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Tom tat

Petri Net dirge sir dung dé mé hinh hod, phan tich va mé phong cdc qud trinh héa hoc va sinh
héa. Petri Net diroc phdt minh nam 1962 béi Carl Adam Petri nham muc dich mé td cdc qud trinh
hod hoc. Nam 1993, Reddy lan ddu tién trong sinh hoc da sir dung Petri Net dé mé hinh va phan tich
chdt lwong cdc dwong dan trao doi chat (Reddy va Mavrovouniotis). Ké tir do, Petri Net dwroc sir
dung dé mé hinh héa va mé phong mét s6 logi qud trinh sinh héa, chii yéu trong cdc hé thong sinh
hoc phan tir, ciing nhw trong cac bénh tat va cac moé hinh sinh thai. Hon nita, cdc loai Petri Net diroc
sir dung rong rdi dé mé hinh hod, phan tich va mé phong nhiéu qud trinh sinh héa phirc tap va da
dang trong nhiéu nghién ciru y hoc, héa hoc va sinh hoc. Bai bdo nay trinh bay mét s6 vi du mé hinh
Petri Net cdc qud trinh héa sinh nhuw céc mé hinh cdc dwong dan trao doi chat.
Tir khoa: Mo hinh Petri Net, qua trinh sinh hoa, duwong dén trao déi chat.

Petri Net Model of Biochemical Processes
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Abstract
Petri Nets (PN) have found extensive applications in modeling, analyzing, and simulating
both chemical and biochemical processes. In the field of biology, Reddy was the first to utilize PN
in 1993 to develop models and perform qualitative analysis of metabolic pathways (Reddy and
Mavrovouniotis). Since then, various types of biological processes have been modeled and simulated
using PN, primarily in molecular biological systems, but also in disease and ecological models.
PN models have also been widely adopted in modern medical, chemical, and biological studies to
enable the modeling, analysis, and simulation of complex and diverse biochemical processes. This
paper presents a few examples of Petri Net models that have been utilized as models of metabolic
pathways in biochemical processes.
Keywords: Petri net Model, biochemical process, metabolic pathway.

1. Giéi thiéu function), dwoc biéu dién béi cac phuong
1.1. Petri Net trinh:
Petri Net (PN) [1-3] la mot do thi PN =(P,T,1,0) M

song hudng cé trong s6 duge xac dinh boi
4 bo: tap hop cac vi tri P (place), tap hop
cac chuyén tiép T (transition), ham vao /
(input function) va ham ra O (output

Trong d6:
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P:{pl,pz,...,pm}; m2=0
T={t.tyout,}; n>0
PNT =6,

1:T—>P”

O:P°>T

()

Nhu vay, déi voi mot vi tri p; bét ky
trong PN, s& ¢ chuyén tiép dén T; (p; khi
do, 1a vi tri vao cua chuyén tiép nay),
twong tu s& o chuyén tiép ra 7;” khi p; 1a vi
tri ra ciia chuyén tiép nay.

Goi P)1a wap hop cac vi tri ma &
d6, c¢6 cac chuyén tiép ra Ti'. I(t) 1a tap
hop céc vi tri ma & do, co cac chuyén tiép
vao/dén T; va A 1a tap hop cac cung dugc

hinh thanh béi céc cap cung ra P7l))

<o s Ny X
hodc cac cap cung vao (”p J). Ta viét

duoc:

I(t)= {pj eP:(p,.t;) e A}

0)=1p, eP:(,,p,) € 4} 5
Phuong trinh thir nhit cho thiy: vi tri

Y | , 2.4 L
Pina vi tri vao/dén cua chuyén tiép !

t \ X , 2
P € I( ’), va phuong trinh thr 2 thé
t,
hién Pj la vi tri ra neu € o(, )
Nhu vay, Petri Net c6 hai tap hqp cac
nat (vi tri va chuyén tiép) va mot tap hop
cac cung ndi cac cap nit (vi tri, trang thai).

neu

Néu Petri Net ¢6 trong s6, thi W la
cac gia tri nguyén dugc ghi trén cung la
trong s6 cuia cung va nd chi ra sb cung
(cung hudng) ndi timg cap nat (vi tri,
chuyén tiép) trong truong hop co nhiéu
cung ndi cip nut). Petri Net c6 trong sb
duogc biéu dién ¢ dang:

:(PaTaAaW) (4)
Trong do: Ac (PxT)u(TxP)

la tdp hop céc cung cua cac cdp vi tri -

(pj7l

chuyén tiép ) hodc tr cac cap

chuyén tiép - vi tri (t.p i).

Ta c6 cac biéu dién cua trong sé nhu
sau:

w:d—{,23,.}
trén céc cung.

W(pj Y

la ham trong so

). - 1a trong s6, hay s6 cung di

tur vi tri P gén chuyén tiép i

W(pjati) =0 Kkhi p; Z [(ti): p;
khong thudc tap hop vao / clia cac chuyén
tiép t";

wit; P ). - 1a trong s, hay s6 cung di
tir chuyén tiép g dénvitri P

W(tiﬁpj) = 0 khi pj & O(tz) pj
khong thudc tap hop ra O cua cac chuyén
tiép t";

Néu khoéng c6 gid tri trong s6 gin trén
cung thi cung nay cé trong s6 mic dinh =
1, tic 14, chi ¢6 1 cung ndi gitra vi tri va
chuyén tiép.

Khi chi c6 mot cung vao va mot cung
ra ndi cac cap nat (vi tri, chuyén tiép) va
(chuyén tiép, vi tri) thi do 1a Petri Net
thong thudong OPN (Ordinary PN).

Petri Net dugc biéu dién bang d thi
gom: cac vong tron - 13 cac vi tri, cac thanh
dam (hay hop chir nhat) - 1a cac chuyén
tiép, cac miii tén - 1a cac cung ndi céc vi tri
va cac chuyén tiép, va cac diu tron nho to
mau (den) bén trong cac vi tri - 1a cic thé
(token).

Petri Net c¢6 danh ddu MPN (Marked
Petri Net) dugc dinh nghia bdi 5 bd:

MPN =(P,T,A,W,M,) .
ay
MPN = (PN, M,)
Trong 46, Mo_ danh ddu ban diu cta

tap hop cac vi tri trong PN.
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Trang thai cuia MPN dugc x4c dinh
boi danh ddu cua PN. Sy kich hoat cac
chuyén tiép lam thay doi trang thai cia
Petri Net. Khong gian cac trang thai cia
Petri Net gém c6 n vi tri, 1a mét tap hop tat
ca céc danh diu, ky hicula V.

Danh dau

M =[M(p)),M(p,),.. M(p,)]e N

la vector hang, trong do, n la $6 nguyén
duong, va M(p;) 1a s6 thé & vi tri pi. Vi du
Petri Net cho & hinh 1 ¢6 danh diu 1a
MO = [19290’1]

Khi c6 nhiéu thé trong vi tri thi sir
dung céc s6 dé thay thé biéu dién the, vi du
Petri Net & Hinh 1 c¢6 danh dau
MO:[I’Z’O’I]Vé Hinh 2 c¢6 danh diu
M, =[7,37,40,13]

i3

== OP3

2! 13 P2 L5
yar

Hinh 1. PN cé danh ddu M, =[1,2,0,1]

ta
(®0) 3

l.
é:;@:d/
B h P2 5
Pa

Hinh 2. PN c6 dénh ddu M, =[7,37,40,13]
1.2. Qui tic thure hién dinh diu Petri Net
Trong MPN, cic chuyén tiép co thé
dugc phép hay khong duogc phép kich hoat.
Su kich hoat cac chuyén tiép dan dén su
phén bb lai cac thé trong cac vi tri, va két qua
12 tao ra danh du méi. Panh diu cua Petri
Net dugc thuc hién nhd cac qui tic cho phép
va kich hoat cac chuyén tiép sau day:

o Khi vi tri PJ vira 1a vi tri vao vira I

vi tri ra clia chuyén tiép g , thi sy kich

hoat cua chuyén tiép ! ldy di mot sb thé

bang chinh trong s6 wp, ’t")u‘r vi tri vao
p; p,el)

dugc bd sung thém sb thé méi bang trong

, va tir vi tri ra P cua !

4 t,p:) ..t .« ; . A o
sO W(l p «’)tu t; dén p J . Panh dau mai

cua vi tri Pj s 1a:

M'(p;)=M(p;)—w(p;,t;)+wt;,p;)
A=12,..,n . j=12,.m 5)

Trong do, (p]): sO thé cua vi tri

vao P truée khi kich hoat chuyén tiép t ;

. W L. L, N L,
a (pf’ 1): trong sO cua cung di tur vi tri

W(tlap])

\
vao P dén L ; : trong sd cla
cung tir li dén vitrira? 7,
Néu ¢o vi tri Pr 13 vi tri ra cia
chuyén tiép"i, khi d6, danh déu méi cua
Prggia:
M'(py)=M(p,)+wt;, py)

i=12,...,n ;k =1,2,..,m 6)

Trong do, wt;, p k): trong sd cua

>

cung vao vi tri Pty chuyén tiép b

e Chuyén tiép g chi ¢o thé kich hoat
trong truedng hop nod duogc phép.

e Chuyén tiép t; duoc coi la dugc
phép néu mdi vi tri p -/', vio cia i c6 s
thé 16n hon hay bang s cac cung di tir vi
tri P dén tf,nghia la:

M(p)=w(p.t);

61 tat ca
pj € ‘[(tl) (7)

88 Tap chi KH&CN Truong Pai hoc Hoa Binh - S6 08 - Thang 6.2023



KHOA HQC VA CONG NGHE

P,

e Cac thé trong vi tri vao , ma

chung cho phép chuyén tiép g kich hoat,
duoc goi 1a cac thé cho phép clia chuyén

tiép ti.

Véi Petri Net cho ¢ hinh 1, ta ¢c6 danh
du ban dau coa no 1a M, = [1’2’0’1]. Nhén
thay rang chi co cac chuyén tiép l va b
duoc phép vi: h e sé the & vi tri vao P
(plvfra la vi tri vao vira la vi tri ra cua tl)
bing My(p)) =1=w(p;,t,) =1, va b2
M(py) =2=w(p,,t;)=2; chuyén

tiép 5 khong dugc phép vi vi tri vao ps
khong the, nghia

My(p;3)=0<w(ps,t;)=1;

Khi chuyén tiép /1 kich hoat :

co la:

N6 ldy di 1 thé tir P1 chuyén cho P

va Pa:

M'(p1)=Mq(p))-wip,t)) +wity, py) =1-1+1=1
M'(py)=My(p)+wty, py) =2+1=3

Khi chuyén tiép %> kich hoat :

No lay di 2 thé tr P2 va bd xung

thém 2 thé cho D3 Py,

M"(py)=M'(py)—W(p,,t,) =3-2=1
M'(p3)=My(p;)+w(ty, p3)=0+1=1
M'(py)=My(py)+wty,py)=1+1=2

i3
le
p2 13 Py fz\@
P4

Hinh 3: Danh ddu ciia PN sau khi kich hoat céc chuyén tiép hh

Nhu vdy, sau khi kich hoat cac
chuyén tiép 11 va %2 ta c6 danh ddu két

qua: M, = [1’1’1’2] va d6 thi két qua cho &
Hinh 3. O danh dau nay thi chuyén tiép £
va t; dugc phép kich hoat.
1.3. Ma trgn lién thudc va ding thirc
trang thdi

Cac hé thong dugc md phong boi
Petri Net ciing c6 thé duge mo ta bang cac
dang thirc ma tran, cac dang thirc trang thai
cua chung.

Ma tran lién thuge (Incidence Matrix):

DPéi v6i mot PN=(P,T.A,W) gobm "

m

chuyén tiép va vi tri, ma tran lién thudc

A=[a,

nxm

1

]lé mét ma tran cac sb
s trong

L,..,m

nguyén, trong d6, sé hang I=

g voi cac chuyén tiép, s6 cot J =
tuong (rng vai céc vi tri, va dugc viet 1a [2, 3]:

®)

+ ..
. i = W \ J

Trong do, a; W( /) la trong so

clia cung ra tir chuyén tiép # dén vi tri ra p;

a; =w(j,

J— +_ -
a; =a; —a;

, L 1), I
cia nd6 va )la trong sO cua
cung tur vi tri vao p; dén chuyeén ti€p ¢.
-+
~ e a...da.. . a.. 2 A
Nhan thay "%’ 7%, va ¥ thé hién tuong

ung s6 thé bi léy ra, sb thé dugc thém vao,
va s thé bi thay doi trong vi tri J khi
chuyén tiép  kich hoat mot lan. Chuyén
tiép ¢ duoc phép kich hoat & danh ddu M
néu s6 thé & trong vi tri vao j 16n hon hodc
bang trong sd cua cung tir vi tri j dén
chuyén tiép i , nghia la:

a. <M(j), j=12,..,m

i

j 9)
Dang thire trang thai:
Khi viét cac ding thic ma trén, ta viét

mx1

mot danh diu My la mdt vector cOt.

Thanh phan thi J cia M, cho s thé trong

vi tri J ngay sau kich hoat lan thur k trong

S6 08 - Thang 6.2023 - Tap chi KH&CN Truong Pai hoc Hoa Binh

89



KHOA HQC VA CONG NGHE

chudi kich hoat. Kich hoat tht ¥ hay vector

nx1 ot gdbm ¢

diéu khién Y, 1a mot vector
(" =150 va chimot sé 1 & vi tri thtt 7 chi
ra rang chuyén tiép ¢ kich hoat & kich hoat
thtt k. Bsi vi hang thir i cia ma trdn lién
thudc A4 chi sy thay ddi do kich hoat chuyén
tiép 7, nén ta co thé viét ding thirc trang thai
sau day cho mang Petri [2-5]

Mk =Mk71 +ATuk, k - 1,2,... (10)

p A T, A
Trong d6, ma tran A" 1a ma tran
chuyén vi cia 4 c6 dugc bang chuyén cac

hang thanh céc cot cia ma tran 4 .
Cho rang danh dau dich M, dat duoc
tir danh déu ban ddu 0 nhe chudi kich

hoat g, }. Khi dé6, ding thic

trang thai (10) dugc viét cho = 1,2,...d
va lay tong, ta dugc:

d

k=1 (11)

T
Hay: A" x=AM (12)
d
AM =M, -My,x=>u,
Trong do, k=1
nx1

Gia tri x 1a vector ot cta cac sd
nguyén duong va né dugc goi la vector
dém s6 1an kich hoat (firing count vector).
Thanh phan th ¢ cia X thé hién sé lan

ma chuyén tiép ¢ phai kich hoat dé chuyén

trang thai tir M, dén M, .

Tir céc dang thirc trang thai trén, ta c6
c4c bt bién (invariants) sau day:

S-Invariants: 1a cac bat bién S - la
cac nghiém cho ding thirc:

Ay=0,y20 (13)

Trong d6, A- ma tran lién thudc, y —
vector m x1. Cac ctra vao khac 0O trong y
tao thanh hd tro ciia mot bat bién S. HY tro
clia S-invariant 13 tap hop cac vi tri ma sé

thé khong thay ddi véi bat ky chudi kich

hoat nao tir danh dau ban dau M, .
T-invariants: 1a cic bat bién T- 1a cac
nghiém cho déng thirc:
T, _
A X = O, X2 O (14)

Trong d6, x 1a vector n x 1. HJ trg cua
T-invariant thé hién vector s kich hoat cac
chuyén tiép phai kich hoat, tir ¢4nh du ban

dau M, , dé dua Petri Net tré vé lai M, .
2. Mo hinh Petri Net cia dwong din
trao dbi chat
2.1. Qud trinh trao doi chit

Mot qua trinh  trao d0i chét
(methabolic pathway) 1a mot tap hop céc
phan tng hoa hoc, sinh hoa tuong tac cac
san pham gan lién v6i qua trinh trao d6i
chit ma chung thay d6i cu tric hoa hoc.
Ting phan mg héa hoc bién d6i mot s6
phan tir thanh cac san pham khac, va né
dugc gdy xuc tic boi mot hay mot sé
enzyme. Cac enzyme khong mit di trong
phan tmg, ngay ca khi chung can thiét va
dugc st dung trong khi phan Gng xay ra.
San phim cua mot ddu vao phan tng hoa
hoc ¢6 thé lai 12 mot chét cua céac phan ung
tiép theo khac. Di véi qua trinh c6 n phan
ng va m phén tir, tip hop cac hé sb ty
lwong dugc biéu dién boi ma tran hop thuc
ty luwong (stoichiometric matrix) voi n cot
va m hang. Mdi phdn tir cia ma tran chinh

1a hé s6 hop thirc ty lwong "7, thé hién sb
mol chit ma theo d6, cac phan tir thi
tham gia trong phan Gng thir j, cling chinh
1a su bién d6i lvong mol chét thir i do phan
mg thir j. Dé thuan tién trong didu khién
mang PN, hé s6 ty lugng cac chit tham gia
phan ung duoc coi la co6 cac gia tri am (do
tiéu dung vao phan tmg) va hé sb ty lugng
clia cic san phdm phan (mg c6 gid tri
duong. Cac hé sé cua cac enzyme thuong
bang 0, vi chiing duge tham gia vao phan
ung va sau do, dugc gidi phong khi phan
{mg két thiic. M6 phong qua trinh trao ddi
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chat can thong tin tir nhiéu nguon: co ché
cac hoat dong sinh hoa, co ché cac hoat
dong ctia cac by gen, cua cac qua trinh
sdng, dugc mo ta va phan tich.

Pé danh gia toan dién dic tinh cia
qué trinh trao doi chat, can phai xac dinh
cac thanh phan (cc phan ting, cac enzyme,
cac phan tir chit phan Ung va cic san
phim) va cac quan hé dinh luong giira cac

chat phan tmg va cac san pham trong phan
ung hoéa hoc dugc céan b?mg, duge thé hién
qua cac hé sb ty luong hop thirc cua phan
tmg, cling nhu ndéng do tdi thiéu cac
enzyme, do pH,... V&i mdi phan ung, tde do
phan Gmg phu thuoc ndng do ctia cac chat
tham gia phan ung, cling nhu nhiét do, xtic
tac enzyme va dugc ddc trung boi hing sd
tdc do phan tmg va bac cua phan ung.

Bang 1. Su twong tng gitra qua trinh trao ddi chat va PN

Céc phin tir cia qua trinh

Céc phan tir cia PN

Céc chat chuyén hoa, cac enzim, cac hop chat

Cac vi tri

Céac phan ung, cac tuong tac

Céc chuyén tiép

Cac chat nén, chat phan tmg

Cac vi tri vao

Céc san pham cua phan ung

Cacvitrira

Céc hé s6 ty luong hop thuc

Céc trong s6 cta cung

S6 lugng cac chat xuc tac, cac enzim, cac hgp chat

SO lugng cac thé trén cac vi tri

Céc quy luat dong hoc cua cac phan Gng

Céc toc do chuyén tiép

2.2. Céc thanh phén co béin ciia mé hinh
PN cho cdc cdu tricc hé phén ting sinh
hoa

Pé PN thé hién qua trinh trao ddi
chét, budc dau tién phéai mé ta cAu tric hé
sinh hoéa cing co ché cia phan ung hoa
sinh trong qua trinh trao doi chét trong sy
tuong tmg v4i cac phan tr cia mang PN.
Bang 1 chi ra sy tuong tmg giita cac phan
tir cia qua trinh trao ddi chit va cac phan
tir cia PN. Hinh 4 thé hién c4c thanh phan
co ban ciia PN dugc xay dung cho cac cau
triic ciia cac mang phan ung sinh hoa [3],
trong do, cac vi tri la cdc vong tron, cac
chuyén tiép 14 cac 6 vudng. Cac chuyén
tiép c6 2 6 vudng ddng tam 1a cac chuyén
tiép macro, ching cho phép thiét ké cac
mang phan 16p. Chung dugc st dung nhu
la cac rut gon cho cac phan tng thuin
nghich. Hai cung d6i dién nhau & mot
chuyén tiép thé hién cac cung doc, nhu thé
hién & cac Hinh 4(d) va 4(e), chung thiét

lap céc diéu kién & cac phia cho su kich
hoat ctia mot chuyén tiép.

Hinh 4(a) thé hién mot phan Gmg don
gign: 4> B,

Hinh 4(b) thé hién phan tng thuin
nghich: 4> B

Hinh 4(c) thé hién phan 16p cia (b).

Hinh 4(d) thé hién phan Gng enzyme
don gian.

Hinh 4(e) thé hién phan ung enzymy
thuan nghich, dong hoc enzyme (hay dong
hoc Michaelis-Menten)

Hinh 4(f) thé hién phan 16p cia (e).

Hinh 4(g) thé hién phan tmg enzyme,
dong hoc tac dung khdi lugng,
A+E— A E—->B+E

Hinh 4(h) thé hién phan 16p cua (g).

Hinh 4(i) thé hién 2 phan tng
enzyme, dong hoc tac dung khdi lwong, tao
thanh moét chu trinh.

Hinh 4(j) thé hién phan 16p coa (i)
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®

:> A 11412 CB)

Hinh 4: Céc thanh phin co ban cia mét PN cho céc céu tnic cia
mdt hé phan ¥ng héa sinh twong tng

DPé hiéu 13 sy twong quan cla céc
thanh phan tham gia phan ung véi biéu
tuong, ky hiéu dung trong ly thuyét mo
hinh Petri Net, chung ta néu lai so d6 phan
{mg bac 1 theo 1y thuyét trang thai chuyén
tiép dudi day cho phan tmg don gian nhét
A— B (Hinh 5). Trong d6, A: cht diu
vao (tac chit), A*: chit dau ¢ trang thai
hoat hoéa (hop chat trung gian), B: san
pham ctia phan tng.

Trang thai chuyén tiép
A

Nang
luong
hoat

héa .
l Trang thai cudi

Trang thai ban ddu

Nang lwong tu do Gibbs

Toa d6 phan tmg
Hinh 5. So d0 phan mg bac 1 theo 1y
thuyét trang thai chuyén tiép

2.3. M6 hinh PN ciia qud trinh trao déi chit

Trong PN cho & Hinh 6(a), mdi vi tri
thé hién mot hop chat va ¢ Hinh 6(b), hai
vi tri thé hién cung mot loai hop chat: mot
vi tri thé hién zynogen khong hoat héa va

vi tri khac thé hién enzim Chrymotrypsin
dugc hoat hoa [4,5]. Néu ta mudn phan
tach cac hop chat dya trén vi tri cua chung
trong té bao (hodc co quan té bao), ta c6
thé c¢6 cac vi tri khac nhau thé hién clng
mot hop chit. Vi du, cic nhom ATP
(Adenosine triphosphate) bén trong va bén
ngoai mitochondrion trong mét té& bao 1a
khac nhau va ndng do tuong ddi ctia chiing
dugc xac dinh thong qua qua trinh van
chuyén lga chon. Nhu vay, ta co thé c6 2
vi tri, mot thé hién hop chit bén trong va vi
tri khac thé hién hop chat bén ngoai
mitochon.

Hexokinase
Glucose G6P
ATP ADP

Hinh 6(a). G6P: Glucose-6-Phosphate
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Trypsin

. Chymotrypsin
Chymotry-psinogen (active)

(zymoget))

Proteolysis

Hinh 6(b). Céc vi tri thé hién zymogen
va cac enzim khac

Fructose ——7—3’ Fructose- 1-phosphate (furanose)
ATP ADP l T

Fructose- 1-phosphate (open chain)

ATP
ADP
Glyceraldehyde

Glyceraldehyde-3-

phosphate
\ Dihydroxy-

Glycolysis

NADH NAD"'

Glycerol
ATP

ADP.

acetone ? Glycerol-3-phosphate
phosphate
NADH NAD*

Hinh 7. Trao ddi chét ciia Fructosa trong gan.
Tét ca cac phan ing dwoc xic tac b cc enzime

Bing cach twong tw, st dung céc
chuyén tiép dé thé hién cac phan tng riéng
hoic loat cac phan tmg ndi tiép khi cac hop
chat trung gian khong can phai 1a mdi quan
tam. Cac thé chi ra sy c6 mat cia hop chét.
Trong sb cac cung thé hién hé sd ty lugng
ctia hop chét trong cac phan tng, va huéng
cua cung dya vao nhiét dong hoc cua phan
ung.

Hinh 7 13 qué trinh trao dbi chét cia
Fructoza trong gan (pp.454,Voet and Voet
1990) [4,5]. T4t ca cac phan ng dugc xtc
tac bdi cac enzim. M6 hinh PN cia qua
trinh nay duoc thé hién & Hinh 8 va mo
hinh PN rat gon cho ¢ Hinh 9. Bé don gian
hoa mé hinh PN, c6 thé cho phép cuing mot
vi tri xuét hién nhiéu lan trong mo hinh
PN, vi du nhu ATP. Pé mé phong, ta coi
nhitng xuat hién caa ATP thé hién mot vi
tri trong PN.

Fructose F1P (furanose)

ATP ADP

ATP ADP

L]
Glyceraldehyde 4TP

NAD  NAD*
ADP
Q

Glycolysis DHAP
Hinh 8. M4 hinh PN ciia qua trinh trao déi chat cho & Hinh 3.

Fructose FIP (furanose)

ATP ADP
FIP (open chain)

ATP ADP NADH NAD*

Glycolysis DHAP

Hinh 9. M6 hinh PN nit gon tir md hinh PN cho & Hinh 8
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Mo hinh Petri Net thé hién qua trinh
trao d6i chat v6i cac ddc tinh hanh vi cua
Petri net [2-5], d¢ la:

Tinh tich cuc (Liveness): mot danh
déu dugc coi 1a tich cuc (live marking) néu

biit dthu tir dsnh déu ban diu M0, va khong
quan trong chudi kich hoat cic chuyén tiép
s& xay ra nhu thé nao, co thé kich hoat mot
chuyén tiép bat ky nao cho trong chudi kich

hoat tiép theo. Néu danh diu M, la tich cuc
thi Petri Net s& khong bao gid bi khoa chét,
va c6 thé kich hoat bat ky chuyén tiép nao
nho tiép tuc thém chudi kich hoat. Dic tinh
tich cuc cua danh déu chinh 1a sy dam bao
khong c6 trang thai bi khoa chét trong Petri
Net. Di v6i mot qua trinh trao doi chat thi
dac tinh tich cuc cia mo6 hinh Petri Net la
mot diéu kién bat budc ma, trong bét ky
trang thai ndo ciia qua trinh bién doi sinh
hoc, tit ca cic phan tmg riéng biét déu co
kha niang hoat héa. Néu PN cho & Hinh 8
hay Hinh 9 c6 dac tinh hanh vi tich cyc, thi
mot thé cua timg ATP, NAD+, NADH, va
Fructose 1a du dé kich hoat timg enzyme tac
dong it nhét mot 1an.

Tinh dat dugc (Reachability): 1a co
s& dé nghién ciru cac dic tinh dong ciia bt
ky hé théng nao. Tinh dat dugc 1a sé cac
danh dau c6 thé dat dugc nho mot chudi
kich hoat lién tiép cac chuyén tiép tir danh

dAu ban ddu M . Mot danh dau M, duoc
goi 1a dat dugc tr mot danh d4u ban diu

0 néu ton tai mdt chuodi cac kich hoat

O =hlydy chuyén dénh diu Mo dén

danh ddu™ . Mot didu kién can thiét nay
14 cAn ¢6 su ton tai mot nghiém khong am
cho dang thirc (12). Piéu kién nay la du
néu bd sung yéu cau sau day. Tat ca cic
danh dau trong chudi kich hoat tir danh dau

Mogén danh dhu Mophai duge pha,

nghia 14 phai ton tai mot danh diu t6i thiéu
ma cac chuyén tiép trong chudi kich hoat

M, dén M, duoc phép.

Tinh dat duoc ctia mdt danh diu tir
mot sb danh diu khac, trong md hinh Petri
Net ctia mot qua trinh trao ddi chit xac
dinh kha nang hinh thanh mot tap hop xac
dinh cta cac chat chuyén hoéa cua san
pham tir mot tap hop khac cia cac chat
chuyén hoa cua phan ung, bing mot sb
chudi phan tmg duoc duoc quyét dinh boi
(cc) chudi kich hoat cua Petri Net. Diéu
kién dit c6 thé nhan biét nhu 1a sy can thiét
cho su hién dién cua mot s6 hop chét thiét
yéu, nhu cac enzyme cho cic phan mg cu
thé. Trong md hinh PN cia qua trinh
chuyén hoa Fructose, duong dan dén
Glycolysis ¢6 thé vi ¢6 it nhat mot chudi
kich hoat tir Fructose dén GAP (Fructose,
F1P, Glyceraldehyde, GAP, va cudi cing
la Glycolysis).

Tinh thuan nghich (Reversibility):
mot Petri Net duoc goi 1a co tinh thuan

tur

nghich néu d6i véi moi danh dau M |

danh diu ban déuM0 luon dat dugc tur
M  Panh ddu M’ 1a danh dau quen thudc
(home state) néu no dat tir tat ca danh dau
khac trong tip hop tit ca cac kich hoat c6
thé cta Petri Net. Hau hét cac qua trinh
trao ddi chit khong thé thuan nghich theo
nghia den, do tinh chat khong thuan nghich
nhiét dong hoc cia nhiéu phan tng. Tuy
nhién, mot cip qué trinh trao ddi chat co
tinh thuan nghich co thé dugc mo hinh hoa
va phan tich bai Petri Net 1a hé Glycolysis-
Gluconeogenesis.

Tinh cong bang (Fairness): c6 hai
khai niém vé tinh cong bang: cong bang
hiru han va cong biang toan cuc (khong

diéu kién). Hai chuyén tiép hiva b trong
Petri Net dugc goi la trong mot quan hé
cong bang hiru han (bounded-fair, B-fair)
néu sé lan 16n nhit ma mot trong hai
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chuyén tiép co thé kich hoat 1a hitu han
trong khi chuyén tiép con lai khong kich

hoat. Mot PN (N’Mo)duqc goi 1a mang
cong bang néu timg cip chuyén tiép trong
mang & trong quan hé cong bang B-fair.
Chudi kich hoat O duoc goi 1a cong b?lng
toan cuc néu n6 hiru han hogc timg chuyén
tiép trong mang xuat hién thudng xuyén
khong giéi han trong O . Mot Petri Net
dugc goi 1a mang cong bang toan cuc néu
timg chudi kich hoat O tir danh dau M

trong R(Mo)lé cong bang toan cuc. Qua
trinh trao ddi chit, ma cé dac tinh cua cong
bé“lng toan cuc, cho théy su ton tai ciia mot
trang thai hoat hoa lién tuc bt dau tir trang
thai ban dau ma khéng cé su can thiép tir
bén ngoai. Piéu nay c6 thé dan dén sy hinh
thanh cua mot s6 hop chat véi s6 luong vo
han. Mac du khong hoan toan sang to, mot
dic diém quan trong cua qué trinh dong
mau (blood-coagulation pathway) la kha
nang cua qua trinh dugc kich hoat bdi mot
chan thwong mé twong ddi nho, ma né dan
dén mot loat cac phan ung gan nhu lién
tuc, dan dén lién két chéo Fibrin tai vi tri
t6n thuong. Bang truc giac, chung ta co thé
mong doi ring mo hinh Petri Net cta qua
trinh d6ng méu 13 cong bang trén toan cyc.

RasGTP

A
Rof Q_ = FRaff

Pho sphitase 1

Hinh 10 thé hién qua trinh béo hi¢u
Protein Kinase dugc kich hoat boi Mitogen
MAPK/ERK (Mitogen-Activated Protein
Kinase signaling pathway/Extracellular-
signal-Regulated Kinase ciing dugc goi 1a
Ras-Raf-MEK-ERK pathway) [3,6,7.,8].
Day 1a chudi cac protein trong té bao truyén
tin hiéu tir mot phan tir nhan (receptor) trén
bé mit cua té bao dén DNA trong nhén cia
té bao. Tin hiéu bat dau khi mot phén tir bao
hiéu (signaling molecule) gin két véi phan
tr nhan trén bé mit cua t& bao va két thic
khi DNA ¢ trong nhan thé hién mot protein
va gy ra thay dbi trong té bao, nhu phan
chia t& bao. Qua trinh gdm c6 nhiéu protein,
gdm MAPK (nguyén gbc goi la ERK)
truyén théng tin bd sung cac nhoém
phosphate vao protein lang giéng, ma nd
hoat dong nhu la mot chuyén mach
”on/off”. Khi mdt trong cac protein trong
qué trinh bi bién dbi, n6 c6 thé bi mic ket &
vi tri on” hogic "off”, d6 1a budc can thiét
trong sy phat trién cta nhiéu bénh ung thur.
Céc thanh phan cua qué trinh MAPK/ERK
da dugc nghién ciru va tim thiy trong céc té
bao ung thu. Cac loai thudc chita trj ung thur
chinh 1a dé dao ngugc mic ket tai chuyén
mach “on” hay “off’. Cac qud trinh bao
hiéu MAPK c6 dac tinh chung:

Cac tac nhan > MAPKKK - MAPKK
- MAPK ->bap tng sinh hoc [3,6,8,9].

A
MEK G AMEKPET R MEKPP

A A

Phosphatase 2

P
ERK 3 “ERKP§__ > ERKPP

Hinh 10. Qud trinh MAPK

MPKKK 1a kinaza cua MAPK va
MAPKKK la kinaza cia MAPKKK. Trong
hau hét cac truong hop MAPKKK dugc

__*

Phosphatase 3

tac dong nho céac protein G nho nhu Ras,
Rac va Rapl, tuy vdy, né ciing c6 thé duoc
tac dong boi cac enzim khac. Hinh 10 la
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mot qua trinh bao hiéu MAPK chinh cda
c4c protein Ras-GTP. N6 md ta ciu trac
module dac trung cho cascade bao hi¢u.
Mbi 16p twong tmg véi cac protein riéng
biét. Protein Raf ¢ 16p dau tién chi 1a mot
két hop photpho. Cac protein trong hai 16p
MEK va ERK twong ung, co thé két hop
photpho don hoac kép. Trong tirng 16p, cac
phén g chuyén tiép duoc xic tac nho cac
kinaza va cac phan ung thuan nghich nho
cac  phosphatase  (phosphatase 1,
phosphatase 2, phosphatase 3). Céac kinaza

RasGTP

trong cac 16p MEK va ERK la cac dang két
hop phospho cua cac protein trong 16p
truée. Timg bude két hop phospho/tach
phospho ap dung cic dong hoc khdi luong
tuong ung voi
A+E <> AE > B+ E  Thanh phén diu
tién cua qua trinh MAPK la tin hiéu vao
Ras-GTP tng véi vi tri vao ludn duoc
phép kich hoat, va ERKPP la tin hiéu ra
ung voi vi tri dugc t6 ddm. Qué trinh nay
duoc mo hinh bdi PN cho ¢ Hinh 11 [3,6].

mau:

Hinh 11. M3 hinh PN cla qua trinh tin hifu cia MARK cho & Hinh 10.

3. Mé hinh TPN cho mjt s6 qua trinh
hoa hoc

Céac mang phan tng sinh hoa thuong
duoc biéu dién bang cac phuong trinh vi
phan thong thuong ODE (ordinary
differential equations) hodc cac phuong
trinh tdc d6 phan tmg RRE (reaction rate
equations), va ca hai co thé chuyén ddi
sang nhau. Cac RRE c6 thé chuyén ddi
sang PN c¢ thoi gian lién tuc (CTPN) hodc

stochastic (STPN hay SPN) [2,3,10,11]. Sy
chuyén d6i nay cho phép tinh cac qua trinh
thoi gian phan mg t6i thiéu va téi da (néu
ton tai) giita hai tinh hudng ciia hé thong,
nghia 1a, hai trang thai cia mé hinh TPN
cua phan Ung sinh hoa.

Goss va Peccoud da su dung SPN [11]
nhu 1a cdng cu mo hinh sinh hoc cta cac
md hinh stochastic. Ho cho ring qua trinh
stochastic trong biéu dién SPN tuong tng
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v6i dang thirc hoa hoc chinh gc (chemical
master equation). Ho st dung cac cong cu
mé phong UltraSAN chudn dé mé hinh
hi€u nidng va moé phdéng cac mo hinh.
Trong SPN, toc do chuyén chuyén tiép la
hang sb téc do stochastic. Toc do cua phan
ting héa hoc s& 14 hing s6 toc d9 stochastic
C nhén véi s6 cach ma trong d6, phan tmg
¢6 thé hinh thanh tir trang thai hién tai,
Cxm(P roduct) , trong do, m 1a danh diu
hién thoi. Nhu vay, cac tbc do phu thude
danh diu dugc s dung trong SPN khi
chung dugc sir dung cho cho cac phan tng
sinh hoéa. Goss va Peccoud dua ra vi du
tong hop protein nhu sau:

- Mot gen duoc thé hién ban dau khéng
tich cuc, nhung co6 thé sau do sé tich cuc.

- Khi gen duogc tich cuc thi protein c6
thé tao ra.

- Mot khi protein dugc tao ra nd céd
thé suy bién.

Inactive gene

Protein

Active gene

Hinh 12. SPN ciia téng hop protein

Nhu vay, c6 mot SPN nhu cho ¢ Hinh
12. V6i SPN nay, can c6 phén tich céu tric,
phén tich s, va mdé phong. Tuy nhién,
khong gian trang thai ciia SPN nay lai rat
16n néu c6 nhiéu protein, nén phén tich s la
khong kha dung. Dé giéi han, Goss va
Peccoud han ché sb lugng protein = 100,
gin thoi gian cho chuyén tiép ¢, tinh cac s6
do quan tdm-sd lugng cac phén tir protein
cho céc trudng hop phén tich trang thai bén
viing (Steady state analysis), va trang thai
tirc thoi (transient analysis), nhu dugc trinh
bay tai Bang 2 dudi day:

Bang 2. 56 lwong cac phén tit protein trong mé hinh SPN cho & Hinh 12

Mean Variance
Transient analysis (time t = 10)
Symbolic solution 1.488 1.858
Numerical solution 1.488 1.858
1.481 £
Simulation 0.004 1.852 £0.011
Transient analysis (time t = 100)
Symbolic solution 7.202 8.334
Numerical solution 7.202 8.334
7171
Stmulation 0.009 8.315 £0.039
Steady state analysis
Symbolic solution 8.333 9.437
Numerical solution 8.333 9457 |
8.333
Simulation 0.031 9487 £0.100
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\
Raf-1Staf_RKIP_ERK-PP

\
s11 () RKIP-PLRP

/A

Hinh 13. PN cho md hinh 16i cuia qué trinh RKIP

Xét PN cho mé hinh 16i cua qua trinh
RKIP (Raf-1 Kinase Inhibitor Protein
Pathway) cho ¢ Hinh 8 [12]. M6 hinh nay
¢6 11 vi tri va 11 chuyén tiép. Cac vi tri
sl,..., sl1 thé hién cac protein hoac cac
tong hop protein. Cac tong hop duge biéu
thi bang dau _ giita céc tén protein, va két
hop phospho nhd dau —P hodc —PP dat &
dau tén. Cac chuyén tiép rl,..., r11 thé hién
cac phan ung. BS sung cac toc do phan
{mg cho tit ca cac chuyén tiép cia mé hinh
PN, ta c6 dugc SPN. Trong PN cua duong
dan RKIP, ham tdc d6 cua ting chuyén
tiép va cac hang sd téc d6 dugc cho &
Bang 3, va cac ham tdc do cua tung vi tri
sl,...,s11 twong mg cac chat dwoc hé trg
boi ndng do trung binh cla cac chét trong
trang thai bén ving ciia PN duogc cho &

Bang 3. Cac tic dd cho cac chuyén tép clia
PN RKIP

Transition Rate Rate
n cl sl 52 0.053
Ty c2 _s3 0.0072
3 c3 _s3_59 0.625
A cd _s54 0.00245
rs c5_s4 0.0315
g c6_s55 57 0.3
77 c7 _s58 0.0075
3 c8 _s& 0.071
g c9_s6_si0 0.92
Mo cl0_sii 0.00122
1 cli _sil 0.87

Bang 4. Cac tdc dd cho cac vt tri cia PN RKIP
Cac chit Cacviwi & | Comeentr
: ation
Raf-1* S 0.2133
RKIP Sy 0.1727
Raf-1* RKIP 83 0.2163
Raf-1* RKIP_ERK- 54 0.5704
E'I{K S5 0.0332
RKIP-P Sg 0.0200
MEK-PP 57 0.7469
MEK-PP_ERK g 0.2531
ERK-FP Sg 0.1433
RP 510 0.9793
RKIP-P_RP 511 0.0207

Bay gio co thé tinh dugc cic toc do

ViVl cua cac chuyén tiép trong trang

thai bén vitng nhd st dung cac ham téc do
cua ching cho & Bang 3 va cac dir liéu tur
cd Bang 3 va 4. Sau d6, thoi gian tré kich

hoat Ti cho timg chuyén tiép hi nhén dugc
do tuwong tic toc do trong trang thai bén
virng. Két qua cho & Bang 5.
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