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Fig. 1. Different modes of single-molecule diffusion. (a) Simulated mean square displacement (MSD) curves depicting directed diffu-
sion (blue), normal diffusion (red), anomalous diffusion (green), and confined diffusion (black). (b) The “two-step classification
method” employed to identify and classify single-molecule trajectories: the first step involves distinguishing between confined and
unconfined diffusion, followed by further differentiation of unconfined diffusion in the second step.
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Table 1.  Classification of single lipid trajectories in different model membrane systems and corresponding ensemble diffu-

sion coefficient and anomaly index values. The trajectory length is 60 frames.

Control +MeBCD
Subgroup . . . .
DOPC DOPC.QHOL DOPC.(_JHOL DOPC DOPC.(_JHOL DOPC.QHOL

=4:1 =1:1 =4:1 =1:1

Confined 282 383 497 203 334 330

Trajectory Sub-diffusion 943 1143 1036 947 799 811
number Normal diffusion 318 294 290 305 200 207
Super-diffusion 667 577 524 647 448 449

Confined 12.76 15.98 21.18 13.37 18.75 18.36

Sub-diffusion 42.67 47.68 44.14 43.20 44.86 45.13

Proportion/%

Normal diffusion  14.39 12.27 12.36 13.91 11.23 11.52

Super-diffusion  30.18 24.07 22.33 29.52 25.15 24.99

Confined 0.045 0.032 0.029 0.064 0.034 0.061

Diffusion coefficient  Sub-diffusion 1.086 0.582 0.308 0.805 0.784 0.717

2.q

Dy/(pm?s 1) Normal diffusion 2421 1.581 0.870 2.100 2.051 1.781
Super-diffusion  4.149 3.211 1.444 3.908 3.650 3.381

Confined 0.116 0.094 0.068 0.207 0.099 0.171

Anomaly Sub-diffusion 0.709 0.629 0.512 0.629 0.635 0.614
index (@) Normal diffusion  0.909 0.869 0.916 0.948 0.910 0.874
Super-diffusion ~ 1.133 1.103 1.178 1.141 1.132 1.132

BTG Y R L1 MSD, IR E—1 5 R 4
PHURE (D) IS HFEEL (o) (3 1); RIS, 155
B TR 30  RHE] S 2 MSD R K %R ) BL4) T
PR B (*h SR RHE S3 (online)), Ff R H4r
i (&l 2).

M2 ST A AT AL 6 MR B R 2R P B
[ 5 4 FpHz sh 268, Y e A Bl i
7 F R e, 2 A5 %26, T 5 Py JIE [ Pt 5 1 K
(H1 034 % 20%, 50%), % Riz s FMWY H0T H
Bk % (F 55% 34 & 65%; L HIEZ iz dh5rF,
M 13% 42 21%); [FBS, %Y BOAEY itz 30
O F GRS (i 45% B2 35%). B E M, I
[ B3 0 25 B0 FHEM R ER Y HUR B0 R AT
(B2 BRY B SE ORI, R H W 18501k
AR X — AR A E R LY RS
(£ 1) RV RGRBMR 00 (K 2) . i —
b, J5E R AR R T HGEGE B R
W (WA 2(c) Hig A BT R) MigEEsh T
BHMZ (E 2(c) g B (T XA HEE R
Bf S 350y (7Y il 2 DL #b 7 44 LB S3 (online)).
M2, PRgSRFEHHFE BT T DOPC BRI

PR L2 F4 8, (AR T 4 118 gt A g o
1AL 10% W53 B EH 3 H OB Y B U S
PR 2z B A

A, 4 MeBCD EBRIHEEEZ S5 3 4
FRRIBAA R, ENHE 4 TR AR I /3T
BH L], RGP HERER R 1841, IF 54l DOPC
FEC BT, O AN E I R T R A
A (2.040.1) um?/s; X —SFEHRF Y HURE 0
(P& 2 Zp @A) MZRLE MSD #hZk (khFEtt ki S4
(online) ¥ (A F7 k) PR THUE. X EKE
MeBCD % B MHFE BERE 5 F DOPC/Choli A K N
BRI 53T #ioZ 2k & 24l DOPC RRZKF-.

(EAR RS, 16 40 P 9 5y T B2 3
I SRR [ B AFAE. H T A AR N A2
PHE I ERBE A T R B4+ R A= i 4 iz sh g vl
e, I LAFRAT LR o o 5z B 3 L 9 K
FNEH Y1 3 ASFHE (£ 2 WA 3). g5 R EoR, fr
Ao Fis ol i, by #+ il s,
205 45%; ZBRiZ ST B2 31%, it E TR
AU N 13%—22% By K5 IE# P 8 105
24%. [AIAE, WA BN IEH § 80 T RGP B8R
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Fig. 2. Analysis of single lipid diffusion in various model membrane systems using the “two-step classification method”. Trajector-

ies were categorized into four subgroups, namely confined diffusion, sub-diffusion, normal diffusion, and super-diffusion. The time-

averaged MSD of individual trajectories was calculated to obtain the distribution. The number of trajectories is presented in

Table 1.

2 L MeBCD 25 Bk IFL [ 5 5y 5 0% 20 HL A 4
O TR G328 BRI 14 FR SR Y HCR BOR 7 4 48 4K
Bl HhBum R 20

Table 2. Classification of single-molecule traject-
ory in living cell membranes before and after choles-
terol depletion by MeBCD, along with corresponding
ensemble-averaged diffusion coefficient and anomaly

index values. The trajectory length is 20 frames.

Subgroup Control +MeBCD

Confined 452 304
Trajectory Sub-diffusion 645 377
number
Normal diffusion 339 103
Confined 31.48 38.78

Proportion/% Sub-diffusion ~ 44.92 48.09
Normal diffusion  23.61 13.14

Confined 0.017 0.011
Diffusion coefficient

Dy/(sm?s 1) Sub-diffusion 0.069 0.040

Normal diffusion 0.465 0.260

Confined 0.146 0.095
Anomaly

. Sub-diffusion 0.437 0.461
index ()

Normal diffusion 0.983 0.861

Bor 9k 0.07 um?/s Al 0.47 wm?2/s, 34K T4
YR o7 B R(EL. T BB 2, MeBCD 225 il i
P E— 25 BEA T 3% AU ARLARE N 14 4319 10 (ke Rk
&l S5 (online)). X —J7 T BLTE 32 BR 73 Lo i3
K (H 31% 2 39%) FIEH P 5 F H IR (i
24% % 13%); 53— EARITE 3 M FHENREGY
AR O 3 /N (B0 I P O TR R B
B 0.47 um?/s FEE 0.26 um?/s); B4 TP B R 5L
WER A (18] 3) KA B M Aa I (kb Fe btk
&1 S6 (online)) 7, X —AfEH T KESFiB
Bl R AR (A0 18] 3(c) W (i k) FiE iz
orF IR (A& 3(c) Hhig AL g B AT
Kl S6 il sk ) Rl B, B, I AR N
BT BE 3 e DOPC/Chol BB N 1815 %,
AL B L2 R T, H 2B H R B2t — B
TR B -1z 3. %5 B E] MeBCD AbH 2L bR
BRI 5 P9 B RE BB, R4 v fig e h T RE A 4h
FARE I I R A ) 198 DR 2 1 S A0 S 2K, 14 LA
P T B0 sh i 80
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Fig. 3. Analysis of single-molecule diffusion in live cell membranes (before or after MepCD treatment). This analysis employs a two-

step classification method to divide the data into subgroups of confined diffusion, sub-diffusion, and normal diffusion. The time-av-

eraged MSD is calculated for individual trajectories and its distribution is plotted. The number of trajectories analyzed is provided

in Table 2.

Y HE W A AR IR 95 240 S PN B
Yooz shn 225, Al TR (DLl DOPC
F1 DOPC:Chol = 1:1 IR A WA ) Fi 248 i B
(MeBCDZ: B IHE B 2 i X 2 J5) W59 HUR
B ARE) A B (K] 4) . DL SR

1.5 1

1.0 4

0.5 A
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T T T
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Dy,

04

Kl 4 AEAEZRHN DL o510, 454 DOPC JE (f2
1324 £ B ). DOPC:Chol = 1:17R & I (2347 % #L
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(784 ZRHUIE ), Ho o 4 141 v 8 A A DA BOR 2R

Fig. 4. Distribution of D;, and a values in different systems:
pure DOPC membrane (1324 trajectories), DOPC:Chol =
1:1 mixed membrane (2347 trajectories), living cell mem-
brane before MeBCD treatment (1436 trajectories), and
after MeBCD treatment (784 trajectories). The horizontal
coordinate is presented logarithmically in the inset.
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Abstract

Single molecular tracking is a valuable approach to investigate the dynamic processes and molecular
interactions in soft matter systems, particularly in biological systems. However, understanding the complexity of
single molecule motion behaviors in biological systems remains a significant challenge. To address this issue, we
propose a two-step classification method based on unsupervised learning to efficiently identify and classify single
molecule trajectories. Firstly, we employ an entropy-constrained least square method to distinguish between

confined (e.g., immobile) and unconfined diffusion trajectories. Subsequently, statistical tests are utilized to

categorize the unconfined trajectories into different Single lipid tracking
diffusion modes such as sub-diffusion, normal diffusion, 1.5 4 D TR
and super-diffusion. o e :

By applying this method, we analyze the diffusion Lol
motion of single molecules in both DOPC model cell
membranes and living cell membranes while uncovering ~ © R ‘Lci
their distinct responses to cholesterol composition. Our 0.5 1 0908050900 [ ge0000000 N
findings demonstrate that both model membranes and I/"OI\ ;;: ™
living cell membranes exhibit diverse molecular o ;’ ;’ D) D)
diffusion modes. Specifically, in the DOPC model mem- 0 5 10 e

brane system, the presence of cholesterol components Dr
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impedes lipid diffusion within the membrane. The degree of inhibition is positively correlated with the amount
of cholesterol present. For instance, as the cholesterol content in the membrane increases from 0 to 20%
(DOPC:Chol = 4:1) and 50% (DOPC:Chol = 1:1), there is an increase in the proportion of molecules,
exhibiting confined diffusion and sub-diffusion (from 55% to 45%), while there is a decrease in the proportion of
molecules, displaying normal diffusion and super-diffusion (from 45% to 35%). The ensemble diffusion coefficient
of molecules in the membrane significantly decreases, which can be attributed to both a decrease in velocity
among fast-moving molecules. Interestingly, after using MefCD to remove cholesterol, the single-molecule
mobility within the DOPC/Chol composite membrane system is restored to a level similar to that of the pure
DOPC membrane.

Conversely, in the living cell membrane system, the diffusion coefficient values of molecules are significantly
lower than those observed in the model membrane system; furthermore, the removal of cholesterol further slows
down the molecular diffusion rate. This study contributes to understanding the intricacies of biomolecular

motility and its dependence on environmental factors from a perspective of single molecular motion.
Keywords: single molecular motion, unsupervised learning, model cell membrane, cholesterol

PACS: 87.16.D—, 87.15.K—, 87.15.H—, 87.15.Vv DOI: 10.7498 /aps.73.20240915

188702-11


http://doi.org/10.7498/aps.73.20240915
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

TR B TER AN BT BoSah AT E R R RIS 40 R IR 30 1 A A R R

e Kbtk Rk FEME RXE B Tk

Analysis of single-molecule diffusion movement in cell membrance based on unsupervised learning methods:
Different effects of cholesterol on flowability of model membrane and living cell membrane

Tan Jin-Peng  Zhang Wan-Ting  Xu Cheng Lu Xue-Mei  Zhu Wen-Sheng Yang Kai  Yuan Bing

5] Fi{i5 &, Citation: Acta Physica Sinica, 73, 188702 (2024) DOI: 10.7498/aps.73.20240915
TELR T2 View online: https://doi.org/10.7498/aps.73.20240915
A ZE View table of contents: http://wulixb.iphy.ac.cn

TR AT BERRAR  HAt SO

Articles you may be interested in

LT REVEREIE A5 (R VA S S BLIC i B R

Implementation of unsupervised clustering based on population coding of magnetic tunnel junctions

PyFEEEAR. 2022, 71(14): 148506  hitps:/doi.ore/10.7498/aps.71.20220252

ZLHD RS8R T 20 AR R A T 2

Research progress of biological effects of cell membrane under infrared and terahertz irradiation

YrH2E 4. 2021, 70(24): 248707  hitps://doi.org/10.7498/aps.70.20212030

YeRE NS oA B AR R T as 3T

Single molecular kinetics during the interactions between melittin and a bi—component lipid membrane

WIFRZEAR. 2020, 69(10): 108701  https://doi.org/10.7498/aps.69.20200166

YRR I FALEL o DR AR LA B9 B3 BF 5T

Single—molecule study of interaction between melittin and one—component lipid membrane

YIHAAR. 2021, 70(17): 178701 https:/doi.org/10.7498/aps.70.20210477

AR MBS 2 > v 4 2 R R B BB T AR AR 125 7]

Low—dimensional trajectory subspace of high—dimensional many—hody wavefunctions by unsupervised learning

YA, 2021, 70(24): 247101 https://doi.org/10.7498/aps.70.20210697

BT BAIGEFRAL 1 e AR i AR I A A 208
Phase separation in high/low viscosity phospholipid membranes based on single domain characterization

Y2, 2022, 71(18): 188702 https://doi.org/10.7498/aps.71.20220752


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20240915
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20220252
https://doi.org/10.7498/aps.70.20212030
https://doi.org/10.7498/aps.69.20200166
https://doi.org/10.7498/aps.70.20210477
https://doi.org/10.7498/aps.70.20210697
https://doi.org/10.7498/aps.71.20220752

	1 引　言
	2 生命体系中单分子扩散运动行为的特征
	3 基于无监督学习方法对细胞膜内单脂质分子扩散轨迹进行分类
	4 模型膜和活细胞内单分子扩散行为分析
	4.1 实验方法
	4.2 模型膜内的单脂质分子扩散运动分析及胆固醇的影响

	5 结　论
	参考文献

