applied voltages of 60(A,, B, C,), 80(A,, B,, C,),
and 100 mV(A3, B,, C3) in buffers containing NaCl(Al—AS) s KCI(B]—B3) , and CaClz(Cl—C3) , respectively. The concentrations

of all three electrolytes were fixed at 1. 0 mol/L.
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Fig. 3 Influence of different metal ions on the translocation behavior of HS-5

(A) Statistical analysis of duration time (z,;) ; (B) current blockage (/1) ; (C) frequency (f) of HS-5 in different metal ion

buffers at applied voltages ranging from 60 to 100 mV.

ZEd fLAE, PRI S e A BT IR . AR R, RS Na I K3 h—1 48 2 HL AL PR AR
UL, HS-5 7€ NaCl 25141 (BRI TE] 4T3 b KCLEE T 249 34% , FEAFREE i A 1R 5 R0 o K A BELIAT P 37
FEEE[EI3(B)AI(C) |, 2RI ARIE T Na™ 5 K51 HS AR 25 A 2. X —25 £, T232K/
K238Q Aerolysin fLil BEUSFE 5153 F /K Vb R A5 3 NaF1 K50 F 2 MR ER AR 1) HS-5 Z [ A0 i 456
VEFZ S, ™ 7% AR AT HS-4 i 10 B A FE O 1 ) 25 0 e 34
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iH A T232K/K238Q Aerolysin ZRAFTIAOKSLIA, K T —FpF TRV WAL T B3 f# T HP/HS
A PESENE 5 4R B A EAE R S R BORS FAR IO & . RIS SR 0 i i BRIR R |, 12 AL
AMLEZEE T X HS W 803K, BRI A 507K RN [A] 4 25+ (U Na*, K, Ca™) 559 HS
MG AL e SALTEAH EAE AT 2R . ARSI, GORFLIE 55T BrBoR HAT f# At HP/HS
K ANZEF (5 B0 A1, T b —28 T RAF AR BRI S50 . A G B KA R P BIRHAE , A 24
WA 1) 2 2 B BT ER (e i F AR B A%

Single-molecule Investigation of Heparan Sulfate-metal
Ion Interactions Using Aerolysin Nanopore

ZHANG Pengling”, GAO Fan®™, CHEN Jiale’, ZOU Aihua"”, TANG Juan®, MA Hui",
JIANG Cuiling”, WAN Yongjing’, XIA Bingqing®, LI Tiehai®, GAO Zhaobing®,
YING Yilun™, LONG Yitao’
(1. College of Chemistry and Materials Science , Shanghai Normal University , Shanghai 200234
2. Molecular Sensing and Imaging Center , School of Chemistry , Nanjing University, Nanjing 210023 ;
3. College of Chemistry and Materials, Jiangxi Normal University , Nanchang 330022;
4. School of Chemistry and Chemical Engineering; Zhejiang Sci-Tech University , Hangzhou 310018
5. School of Information Science and Engineering , East China University of Science and Technology, Shanghai 200237 ;
6. Shanghai Institute of Materia Medica , Chinese Academy of Sciences, Shanghai 201203 )

Abstract Heparin(HP) and heparan sulfate (HS) are highly anionic glycosaminoglycans that play essential roles in
diverse biological processes through the metal ion-mediated interactions with proteins. However, direct characteriza-
tion of HS-metal ion interactions at the single-molecule level in solution remains challenging. Nanopore electrochemis-
try is a label-free and single-molecule technique that enables direct analysis of individual molecular interactions. In
this study, a T232K/K238Q Aerolysin nanopore featuring an enhanced electrostatic repelling barrier was utilized to
probe the interactions between HS and different metal ions. By systematically varying the electrolyte cations (Na*,
K*, and Ca®), we have found that the metal ions significantly regulate HS translocation behavior by modulating its
conformation, charge screening, and HS-nanopore interactions. Notably, in addition to Ca**, which exhibits strong
binding affinity to HS, the monovalent cations Na* and K* with similar physicochemical properties and weaker
binding also induce distinct single-molecule signal signatures. Our results demonstrate that the nanopore-based
single-molecule analysis holds strong potential to resolve the fine structural features of HS, enabling the characteriza-
tion of sulfation site distributions, repeat-unit lengths, and related sequence features, and thereby providing a new
avenue for high-resolution analysis of complex glycans.

Keywords Aerolysin; Single-molecule sensing; Nanopore; Heparan sulfate; Metal ion
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