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Simulation Model for Interactions and Localization of Biological

Molecules

Ryuzo AzumA,t HIROSHI KOBAYASHI, it TOMOYUKI YAMAMOTO!tt
and AKIHIKO KONAGAYAt®

Spatio-temporal dynamics within cells can now be visualized at appropriate resolution, due
to the advances in molecular imaging technologies. However, little is known concerning how
molecular-level dynamics affect properties at the cellular level. We propose an algorithm de-
signed for three-dimensional simulation of the reaction-diffusion dynamics of molecules, based
on a particle model. Snapshot images taken from simulated molecular interactions on the cell-
surface revealed clustering domains (size 0 0.2 um) associated with rafts. Sample trajectories
of raft constructs exhibited “hop diffusion”. These domains corralled the diffusive motion of
membrane proteins. These findings demonstrate that our approach is promising for modelling
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the localization properties of biological phenomena.
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Fig.1 The binding process. (A) The motion of S is up-

ward. Here {¢} stands for no binding. (B) Ca-
pability of S-T complex formation is checked. (C)
Compare a uniform random number £ (0 < § < 1)
and the transition probability p1. (D) If € < pi, the
upward motion of S is accepted.
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Fig.2 An interaction without binding. (A) Here T already
binds U. (B) Then S-T complex formation is not
capable. (C) Hence the process corresponding to
Fig.1(C) cannot arise.
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Fig.3 The unbinding process. (A) S moves downward.

(B) If £ < p2 (0 < ¢ < 1), this motion is accepted.
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Fig.4 The modification process. Likewise, the modifica-
tion of S to V is accepted when & > p3. Here

0<e<1.
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Table 1 Relations between probability constants and ki-
netic coefficients. D: diffusion coefficient. k1,
k_1, and ks: binding, unbinding, and modifica-

tion kinetic coefficients.
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Table 2 Relationships between probability constants and
kinetic coefficients: general forms AFE1ly,, AE2y,
and AFE3p: bare activation energies for binding,

unbinding, and modification.
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Table 3 Comparison of the proposed simulation method and previous ones.
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Table 4 Parameter values used in the simulations of model Eq. (8).

00000000 [RT] DalO 6A 0ObOO 6B | 00000 Oc00 6A 0dOO 6B
AEf1 0.1 1.7 ar[nM~tsec™1]  1.90x10~!  3.83x107?
AEr1 0.1 1.7 bi[nM~tsec™']  1.90x107'  3.83x107?
AEf2 2.3 3.9 a_q[sec™!] 2.79x10% 5.62x102
AET2 4.6 4.6 b_q[sec™?] 2.79%x10? 2.79%x10?
AEf3 10.8 10.8 as[sec™!] 1.02x10! 1.02x10"
AET3 12.4 10.8 ba[sec™1] 2.06 1.02x10"
AG 0.7 0.7 Keq 5.00x107'  5.00 x 107!

00000000000000000000 1(2) 000000000 Keq = aragb_1/a_1b2by

um 2
— S
E
15
\ %
¥ 4;1>l/
1+ f [&
i

ﬁ\_/%ﬂ\i\\

05 S+ E — SEO00O0O0OO0OODOOO SOO0OO EDO
po=0000000000000000000O0 t=000
1.6 x 107 00 1.6 x 10> 0000000000000
lpm, 0 10b00O0O0O0OOOOOOOOO
Fig.5 Trajectories of S and E particles from an
S + E — SE simulation.

200000000000000000[P]0000
0000000000000 S, 000000000
00000000 6A000 BOOOOOOOOO
000 4(x)000 (b)0000000000000
000000000000000 [P)/[S]00000
exp(—AG/RT) 0000000000000000
0 AG = AEf1—AErl—AEf2+AEr2+AEf3—
AEr3=0.7RTIOO00000 6A0 BOOOOO
0 vO[Sl,=10xMO0000000000000
[P] =820uM 000000 ¢O[S], =4xMO00
00000 [P]=327yMO0O00

0 (8)00000000000000000000
0000000000000000000000000
0000000000000 4(a)000 (b)000
000000000 1(x) 000000000000
000000000000 4()000 (d)o0oo
000000000000000000000000

40
A (AEf1,AET1,AE2,AEr3) |
=(0.1,0.1,2.3,12.4)
35 o [S]=100uM L T
o 40 -7
L 2 20 |
30 ¢ 30
o 4 L
25 D B e seeranlt
- .
= 20
e, #
15 70 W TN R W—
/ /... ah
10 / / .:A-A kAkA‘AAA
foue PITTITIIY
51 P al TV
OMOO
o Il
0 5 10 15 20 25 30 35 40
seconds
B 4 ; T T T
(AEf1,AEr1,AEf2,AEr3)
=(1.7,1.7,3.9,10.8)
35 o [S]=100uM b
o 40 e
L 2 20 |
e T R
o4 S T
25
=
= 20 o
[ 2
15 . —
A AAAAAAA‘
Lot
10 Z'Aa
g ﬁivvvvww AARAAS
51 &
7 500 0
0 Il
0 5 10 15 20 25 30 35 40

seconds
06 0D00O000O0O0O0O0O0O0O0O0OO0OO0OOO0OO0O0O0O0O0O0
gooooooooooooobOOooobooooooooooDo
0000 [PlO0DDODODO0O0OODDOOOOOODDOD
gooooo0oOoooooooOoO0oOoooooooobooooo
goooooooooOooOOoOoOoOoOoOooooOoooooooD
000D 40000ADD0 4(a) 000 () DDDDODDDODO
0000000 MmMBOO 4(b) 000 (d) 00000000
00oooooo0oEOOOOO [Ely, =01pMOOOOO
goooooOoie00000000000O0O0O0O0O0O0O03

gooo0oooooOoOooooooooooboOooooo

Fig.6 Comparison of particle simulation and ordinary dif-
ferential equations: time series data. Symbols: en-
semble average of 16 samples from the particle sim-
ulation. Line curves: solutions from Egs. (9) and
(10). (A) Parameter sets in Table 4 (a). (B) Pa-

rameter sets in Table 4 (b).
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Table 5 Diffusion coeflicients and total concentrations in
the simulations of clustering in the cell surface.

oooo
ooooooo D[p?/sec] | 0OODO [uM]
DOPCO UO 1.0 x 102 3.5 x 10°
00000oo0oooso | 1.0 x 102 2.0 x 10°
0oooooooco 1.0 x 102 2.0 x 10°
TCROTO 1.0 x 10! 1.0 x 10*
LATO LO 1.0 x 10* 1.0 x 10t
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Table 6 Activation energies for important interactions.
AFE1: binding, AE2: unbinding.

AFEl | AE2 | AE1

0oo [RT] | [RT] | —AE2[RT)

Dal | U+S=US 5.91 | 0.00 | 5.91
U+C=UC

Ob0 | U+T=UT 821 | 0.00 | 821
U+L=2UL

OcO | S+C=SC 112 | 150 | —0.38

0do SCH+S=8CS
SC+T=SCT | 1.12 4.40
SC+L=SCL
OeO T+L=TL 1.12 9.68

—3.28

—8.56




Vol. 48 No. SIG 15(TOM 18)

0000000000000 TLO0DO0000000
0000 6(e)d
000000000000D00000000 SCO
0000000000000 D00000000000
0000000 7A00D0O0OCO 30) 00 7AOQO
00000SOO00 CO0ODRMOOODDOOOD
00000000000 D00D000D0000D000D
00000000000000000000 0.1 gm0
0000000 7BO0OO0 COO0000O0OOOO
00000000000000000000000
022°nm® 000000000000 DO0000O0
000000000000000000000000
00000000000000D0000000000
00000 000000000 25nm 0000
00001010msec00000000000O0DOODO
0000000000000 0000D000000O
000000000000000000000% O
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000SO cCOo00O0onoon
000000D00000000D000000020
00O0OTLODODODOO0DODO000O0O0 TOO
0LO0D000D00000D0000000000000
00 TLOOOOODODDO00000000000
00000 TLOOODOOO0OO0O0DODOO0ODOOn
ooDoo
SFVIDOOO SPTOOO0000OO0O0ODOOOO0

T T T
0.0904 sec
452000 step

0.8 -

0.6 [

04 |

um

-0.2 -

04| 1

0.6 ! ! ! ! ! ! ! ! !
-0.8 -06 -04 -0.2 0 02 04 06 08 1

um
08 DDO000000000O0¢ = 0.004 — 0.090 secT AQO
DorPC BOOOOOOOODOmMCOODOOOODOOmM DO
TCRIMDEODLATOOOOO0OO0OODO0OO0O0O0ODOOODOO
Fig.8 Trajectories of single molecules for DOPC (A),
sphingomyelin (B), cholesterol (C), T-cell receptor
(D), and LAT adaptor protein (E).

000o00Db0o0Db0o0ooO0oDoDo0oooooooooOooDoon 19
A 0.028 sec
140000 step
DOPC
cholesterol

cosphingolipid
T-cell receptor -

SM/gly

B SM/glycosphingolipid
t=0.028 sec

C cholesterol
t=0.028 sec

07 DO0DO0OO0ODOOOOOO0ODOODOODOODOOODOOt =
0.028sec 00000000000 O0O0OO0O0O0OOOOOO
000 pm@M ADODDOO0OMOOOODOPCIOOOOO
0oobo0mooooooooobmooToODOOoO0000
00000000 LATOO00O0D00000MBIADD
0000000000000000 22°nm® 0000000
OoobOoobOO0O0ooOO0O0ooOO0OooOOoOoomcecooooon
o00ooooO0o0o0ooooo0oO0000n
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expressed in the 3rd axis with a gray scale. (C) The
concentration of cholesterol is also expressed in the
same fashion as in (B).
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