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Abstract: The mechanical properties of the cytoskeleton are crucial for maintaining cell morphology and enab-
ling life processes such as cell movement and division. Actin filaments and microtubules, as core components of
the cytoskeleton, are interconnected by cross-linking proteins to form a complex polymer network structure, of
which the macroscopic mechanical behavior is closely related to the physical properties of cross-linking pro-
teins. Based on a coarse-grained actin-microtubule composite network model, the effects of 2 key parameters of
cross-linking proteins: the fracture distance threshold and the formation distance threshold, on the network’s
mechanical properties were systematically investigated. The simulation results show that, the fracture distance

threshold of microtubule cross-linking proteins plays a dominant role in the network’ s mechanical responses:
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reducing this threshold leads to an overall downward shift of the stress-strain curve and a decrease in structural
loading-bearing capacity. In contrast, changes in the fracture distance threshold of actin filament cross-linking
proteins have a weak impact on the macroscopic mechanical behavior, and the formation distance threshold of
cross-linking proteins has no significant effect on the network’s mechanical properties. This study reveals that
the macroscopic mechanical properties of the actin-microtubule composite network are mainly dependent on the
fracture distance threshold of cross-linking proteins while being insensitive to the formation distance threshold,
providing a new sight for understanding the role of dynamic cross-linking in the mechanical stability of the cy-

toskeleton.

Key words: composite actin-microtubule network; dynamic cross-linking; fracture distance; formation

distance

0 51 7

2R AR 20 B B SR AR R R SE B DA Bl 58 o0 228 AR B 2 h LB 3 1 22 (actin filament,
F-actin) 8 (microtubule, MT) | [a] £ 43 i 25 P A I 2 1 09 ST TR A BoA s SR S 20 A4 )
BA WL AT AR S AR R S A S S A AR SRR AL, 2T A I A S g 2 BRI R 3
JOE ) DRI Sk o P 200 B 3 2 R g R AL, X T IR 200 A i 0 Y A R 2 G R

B 298 240 P B B 1) ) 25 AR I 3 2 7, Hang 457 38 5t A B 0 J Y2 A A 55 780 980 P 0 AL 40 AL I
BRI (M9 AR 22) R AR S5 H T A, R G 7n T AN R r s X 200 24 ) ey 1oz AL o) - 7
BT T R SN ) B IS A AR A 5 AR XU LR A T, SR AR S il DT
SRR L. 2 T Hang S RO ARIEAEAL , Wang 451 2 SRBAL Sk B 4540 B O A A FROTANHIR )y
L LA A B2 0 22 ROBE S R RS T 2R U A R 8 v T 2 1 D R A
BRI (R IOULL AR 75 1T, Lin 2538 1 0 2 G- WUSh B 1 2252 5 I 28 A0 B, ol T B S RS I v T
JILB AR F1 22, SO RO A Al S 4 b A AR R SO AR e (LB 3 P 22 W0 2% 77 A AR AR BE AL TR (non-linear
stiffening ) W AN, T2 JE T U N 75 0 F4) 0 15 240 O RS | 240 M0 S 45 0 M 2R P90 A BROTASE Y, Liang 251 K LA
JRUAE /AR TE I R B A AR A T AR R s ) S BV, B A AT A,

BN SCHA R A B S R 45 B SEACRFAE , X 2Ly 24T G B A TSR SCREE HR 3
B (LTS A 5 e B R ) 2 0 35 5 190 235 1) I LA i O R L L, ZE AR I LB R 11 PO 2% 1k R vl
SCHREE A RS A A S R, S B A T T OB B A B [ AR T 7 B ] RUBE R SR B B R
PRI LS P P4 R R ) RURE T F e T A o ) RUBE T A R PR R AR e | R I T Ag R AR
(A s 1O A 5 LB AR P IR A P U T LA R A N R D RE AR FE | Kucera 5577 5 SE 90 A0 22 (1 3 25
LB -Gl = R4 RS T LS AR 1 AT S 5 0 S 2 O A4 R 265 09 A e b, o 190 265 ) I L s 2 A AR
e 5 AT YBPEREAE. B A 3SR AL T 45 & 55 i 2 (0 Sh 2528 Al v, 32 30 A0 I P9 7 AR AR i i 4120 Ak TR
ASSHRBINLBhEE B - S A M4 SIS R S LS 8 B SRR R R AT I, 2% LB B B 2 1T AR
KRB, B THE R — AR R AIE RS A R BE R T LB 1 AR BE I, 52 5 I 265 (9 I
JiE AR T SICPTR I B ) B SR T o201 53 405 L B I B o LA A I 455 4k 2 121220 SR R A 3 T
LA S LB EE 22 ZHE, R O IR A T o, A5 52 R 245 1) I 8 B 52 1 2 P 5 ULl 2 1A 2 L L Py 6
SIS LTS T R AE SR (A At 16 2% 114 3 25 T R (AN SCIB AR 1 SR ) LR T T A0 A
IO A PR A AR AR I T 020,

SRS Bh 7S SRR A B R T~ A T R W BT 5 C IS S5 R TR (LY PR S A S R I 2% 3 2 AT D Y
KR B 5 T AT A 1 1 — 2D PR AT OIS F i SR Sk B 1 s 5 A X W 25 M G et i S 1) 255 Lk
FUA TR RS 2O AES T AL S B (AR R IR Y ORI Y ) A B S B (T A LS IR 4 R R
2 SRS U A T R ILSh -0 S5 48y e R M B Il BIR ) 1 Xk 48 i 2 g~ AL o



738 A < G SR | B R 2026 4 47 &

0 — 2 B

ARSOR HRDRAL 7 iR T JILSh 8 1 -T0E 56 I A8 B | 3207 125 CABIE S I AT A8ORA0L A i 1 SR 0 g 2
ARG BT R RGRTE T SCTR I WAL B (5 A U B I R X 4% 1 R R, B
TE W MIR AL Sl A SR SR E T 2 5 WA I 2 24708 DB O S5 Ll 2 3 22 19 22 A /T, DU O B
itk 240 L1 2R g 2 R A AL B O LA

R N

1.1 ZRE

YN - A TSR EER FITE RGN 1 umx 1 wmx 1 um #5707 & th REBLCE
AR B LB B 22 RS TE B AR WLBh 8 1 22 PO Y0 B — o B3O 1) mT ke A 3 16 5 M 85 I g 1)
TP, SRR ILEN A 2 S K B S8 0.9 wm, WLBHER 22 MR B0 350 AR, s B E y 62
R AR ) 20715 27 30 W 2 R 0 S RLBl B 1 -0 0 T 24 RDRE Ak o 2 AR %) T ) A SO S A 3 548
AU 1 R BRI 22 5 EE RS W ARG, e 18 1 S8R iy 3% 45 VE HDE it 37
HAH B 2R 28 4544,

- —<

I
|
|
l\ cross-linker
\

B 1 WshEA-HE S A R R

Fig. 1 The coarse-grained computational model for actin-microtubule composite networks
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Fig. 2 Schematic diagram of the dynamic action of cross-linking proteins
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Table 1  Simulation parameters

parameter physical meaning unit
Pbm formation probability of microtubule cross-linking proteins
Pem fracture probability of microtubule cross-linking proteins
Pt formation probability of actin filament cross-linking proteins
P fracture probability of actin filament cross-linking proteins
Ly distance threshold for the formation of actin filament cross-linking proteins nm
Ly fracture distance threshold for actin filament cross-linking proteins nm
Ly formation distance threshold for microtubule cross-linking proteins nm
Lo fracture distance threshold for microtubule cross-linking proteins nm
& shear strain
o shear stress Pa
N, number of cross-linking proteins formed with strain
N, number of cross-linking proteins ruptured with strain
Ey in bond energy increment of cross-linking proteins of the actin filament network pN + nm
Eyr bond energy increment of cross-linking proteins of the microtubule network pN - nm
E bond energy increment of cross-linking proteins of the composite network pN + nm
AE,; formation energy barrier of actin filament cross-linking proteins pN * nm
AE fracture energy barrier of actin filament cross-linking proteins pN + nm
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(a) Shear deformations of the actin-microtubule composite network
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Fig. 3 Mechanical property analysis of actin-microtubule composite networks ( stress-strain,

evolution of cross-linking protein number, and energy increments)
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Table 2 The fracture distance thresholds for microtubule and F-actin cross-linking proteins

) values of fracture fracture force crosponding
variable )
fiber type fixed parameter distance thresholds to fracture distance thresholds
parameter
of crosslinkers of cross-linkers

P = Pt = Pow = Py = 0.05,
microtubule Lo 30 nm,50 nm,60 nm 10 pN,30 pN,40 pN
Ly = 35nmm, /,,, = 30 nm, [; = 40 nm

Paw = Pt = Pow = Py = 0.05,
actin filament Ly 30 nm,40 nm,50 nm 10 pN,20 pN,40 pN
b = 30 nm, [, = 30 nm, [, = 30 nm
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(a) Changes of the composite network stress with the strain (b) Evolutions of the number of fractured microtubule

cross-linking proteins with the strain
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Fig. 4 Effects of different breaking distance thresholds of microtubule crosslinking proteins

on the mechanical response of actin-microtubule composite network
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Fig. 5 Mechanical responses of the composite network to strains under different fracture distance

thresholds of actin filament cross-linking proteins
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Table 3 The formation distance thresholds for microtubule and F-actin cross-linking proteins

values of the formation distance

fibertype fixed parameter variable parameter
thresholds of cross-linkers

P = Pt = Pow = i = 0.05,

microtubule Lo 30 nm,40 nm,50 nm
lyy = 35nm, [ = 60nm, !, =40 nm
P = Pu = Pom = Py = 0.05,
actin filament Ly 10 nm,20 nm,30 nm
ly =30nm, [, =30nm, !/, = 30nm
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(a) Changes of the composite network stress with the strain (b) Evolution of the number of newly formed microtubule

cross-linking proteins with the strain
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(¢) Evolution of the number of fractured microtubule (d) Changes of the total deformation energy increment
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Fig. 6 Mechanical responses of the composite network to strains under different formation distance
thresholds of microtubule cross-linking proteins
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on the mechanical properties of the composite network
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Fig. 8 Correspondence between the fracture and formation probabilities of cross-linking proteins and energy barriers

(each energy barrier point in the figure represents the average value of 10 sets of calculation results)
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