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Supplemental table 1. Detailed List of research articles of studying αHL related to DNA sequencing with simulations.
Ref. Nanopore Year Solute Simulated system: 

P + M + W + N + salt + E/F

Simulation type: 

Length of production run

Force field

1 αHL 2004 / P (rigid) + implicit solvent + KCl + 

E (-150 to 150 mV)

GCMC/BD + PNP: 13.875 μs 

in total

CHARMM22

2 αHL 2005 / Truncated P (rigid) + W + KCl + E 

(125 mV)

MD + PNP: 1 ns Cornell 953

4 αHL 2005 / P + M (DPPC) + W + KCl + E AAMD: ~50ns CHARMM27

5 αHL 2005 poly(dA)58 P + M (DPPC) + W + N + KCl + E AAMD: 50ns * 2 systems CHARMM27 

6 αHL, 

nanotube

2006 ss-poly(dC)45, (dA)8, 

(dC)8, hetero-8mers

P (CG, rigid) + implicit solvent + N 

(CG) + E (120 mV)

BD + PNP: 100s μs Customized

7 αHL (WT & 

mutant)
2007

/ P + implicit solvent + KCl + E 

(±120 mV)

MD + PNP: NA Cornell 95

8 αHL

2007

ss-poly(dA)58, ss-

poly(dA)58, ss-

poly(dAdC)29

P + M (DPPC) + W + N + KCl + E 

(1.2 - 13.2 V only applied to 

ssDNA)

AA G-SMD: Tens of ns CHARMM27

9 αHL (WT & 

mutant)
2009

ss-poly(A)25, ss-

poly(dC)25, A1, dC1

P + M (POPC) + W + N + NaCl + F cvSMD+JE: Tens of ns CHARMM27 

10 αHL (WT & 

8 mutants)
2011

ss-poly(G)6 Truncated P + M (methane slab) 

+ W + N + NaCl + E (∼600 mV)

AAMD: >20 ns per traj. GROMOS96 

11 αHL, a 

cylindrical 

pore 2012

ss-poly(dA)n, ss-

poly(dC)n 

GCMC/BD: P (rigid) + implicit 

solvent + N (CG) + KCl + E (50, 

120, 200, 300 mV)

AAMD: P + M (POPC) + W + N 

(CG) + KCl + E 

GCMC/BD: 1 - 5 μs

AAMD: 100 ns

Customized

12 αHL (WT & 

3 mutants)

2012

ssDNA (Dickerson-Drew 

12mer)

Truncated P + M (methane slab) 

+ W + N (CG) + NaCl + E (300 mV)

MD: 100 ns * 24 trajs. AMBER99,  

AMBER99 + 

ParmBSC0, 

CHARMM27, 

GROMOS96 53A6

13 αHL

2014

ss-poly(A)25, ss-

poly(dC)25, A1, dC1

P + M (POPC) + W + N + NaCl + F cvSMD+JE: Several 1-ns 

sims. 

ABF: 0.1 – 1 M integration 

steps

CHARMM22/27

14 αHL (WT & 

mutant), 

Si3N4

2014

ss-poly(dA)40, ss-

poly(dC)40, ss-poly(dT)40 

(2 orient.)

P (rigid) + implicit solvent + N 

(CG) + KCl + E (250 mV) 

GCMC/BD: 1 μs * 25 sims. Customized

15 αHL
2015

DNA bases & phosphate 

group

Truncated P + M (methane slab) 

+ W + N + NaCl + F

US: 40 μs per fragment GROMOS 53a6

16 αHL
2015

CMP P + M (DMPC) + W + N + NaCl + E 

(350 mV)

AAMD: 5 ns * 3600 sims. (9 

dist. * 2 orient. * 20 per)

GROMOS 53a6 



(Continued from previous page)
17 αHL (WT & 

7 mutants)
2016

AAMD:  ss-poly(dA)20, 

ss-poly(dC)20 

GCMC/BD: ss-poly(dA)40, 

ss-poly(dC)40

AAMD: Truncated P + M (DPPC) + 

W + N + KCl + E (600 mV)

GCMC/BD: P + implicit solvent + 

N (CG) + KCl + E (250 mV)

AAMD: 50 ns per sim. (10 

conf. per pore, 2 orient. per 

ssDNA)

GCMC/BD: several ms

CHARMM27,

Customized

18 αHL, ClyA

2017

/ P + M (DMPC) + W (CG) + NaCl MARTINI: 20 / 22 μs for 

ClyA / αHL

AAMD: 100 ns

MARTINI v2.2

19 αHL 
2018

/ P + M (DPhPC / POPC) + W + KCl 

+ E (600 mV)

AAMD: 250 ns * 11 trajs. CHARMM36 

20 αHL
2024

ss-poly(dA)10-19 P (CG) + M (DPPC) + W (CG) + N 

(CG) + NaCl + F

MARTINI: 24 μs in total MARTINI 2.2p

21 αHL, AeL,  

lysenin 2025

/ Truncated P (CG) + M (PBD11PEO8 

+ DPhPC at 1:1 molar ratio, CG)

MARTINI: 18 μs per pore (3 

traj. per. pore, 6 μs per 

traj.)

Martini 3

22 αHL
2025

ss-poly(dA)10, 16, 

ss-poly(dC)10, 13, 16

P (CG) + M (DPPC, CG) + W + N 

(CG) + NaCl + F

MARTINI: 36 μs in total MARTINI 2.2p

Acronyms are in accordance with Figure 4: P, pore; M, membrane; W, water molecule; N, nucleic acid or nucleotide; E, 
electric field; F, mechanical force. Abbreviations: GCMC, Grand-canonical Monte-Carlo; BD, Brownian dynamics; PNP, 
Poisson-Nernst-Plank electrodiffusion algorithm; AA, all-atom; MD, molecular dynamics; CG, coarse-grained; G-SMD, 
grid steered molecular dynamics; WT, wide-type; cvSMD, constant velocity steered molecular dynamics; JE, Jarzynski’s 
equality; ABF, adaptive biasing force; US, umbrella sampling; NA, not available; DPPC, 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine; POPC, 1-palmitoyl-2-oleoylphosphatidylcholine; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; 
DPhPC, 1,2-diphytanoyl-sn-glycero-3-phosphocholine (CHARMM-GUI23 code: PHPC); AeL, aerolysin; DOPC, 1,2-
Dioleoyl-sn-glycero-3-phosphocholine; PBD-PEO, poly(1,2-butadiene)-b-poly(ethylene oxide). 

Supplemental table 2. Detailed list of research articles of studying MspA and CsgG related to DNA sequencing with 



simulations.
Ref. Nanopore Year Solute Simulated system: 

P + M + W + N + salt + E/F

Simulation type: 

Length of production run

Force field

17 M1-MspA 

& 3 

mutants

2012

poly(dC), poly(dT), 

ssDNA (random 58mer)

P (full & truncated) + M (POPC) + 

W + N + KCl + E (1.2 V, 180 mV) 

AAMD: ~100 μs in total CHARMM27

18 M1-MspA 

& mutant
2015

ss-poly(dA)40, ss-

poly(dC)40, ss-poly(dT)40

P + implicit solvent + N (CG) + KCl + 

E (-120 - 180 mV)

GCMC/BD: NA Customized

19 A96R-

MspA, M2-

MspA

2015

AMP, GMP, CMP, TMP Truncated P + M (methane slab) + 

N + W + NaCl + F

US: 250 ns per window GROMOS 53a6

20 M1-MspA

2016

Truncated: 11mer 5’-

trans / 12mer 3’-trans 

for poly(dT), poly(dA), 

poly(dC) and mixed

Full: 5’-trans ss-

poly(dA)40 

Truncated P + M (POPC) + W + N + 

KCl + E (180 mV)

Full P + phi29 DNAP + M (POPC) + 

W + N + dsDNA (12bp) + KCl + E 

(180 mV) 

AAMD

Truncated: >100 μs

Full: 130 ns

CHARMM36

21 mutant of 

M1-MspA 2021

ss-poly(dT)20 with one 

dA/dC/dG replaced at 

different locations

P + M (DOPC) + W + N + KCl + E 

(0.8 V)

AAMD: 24 ns per replica 

* 3 replicas * 10 systems

CHARMM36 

22 αHL, M1-

MspA, 

CsgG, AeL

2020

ss-poly(dA)15 P + M (POPC) + W + N + KCl + E 

(300 mV)

AAMD: >100ns per 

system

CHARMM36 

23 CsgG, CsgG 

+ CsgF
2021

ss-poly(dA)12, ss-

poly(dT)12

AAMD: P + M (POPC) + W + KCl + E 

(~0.9 V, ~1.6 V)

SMD: P + M (POPC) + W + N + KCl + 

F

AAMD: 4450 ns in total

SMD: 1160 ns in total

CHARMM36m 

Acronyms of (P, M, W, N, E/F) are in accordance with Figure 4. Abbreviations: A/T/C/GMP, adenosine / thymidine / 
cytidine / guanosine monophosphate; The rest are the same as in Supplemental table 1. 
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