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Fig. 1. Conventional PDF analysis of the displacement and Rg of trajectories: (a) Displacement PDF of the trajectories before mix-
ing (T'(c =1), T(oc =1.25)) and after mixing (Tiixed ); (b) Rg PDF of the three conditions.
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Fig. 3. PDF of D, of the lipid trajectories in a DOPC SLB before or after fluorescence quenching: (a), (b) Representative lipid mo-
lecule in a pristine membrane, its time-serial images (at 30 frames/s) and trajectory (with a time duration of 4.38 s); (¢)—(e) schem-
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JIE 7R, Tmixea W ATEL 53 410 7E Ry ~ 0.7 1 X I 23 5
B SR KA A, 32 R AR PR L Y
FrifE 2 Z IR R S 2. eI STk, WA
FLREAI Ry (KN AKX 43 A [Rli2 S =S A .
RETE—ERE b, B Ry & Bk 5 F
Dy 52 BRI 53 85 1) 45 A — 5 AR ARLEE (B 5%
Kl A2(b)F1El A2 (c)), SR X — J7 1 5 Z AR i
T3 BT I 3200 R ok R AT Il SR R fH 1k £
It H. 53 25 AR 08 22 23 2800 A A0 K R 52
{5 Dyq WBES G311 TR e 0 bR B0 28 AR 1
Bk E X 58, A2 B SE B sE ) (s
Kl A3).

3.3 HBBERSHNBESFRETHITA
HRE Z 17 A 58 45 5L, 06 7 JIK S B R TR T g
{18 240 B RAE FH ol P 2 A G P 25 22 KT 40 i
BT P9 T2 R R SR B, LA % 22 TR 1 47 SR 5 AL )
FE . FET B AR A Y S 2 R R | e
JIR S B0 ML T8 T B e MR 2 2408 3.0 pg/mlL,
ACHE i F U vk BB, R S L W B 19 22 K T
A A I A 255 BEE AL O e B S 5 1) 0 o 5 S i
(B Ad(a)— A4 ()6 HAESEE b, T4
ePE T VAR Tk = T I SR A 1 2 B 1k

£ (0.55 5.0 pg/mL) DASEEE 2 KO 8] (94 FH R
A 7E 0.5 pg/mL BHRIRE KRR, ZREE
S Iy GBS T B RS, RS AR %o Bz
22 R 85 AL 1 () 285 e R e R 5 17T 24 v 2k 3
5.0 pg/mL, #5532 5T S FERRRE N TE B AL
B (PP Ad(e)—(£)) 000, P ik X isc 19 e B Ak 2
I EE RS A0 M RSAE ELVE FARAS AR ST, A B TR
T iR 0 R JORR TR T ) R A, DL B A
REMEN ) F .

BT XN R e KR EE (0.5 5K 5.0 pg/mL) 1)
BEREAR R L KRR 79 80T B B (RN 4%
F R 24 600 2B ) Dy WL I3 A 70 it S AH DL
1) 0L B LA, 0 AR B T Toow A K T LR
4 (K 4(a),(b), AEEER L 1, MR LA I
B SRR A3). SIRIANE AR H, & R AR R Thas
W37 i 2 A2 A% (R 0.37 31 0.29, F#AIK T4 21.6%),
HRE Tras U A IR 5312 S AR AR 1S
F S B RS (R v F R AR Y 0.11 BE 2 0.08,
B T 29 27.3%), [RI T 08 73T 7 7 H i 24
TR (hLEs Y 78.7% R F 87.3%),
XL G R WA F R 4313 Bl S o PR R KR
fiX, BRI IR /7 7 2B 510 | LR IG IR
B H Tras LG 5> T2 A9I2 SPRAS . X — S5 FIE W 1=
WP T 2 OB i L X B Ag 40 132 sh i 1k iE
AR B 5 PR L R B T —f . M
BT AV e T A R U B T AN [R] A A
IR R, Trg WA 5 IR I EEE (0.37—0.36) H
BRI AT (PR SR ERTE 0.11), Tra BT 5 L0
B Fr 2EAR AR 1 78.7% FE R E 87.9%. X EKE K
R (B IR LA I DLz 3l B o018 2 5))
o) LRI T A —mE sk, e 7%
W 22 ST g 5 2% T 110 A B 182 52 ) T 41
Oy TRERINGZ Sl . TEE RN, ARIEZL
JIRARHE IR T Toow M Trase IR 3T (FZEH T IFAI L
M or+) Z ARG, M AT T E AR is

R ORI T RIS BRIR T2 80 Dyg WU LS 4551

Table 1.  Fittings of the D,y PDF of lipid trajectories in membrane incubated with melittin at different concentrations.

AATslow _ Thast i

WA RS dith 243 v /%
Jiaf g 0.05 0.06 21.25% 0.37 0.11 78.75 0.16
0.5 pg/mL 0.03 0.03 12.09% 0.36 0.11 87.91 0.09
5.0 pg/mL 0.03 0.03 12.71% 0.29 0.08 87.29 0.10

178701-6


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

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 17 (2021)

178701

Probability

0 0.1 0.2 0.3 0.4 0.5 0.6

Std
& M
=
a
7 107tk
P
<
m
1072 —— Pristine ———
—— 0.5 ng/mL
—— 5.0 pg/mL
10-1 100
Time/s
(e)

.

K4 SETRIAERTT BE> T18 3T R 2 B

AT AR
QIR

() !

Probability
=)
=
=

0 0.1 0.2 0.3 0.4 0.5 0.6

Std

~ 10!

=

=

S~

a

n

2

<

M 00
— Pristine
—— 0.5 pg/mL
—— 5.0 pg/mL

10—t 100
Time/s
. |
Absorption

(a), (b) BEBEFLM T BER 2> T 18 WL Dy WEOI I, ZIIRIEH (a) 0.5 pg/mL,

(b) 5.0 pg/mL; (c), (d) =FPSEIARTR A Thag 5 Toow WREEFFRB T RF; (e) = MRFR T 2 K5 15 IEAE 7R Z
Fig. 4. Dyq PDF analysis of the melittin-exposed lipid membrane: (a), (b) PDF of Dy of lipids incubated with melittin at (a) 0.5 pg/mL
and (b) 5.0 pg/mL; (c), (d) EA-MSD of Thg and Ty in the three systems; (e) cartoons showing melittin-membrane interactions

in the three systems.

T EIRARNR R A Toiow T Trast (9 73 4125
SRS 1 ISR I S AN [7) 22 AR JEE 1A 28 R Tjon
Tt A0 TR B39 T 0%, UNIAL 4(c) FITEL 4(d)
7. i HL, ST 7 X SR AR B 2 1R
iz RE Sy 202 gt — 2R Y BT A MSD = 4Dte
PEATHE, 18] T R L D FHEEL o, D BRI/
R TRT I Uz shRE I BsR 55, 10 o WARBL T
KPR /O T BT o = 1 3R BiE
B, a < 1 R A 222,

X T T 02T WRNE (HU05 25 2R LR SR A4),
TE=RRT o /N T 1, RIRBLH I HCR
fit. SIEERRRAR R AHLL, 0.5 ng/mL ¥ # R I
AR BRAR A D (EISRURAR (F 3.60—
3.30 pm?/s, B T 29 8.3%). X IR I E Z Ik

PR 18T 1 W B S R A B AR 5 o B i o (R
= IR ) B HGE R, X 5 Z AL

SRV N4 U R = O N Ny P 1 57 a6 2
S B LR AT (] 4(e), Bl Ab)R0; {H 24
W T IRk B R 2 5.0 pg/mL, ARSI D
2 WE AR (2 2.08 pm?/s, K T 29 42.2%),
R e B R 2 K B AL 2™ dEBH AT (F22
) BEAE 4>F BIP 1. AL, Taow S04 IIBERR 73 F
B AFE R Z R A 0.5 pg/mL ¥
JE e IR A kR oy Tz dh B EZ IR
(D H1 0.56 pm?/s FEKZE 0.01 pm?2/s). X Al fESEH
W 5 K 198 VI I R A7 ol 75 i 3 T 5k 1y 1 KL IR
FEARHE L DLR 1T I 2 ) R A 1) A5 R
s WAE 5.0 pg/mL Wk EEFIKIER T, 1t
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R BN 13 3 52 BRI B0 23 A7 Pir 2 (D i
0.01 pm?/s ¥EMA 0.24 pm?/s). X 7] BE 5 85 i £L
B AT R 1 22 K731 W A a8 LT Ok 1) e
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T (B0 e 2 RS TR ALt FE A [ B Be ), AN )
15 SR A 735 9 0z shAT 32 B R A R 52
Wif; 2% REFNE 737 0z SR E B2 bR L ke
SE , X BESE A T 22 JIRTE I T A W Bl L 23
SR TR MRS I8 F R AN R TR

4 %

JE N5 512 B ) 5 S LR Al S RUZ i
T I BRSO B A PR RS BB AR o3
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VRIXGE, T GE 2 T 100 8% ol [l e AR U o0 A
AT T R I AN REHT X 8852 S A T A R B
B IX — [, ARSCHR Y T — I T TR A AR fE
7 B3 A R DX 03 T 73 B A )iz sl X 13
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Shy ] BB BAZE SR R R AL A R P PR
[z SRR IR 7315 BRI 1 M2 K e 2R
W, iz ZhAE S5 AN SS IIRRAR 2120 AL T XRUZ
JRE E AR . BTk — 4521, SEMEST T 1E i
BEMRRZMR AR 73T 18 SR, 220 1 34 ik
(4" 25 PR 0 I R AR 5 s S DR AN A 1
(4 WG 28 WA 73T RS2 IR X T8 Sh B B B 43
T (EZRE BRI T), WBRPIRAS Y S 75 A HL R
a5/ I, T 22 JIR S T Ll A J U 2 Wt 24 i Hos
2 X Tz sh B M BENR 70 1 (22 TR
1), Z2 KU R XT S B P sl (a5 AR i | P
AR RIS R ) St — L IRz g, (%
TS N FLTE AT BT 22 Dl 58k A R A AR T, A
T PR B ALY 22 Bk, A2 T adei 1
RT3 Z [ R . AR SCR T T — 2R 2
A 2 A R iz sl Y 23 T3 sh Ll A7 X 7y
Ao B BB o i 7k, FFRLAZDT %, WA T 3%
TR AR HT AN TR B BE, % B g e 112 3
AN RV REN . AR 7 125 B4 5 SRR X AR BT3B 45
AT AR R B0 g~ R A E A .

iy X

SCH I A IE A RELECAE B = A T AN RS BE I
i (Ax, Ay):

1 Az?
P(Az) = Worr exp (_W) ,
BEJG AR E L A FT Ay £33 — 28 58 BE P Y S AR AR
z(t+1) = z(t) + Ax(t).

SCHP PRI R ERLIUL A U o T 4R SEBRSC R A BLIE,
PO A BRI T 100 Wt AR HERE ) BBk n] L3
T VR (AL T AL B R A R ) o SRR, AR L
RE T AU 2K PR o (R RO BB IR &5 ik, SCrb
FIMTR-A OB A R P EA 4000 FHGE. KA1 R o =1
PR BLIE.

15

— Trajectory-1
—— Trajectory-2
10  —— Trajectory-3
—— Trajectory-4

AL BEETRE o = 1 0 RRR PR
Fig. Al. Four typical trajectories with o = 1 obtained from

numeric simulations.

K A2 AR T30 Ry 3R A, Horp R
HELRAIR A B M IR AR Trast B Dyq H-FI{E T IR
PRt A2 3 B Y R MR A 0. Kk — B
25 9B MBRAR 73132 S 0L rh S B R 45 R LR, TR
I R AR 23 R4 BB R R BB 1 5k B F1
Daq SESTEZ TN, $H4E T 65— S BUthy Ry DU D
ZA] Y B2 IR FkAH & 228X (Pearson correlation coefficient),
PR MRERPIA i Z AR CHER) R = 0.7652 (B/RARAH
KEBAT-1F11 ZI0), i T 1 fGERMAN R 2 B U
KRFR, BHET 1R R EMCKR). WE%R
& Ry Fl Dy q X PP A OE AR COC R, IR A MU
PR B G 30 A L A

A3 2t T RIFIE A Y Dy PO S3Ai LA S AR B Xk
L RS E BT B B B, S5 R R, =R R KA 3
(B (E 44 1.10, WEWT T FIH Dy B3 00 B 1)
T AR T 3R 2P K
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Fig. A2. PDF analysis of Ry for the lipids in a pristine membrane: (a) PDF of Ry acquried with different step values (Step = 0.1,

0.2 or 0.3). Dashed lines show determination of the threshold value separating the trajectories. (b) Percentage of Tyoy obtained by

Ry or Dgyq analysis. (c) Relationship between Ry and Dgyq for a pure DOPC bilayer.
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Fig. A3. PDF of D4 by different step and corresponding Gaussian fittings: (a) step = 0.05; (b) step = 0.02; (c) step = 0.04.
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Fig. A4. GUV leakage experiment incubated with different concentration of melittin: (a)—(c) Confocal images of GUV leakage in-
cubated with 0.5, 5.0 and 8 pg/mL of melittin; (d) influence on GUV by different concentration of melittin; (e) typical leakage
curve of GUV incubated with 3 pg/mL; (f) sketch of absorption or poration of melittin interacted with membrane.
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Fig. A5. Diffusion of lipids upon melittin exposure in molecular dynamics simulations: (a) Representative snapshot of melittin bind-

ing on a membrane (top view); (b) diffusion map of individual lipids!'”.
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# A1 IESCPE 2 FoR S E AL
Table Al.  Goodness of the Gaussian fittings in Fig. 2 in the main text.
R? Fvalue
oc=1/c=1.25 0.99 24362.45
c=1/c =15 0.99 4661.03
c=1/c=2 0.99 5739.05
F A2 B4 DOPC BRIRIRVEKHTGBENG 53 T2 30 Dyg BRI LG EUE
Table A2.  Fittings of the D,y PDF of lipid trajectories in a SLB membrane before and after quenching.
T;l W Tf’ st N
. - : N J:LS I & R? F-value
Vs 5 /% W ir SR 4
SR 0.05 0.06 21.25 0.37 0.11 78.75 0.16 0.98 333.21
VEK Je 0.05 0.05 49.68 0.36 0.10 50.32 0.16 0.93 88.91
R A3 AIEREE SR T BEIRIR H AR /> T8 3) Dy SUEM R A BUE
Table A3.  Fittings of the Dyq PDF of lipid trajectories in membrane incubated with melittin at different concentrations.
T@low Tfast .
N . . — (A R? F-value
L2 T dite /% VAT T it/ %
Je i 5 0.05 0.06 21.25 0.37 0.11 78.75 0.16  0.98 333.21
0.5 pg/mL 0.03 0.03 12.09 0.36 0.11 87.91 0.09 0.99 496.45
5.0 pg/mL 0.03 0.03 12.71 0.29 0.08 87.29 0.10 0.97 216.97
2 A4 RIRIHREE R REARSE I N AR 7318 SR Y RGO B MR Y B R A 45 R
Table A4. Fittings of the EA-MSD of lipid trajectories in membrane incubated with melittin at different concentrations.
T%low Tfast
D a D a
IR 0.56 0.16 3.60 0.90
0.5 pg/mL 0.01 0.70 3.30 0.90
5.0 pg/mL 0.24 0.12 2.08 0.87
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Abstract

In recent years, the emergence and development of single-molecule tracking technology has provided a new
way to study the biological process in a cell membrane. However, the heterogeneity of biomolecular motions in
cell membranes makes it difficult to distinguish and separate different molecular motion patterns from a large
number of molecular trajectories. In this work, taking the system of interaction between melittin and a single-
component supported phospholipid bilayer (SLB) membrane as an example, a type of data analysis method is
developed through using the frequency distribution of standard deviations of single molecular motion
displacements to distinguish and separate lipid molecules in different motion modes. It provides higher accuracy
and more quantitative information than traditional analysis methods based on the frequency distribution of
displacement or radius of gyration. By using this method, we successfully separate the two moving states of
lipids in the SLB, and find that such a distribution is partly consistent with the location distribution of lipids in
the upper leaflet and lower leaflet. Under the influence of surface adsorption or transmembrane poration of
melittin at different concentrations, the movements of these two types of lipids are disturbed in different ways.
In this work, a data analysis method for the separation of molecular motion patterns is developed according to
the complex heterogeneity of molecular motions in a phospholipid membrane system. The different effects on
the upper leaflet and lower leaflet of a lipid membrane due to melittin actions at different stages are obtained.
The method developed in this work will be of great help in studying the dynamic processes of biological systems

by using single-molecule tracking technology.
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