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Abstract: Objective To investigate the effect of DNA methylation on the stability of triplex nucleic acid
structures,and to construct a dynamic sensing method based on triplex nucleic acid conformational transition
for single-base resolution detection of DNA methylation. Methods A triple-helix nucleic acid probe was con-
structed through molecular modeling,and the influence of the methylation site on the structural stability of
the probe was analyzed through molecular dynamics simulation. Subsequently,a novel electrochemical sensing
method was established based on the conformational transition of the triple-helix nucleic acid probe,and a se-
ries of characterizations and performance validations were conducted on this system. Results When 1 — 2
methylation sites were present near the triple-helix,the overall structure remained relatively stable. However,
when the number of methylation sites increased to 5, the stability of the triple-helix structure began to de-
cline. Additionally,a specific electrochemical sensing method based on triple-helix nucleic acid conformational
transition was developed,achieving single-base resolution detection of DNA methylation sites with a maximum
resolution capability of 7 sites. Conclusion This study revealed the regulatory mechanism of DNA methyla-
tion modification on the stability of triple-helix nucleic acid structure,and established a single-base resolution
detection strategy for DNA methylation.
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i) B 45 . Sigma 2 | (€ ED) 0 P, & Ak A & K
(GO), I B 3 5 (MB) L 2 7K (25%) , — H 3 7 i
(DMSO) .6-%i 3 Z B (MCH) M Il 40 %5 4 T4 ¥ T
FECEW) M A R A = (2-5 £ 5 B 3 i
(TCEP,98%) . TE 2 My (pH 8. 0).PBS & if ik
(pH 7. 4) J¢ HEPES 2 vpifi s BT 4 T AE W) B A BR 2>
AL R A R F A B R A L AR (KCD L it
LA (H,0,) PR — 8. BE & SE MR A ki
(NaBH ) M1 48 (HAuCL, » 3H,O)., &k (HRZ
2 mm) SR AR G I R SR E R A B
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CTCTTCCACGTGATCACGAACCAGGATCCCTTCTC
CTCTTCCACGTGATCACGAACCAGGATCCmCTTCTC
CTCTTCCACGTGATCACGAACCAGGATCCmCTTmCTC
CTCTTCCACGTGATCACGAACCAGGATCCmCTTmCTmC
CTCTTCCACGTGATCACGAACCAGGATMCCmCTTmCTmC
CTCTTmCCACGTGATCACGAACCAGGATMCCmCTTmCTmC
CTmCTTmCCACGTGATCACGAACCAGGATMCCmCTTmCTmC
CTmCTTmCCAMCGTGATCACGAACCAGGATMCCmCTTmCTmC
CTmCTTmCCAMCGTGATCACGAACMCAGGATMCCmCTTmCTmC
SH-AAAAAAAAAAAAAAAGGGTGCTCCCCCTAGTGG
SH-AAAAAAAAAAAAAAACCACTAGGGGGAGCACCC
Biotin-CAAGCGACACCGTGGACGAAAAAAAAA-SH
GGGTAGGGCGGGTTGGGTACGCA-SH
CTCTTCCACGTGATCACGAACCAGGATMCCmCTGCTmC
TTmCGTACACGTGATCACGAACCAGGATGCmCTGmCTA
CATCGmCGATGTGGATACTCTCTAGCAGTTmCGCTAmMC
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W, B BREE ABC 25 ES S G 8K He-
min A EE (5 5 K ST, i TCEP {6 16 24 52 i
&9k FOR (AuNPs) IR IR 5 1§ . &3 SDS #
NaCl fy 4 3, ¥ B A-AuNPs fl B-AuNPs & &

Pt X PR A A IR AR Ll i 2 5 R N 15 F
G5 R TT, I e & MB I ZZ i b & . R
Ji JR A5 TR 1) 21 2 B 4 4 H B 0 T R TG Ak L A
M2 AuNPs@rGO W AE M I . 12 A 7 % 54 40 4R
BT AT I L AR R R AT 5 A0 K A R 3 Y A S G
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H LA S A B B 7 5 AR R F 4 CHEAF
BT ORKEM — R RrLk 4 LI R e
2 % ES
2.1 “IRBERM AN T3 1=l DNA ¥
UG ZE R XT 53 F 8 D) R AR K, — A A B R 4R
G54 AT LUIMAR 43 21 7 2 800290500 i i S50 B 4
ERFER R, I, A B 5T A B LR &R R Dis-
covery Studio #1T DNA = #2Jjg 45 ¥4 i 14 2 , 2R J5 >k
H GROMACS #1753 8 J1 5880, 38 5 X b A [A]
BH AR AL S RMSD 284k, & B DNA = #2 JiE 45
P B RS M Az B AR S 8 H 9 B s, i 2
SR U IRNE X A . BRI, Y R
JiE B 3T A7 AE 1~ 2 A H AR A7 5 B, RMSD 38 8 8/
DNA #ARZE AR A X FE (B 1A B) . SR, 4 H
FEAA g BB 2] 5 ASE, v W RMSD K 3 3
Ui W P A A7 A 2500 0 485 4 A I I R e AR B 3 Y
Wi, = MEURE 45 4 B A E M R AR R R (B 1C) . X —#4
PAE I B — R X R 1) Ak AS Rt AR A L (H R R
PR 3255 (K 1DVE), DL Eg5 SRR, 3 fb )7
JRBCE R B X DNA =8 iess i etk B g
E A A L S = B IX 8 A H SR R A A5 R
EIp R TE

M B 8635 43 B (200~ 320 nm %K 4,



+ 1804 - Ert e E ek 2026 £ 8 % 47 %% 158 Int ] Lab Med, August 2026, Vol. 47,No. 15

Wi o B 1] 4 s, A3 2 100 nm/min) B 3E T = 12 i
SEARIE R . 4 =R E 25 A TE BT, 7E 240 nm [T
B B A B 0, RIS 7E 213 nm AL B BUR TR
B 50 R4 AR R A 0 KR S R R 0 (I 1F) L L
FRU R = B R R A A R R — L, Ul DA = MR A R 45
F14) 4 e BT Y

Pawitl PO NI R SR @ S R Y NS e .0
WEL LM EE B DNA R R 2 7 & 850 7
1~2 W AR A7 s B S B 07 B I E AN B L 7E 5
AN AR AT A BT B AR 8 A H Ak A o5 I S
BOHBRRE DL B 25 R, 2 s A WA A7 s A A,

XVG Comparison

XVG Comparison

T REE Ao 4 o SR M AR i BR A A R T R v AR E
P AR R B0 B — 20 A 2 A A LR TR
ERAES BT Sl OE SE i P S R (A VA
SIS, Z2 A B 200 al B 7 AR 7 R BEL G A IR PR A
£ B e S B 8 51 S S 3 LA e A AR A E L i 2
{14 FEY 5 T 0T - 0 TR 4 el e ) 5 2 32 PR L IR
ZR G0 P B 3 L BT DL, Y AR R vp A T T
AN LA b2 S Boas a0 BHL A5 22 A4 )2 T O A2 BRO T
SEEC TN AN 2 I A2 B AT R AR TR &R 1Y

XVG Comparison

10 1.0
£ E
£ £
a
Fosh @205
= =
= =
——— RMSD(nm)-/simulation-Omctar/rmsd.xvg = RMSD(nm)-/simulation- I mctar/rmsd.xvg ——— RMSD(nm)-/simulation- I mctar/rmsd.xvg
0.0 - ——— RMSD(nm)-/simulation-1mctar/rmsd.xvg 0.0 - ——— RMSD(nm)-/simulation-2mctar/rmsd.xvg 0.0 |- ——— RMSD(nm)-/simulation-Smctar/rmsd.xvg
L L L L L L L L L L L L L L L L L
0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000
A BFi8] (ps) B B8] (ps) c B8] (ps)
XVG Comparison XVG Comparison
154
1ot 10 -
104
- —_~ ~~
£ = on
E = 3
Bos Bos £ 51
= = =
Qo
2
~——— RMSD(nm)-/simulation-5mctar/rmsd.xvg ~—— RMSD(nm)-/simulation-6mctar/rmsd.xvg
00 |- ——— RMSD(nm)-/simulation-6mctar/rmsd.xvg 0.0 ——— RMSD(nm)-/simulation-8mctar/rmsd.xvg -5 1
L L L L L L
0 5000 10000 15000 20000 25000 0 5000 10000 15000 0000 25000 —— HiFERE
D w118 (ps) E w18 (ps) F-10 B (om)

TE : A~E AN ] FP IR AR 250 H B9 = S8 B R 45 4 23 T30 J1 24 480 RMISD i £ 18] 5 F hy = SR A I 45 4 9 [0 — 60k 1
Bl ZEREEREMNITFHAZER

2.2 WALSAERA R RAE i E S BB
XF AuNPs@rGO & & BBk R R 5 2% 28 75 3 8 1L 1Y
FEUMCRHITHE AT RIEL SR WE 2. GO 73 /R
G Ae) 5 3 TR A A A S A T 2 A AT DL 3l S A A R
HWE , AuNPs #3457 71 8 T 18 Ji Pk GO («GO) & il »
JE L AuNPs@rGO 9Kk E & EHE 20, BEA R
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id DNA T JE AR BLGEEE 73 B A IR 1 3%07 1 A A DI g
JI o TEFGE B 45 0F T L A F 0 B A A7 8k i
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3 i+ it

DNA H Ak AE oy 22 W 3t A5 45 1 1 A% .0 LT, 78
FE 35 15 25 WL AH B 1Y & AR it e b B 2 G
BERIVER . B RS B RN RN A2 i 43 BT DNA 364
AN A5 T 0 B i 1) 92 IR DL R R 1) 25 B AR R
STHABEZAMME, AW, REHA 2 DNA H &k
o 7 k4 LA B AR EATTHE IR PRS2 56 % i 32
FHAT T I v 2 PRk, T H A 2 A A R R PR LA
5 R b Y e R R M 7E AR AR T AR & 2
BN A TR R S Y T S, =B R R
AT S S S B A B R, i H e g R 1
S N R oS E DA A RO ERER s I i IS
TF % 1o R T S A RO A AR T s
PR I A AR 5 08 1 b o Fi Ak 2 AR R R 5 = IR e %
MR TR BT A S i AL A 25 &, T S 8 T DNA H 3k
A7 255, 4) BRI 3 43 SR AG N

A 5T 45 R W, A0 A7 o5 09 B0 B B H A7
DNA = IRE25 48 1Y faoe v B |2 R 1E ), B4
T = W [X s 4 R AR A S S i o Ol i R, Y =
JHE B 3 1) R S4B A S B E N 5 AN R R 25 4 R
FHXT RS A, Y F A7 s B E 3 3] 5 B, 3R
AV 257, 5 X 85 R R R R R R P A W R, SR R
R F AT A BoR  H S AL B B o 7 AL
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